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ABSTRACT

The Natkusiak continental flood basalts and Franklin sills of Victoria Island preserve an exceptional re-

cord of the ca. 716–723 Ma Franklin large igneous province and are synchronous with major climatic

variations and breakup of the supercontinent Rodinia. The Natkusiak Formation basalts record an early
phase of discontinuous rubbly flows (<100 m, low-Ti Type 1 magmas) overlain by a thicker series of

extensive tholeiitic sheet flows (�1100 m, high-Ti Type 2 magmas). Coeval intrusions hosted by under-

lying Shaler Supergroup sedimentary rocks are differentiated low-Ti Type 1 Franklin sills and doleritic

high-Ti Type 2 sills, both of which show correlations in isotope plots with the northernmost basalts on

Victoria Island. Whole-rock Pb-Sr-Nd-Hf isotopic compositions from 66 samples indicate that the ear-

liest magmas (Type 1) had similar primary melt compositions (Fo90 olivine) to oceanic island basalts

and incorporated up to 10% granitoid basement (initial eNd¼ –0�8 to –7, Nb/La¼ 0�42 to 0�67), a rela-
tively weak continental signature compared to many other continental flood basalt provinces. Type 2

doleritic sills and the northern sheet flow basalts incorporated up to 5% granitoid (initial eNd¼þ0�9
toþ5�5), consistent with a waning continental influence during maturation of the magmatic system.

Radiogenic isotope ratios are not correlated with indices of fractional crystallisation, which indicates

that the continental material was either dispersed within the melt source, or that the magmas were het-

erogeneously contaminated prior to differentiation. In the southwestern part of Victoria Island, Type 1
basalts show negligible continental influence (Nb/La¼ 0�81 to 0�94) and have unusually high initial eNd

ratios (þ4�4 toþ11�8) that are decoupled from initial eHf (þ0�8 toþ11�1). These radiogenic eNd compos-

itions persist throughout the southern volcanic stratigraphy and indicate involvement of a component

with high time-integrated Sm/Nd that lacked correspondingly high Lu/Hf. We propose that the source

region for the southwestern Natkusiak basalts and related sills included isotopically matured oceanic

crust, which was recycled through the asthenospheric mantle into a laterally heterogeneous plume.

The distinct trace element signatures of the southern and northern sources became attenuated with
the onset of voluminous melting (corresponding to emplacement of the Type 2 doleritic sills and sheet

flow basalts) and may reflect contributions from hydrous eclogitic material emplaced into the litho-

spheric mantle during the ca. 1�9 Ga Wopmay Orogeny. As both the northern and southern volcanic

rocks exhibit contrasting isotopic signatures throughout the preserved stratigraphy, the magma

plumbing system must have experienced limited lateral mixing and homogenisation, which allowed

for the expression of distinct mantle source signatures in the high-level sills and basaltic lavas.
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INTRODUCTION

Continental flood basalts form transient large igneous

provinces that, together with oceanic plateaus and bo-

lide impacts, represent the largest magmatic events

preserved on our planet. Some 163 continental flood

basalt (CFB) events have been identified in the geolo-

gical record, ranging in size from 0�1 Mkm2 to � 1 Mkm2

(Ernst, 2014). As many CFB have been linked to the

opening of new ocean basins, age correlations and

alignments of associated dyke swarms are useful for

palaeocontinental reconstructions (Ernst & Buchan,

2001; Bleeker & Ernst, 2006). The vast outpourings of

noxious gases associated with some CFB are thought to

have perturbed the global climate and triggered mass

extinctions of terrestrial and marine life (Ganino &

Arndt, 2009; Black et al., 2014).

A unifying feature of large igneous provinces is their

origin from unusually productive mantle sources, with

most igneous material (>90 vol%) being emplaced in

short pulses of 0�5–1 million years (Hooper et al., 2002;

Courtillot & Renne, 2003; Storey et al., 2007). Such high

melt fluxes require elevated mantle temperatures,

which are commonly attributed to thermochemical

mantle plumes (White & McKenzie, 1989; Campbell &

Griffiths, 1990; Campbell, 2005). Evidence for uplift and

lithospheric extension prior to the onset of volcanism is

a common feature of CFBs, including the Franklin event

of northern Canada, and is consistent with the plume

model (Richards et al., 1991; Rainbird, 1993; He et al.,

2003). Dense source materials, such as old oceanic

crust, could dampen plume-related uplift, whilst still

producing voluminous outpourings of basaltic melt

(Sobolev et al., 2009, 2011). The high melt fluxes in CFB

provinces may at least partially result from unusually

fertile sources containing abundant basaltic veins or

stranded basaltic slabs (Turner & Hawkesworth, 1995;

Garfunkel, 2008; Luttinen et al., 2015). Xenolith studies

reveal a wide variety of subcontinental lithospheric

mantle rock types, which are variably metasomatised,

hydrated, carbonated, or fertilised by small amounts of

asthenospheric melt (Ionov et al., 1993; Carlson &

Irving, 1994; Zhang et al., 2008). Melting of these differ-

ent lithologies can yield a variety of melt compositions

(Gudfinnsson & Presnall, 2005). For example, melting of

hydrated peridotite yields basaltic melts (Mysen &

Boettcher, 1975; Gaetani & Grove, 1998), whereas

eclogite can, in some cases, generate more SiO2-rich

dacite or tonalite melts (Rapp & Watson, 1995; Yaxley,

2000). Partial melting of hydrated material can occur at

relatively low solidus temperatures and will produce

melts enriched in incompatible trace elements relative

to the compositions of common flood basalts

(McKenzie, 1989; Turner & Hawkesworth, 1995).

The major element composition of most CFB sug-

gests they do not represent primary mantle melts, hav-

ing differentiated on transit through the lithosphere

(Cox, 1980; Francis et al., 1981; Hooper & Hawkesworth,

1993). Most CFB show strong trace element and radio-

genic isotope affinities with continental rock types

(LILE-enrichment, negative Nb-Ta anomalies), suggest-

ing significant inputs from metasomatised subcontinen-

tal lithospheric mantle or extensive assimilation of

crustal rocks (DePaolo, 1981; Lightfoot & Hawkesworth,

1988; Lightfoot et al., 1993; Jourdan et al., 2007;

Heinonen et al., 2016). However, some CFB must have

transited through the continental crust with minimal ap-

parent chemical interaction. These relatively uncontam-

inated basalts may be used similarly to oceanic island

basalts and oceanic plateaus as probes of mantle chem-

istry (Horan et al., 1995; Kieffer et al., 2004; Greene

et al., 2009; Weis et al., 2011).

The Franklin Large Igneous Province (LIP) on Victoria

Island offers an unprecedented opportunity to link a

well-exposed magmatic plumbing system to a coeval

volcanic succession in a large Neoproterozoic continen-

tal flood basalt province. The majority of well-studied

LIPs are of Mesozoic and Cenozoic age, as older records

have mostly been destroyed or degraded (Ernst &

Bleeker, 2010). Because flood basalts are the products

of fissure eruptions, the study of the Franklin sills as po-

tential feeders for the coeval Natkusiak basalts is critical

for determining the eruptive source area(s), the lengths

of lava flows and the evolution of the magmatic archi-

tecture of this CFB province (Renne et al., 1996;

Vanderkluysen et al., 2011). Additional factors, such as

the intrusive/extrusive ratio and the type and degree of

sedimentary rock assimilation may have influenced the

environmental impact of Franklin magmatism (Ganino

& Arndt, 2009; Sobolev et al., 2011; Black et al., 2014).

CFB can trigger glaciation as a result of emissions of

SO2 or through CO2 drawdown during basalt weather-

ing (Cox et al., 2016) or cause warming as a result of

CO2 emission (Bond & Wignall, 2014). Quantifying the

emissions associated with high-level crustal recycling

in the Franklin LIP is of particular importance as its em-

placement directly precedes the Sturtian global-scale

glaciation (Hoffman et al., 1998; MacDonald et al.,

2010).

In this study, we present whole-rock major element

oxide, trace element, and Pb–Sr–Nd–Hf isotopic com-

positions for 66 samples of the Natkusiak basalts and

Franklin sills, and from representative sedimentary host

rocks of the Shaler Supergroup. We characterise the

basaltic system in terms of its evolution and geochem-

ical end-members, document systematic geographic

and stratigraphic geochemical trends, investigate rela-

tive contributions from sedimentary host rocks and

basement granitoids, and track the evolution of the

mantle source regions for Franklin magmas. The excel-

lent preservation and exposure of the Franklin rocks

allow for comparisons with well-studied Phanerozoic

continental flood basalt provinces and can be used to

investigate how the character of CFB has changed

through geologic time.
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GEOLOGICAL SETTING

The Neoproterozoic Franklin LIP spans >2500 km, ex-

tending from Siberia to Greenland (Heaman et al., 1992;

Pehrsson & Buchan, 1999; Shellnutt et al., 2004;

Denyszyn et al., 2009; Bédard et al., 2012; Ariskin et al.,

2013) (Fig. 1). On Victoria Island, the Franklin LIP is ex-

pressed as the Natkusiak flood basalts and an intrusive

suite of sills hosted by the Shaler Supergroup, which is

dominated by shallow water clastic rocks, carbonates

and sulphate evaporites (Rainbird, 1993; Thomson

et al., 2015). Exposure and preservation are excellent

due to the lack of metamorphism and penetrative de-

formation (Thorsteinsson & Tozer, 1962; Bédard et al.,

2012). The Archean basement of Victoria Island com-

prises Slave Province granitoids (2�6–2�4 Ga) and is

exposed on the northeastern coast (Fig. 2, Kolebaba

et al., 2003). S-wave seismic tomography indicates that

the northern edge of a deep cratonic mantle root tracks

along the north shore of Prince Albert Sound, directly

south of the Minto Inlier (Harris, 2014). Franklin intru-

sions yield U-Pb zircon and baddeleyite ages of 723þ4/-

2 Ma and 718 6 2 Ma (Heaman et al., 1992), coeval with

the breakup of the supercontinent Rodinia (Li et al.,

2008) and the Islay carbon isotope excursion, which dir-

ectly precedes the Sturtian glaciation (Macdonald et al.,

2010; Cox et al., 2016).
The Natkusiak basalts crop out as two lobate ero-

sional remnants within the shallow Holman Island

Syncline (Fig. 2). The volcano-stratigraphic architecture

is similar in both lobes (Baragar, 1976; Jefferson et al.,

1985; Williamson et al., 2016). A basal sequence of hyalo-

clastite and rubbly flows (the V0 lavas, 30 to >100 m

thick) is locally interstratified with the underlying fluvial

sandstones of the Kuujjua Formation in the southern

lobe (Fig. 3b). The northern volcanic lobe has an uncon-

formable lower contact with the Kilian Formation, which

underlies the Kuujjua Formation (Fig. 2). The discordant

basal Natkusiak contact was interpreted by Rainbird

(1993) to reflect thermal doming of the lithosphere due

to arrival of a mantle plume. Above the basal basalts is a

discontinuous layer of valley-filling volcaniclastic de-

posits (clastic units C1 and C2, <100 m thick, Williamson

Victoria
Island

80ºN
Franklin

GN

Laurentia 720 Ma

Siberia

Eastern
Svalbard

NS

MN

Precambrian

Phanerozoic

Muskox
intrusion

Fig. 1. Map of Arctic Canada and Greenland indicating the position of the Franklin dykes (red), sills (green), and the coeval
Natkusiak Formation flood basalts (black), modified after Buchan et al. (2010). Greenland is relocated to its pre-drift position relative
to the North American continent based on sea floor magnetic anomalies. The star indicates the inferred locus of magmatic upwell-
ing and is based on the orientation of the dykes. The inset map shows the extent of the Franklin magmatism overlain on continents
restored to 720 Ma positions and is modified after Cox et al. (2016). NS is the North Slope subterrane of Arctic Alaska, MN is
Mongolia, and GN is the 780 Ma Gunbarrel dykes, which are exposed in western North America.
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et al., 2016). Laterally continuous sheet flow basalts cap

the Natkusiak sequence on Victoria Island, and have a

maximum preserved thickness of 1100 m in the northern

volcanic lobe (Jefferson et al., 1985). Two differentiation

cycles are preserved in the northern volcanic lobe sheet

flow basalts, each approximately 500 m thick (lava units

V1, V2, Dostal et al., 1986). Units above the lower massive

member of V1 are not preserved in the southern volcanic

lobe (Williamson et al., 2016) (Fig. 4).

The sedimentary rocks underlying the Natkusiak bas-

alts host gabbroic and doleritic Franklin sills, which are

typically 20–60 m thick (Baragar, 1976; Jefferson, 1985;

Fig. 2. Geology of the Franklin large igneous province on Victoria Island, Arctic Canada. (a) Simplified geological map of Victoria
Island modified from Bédard et al. (2012) with regional location in Northern Canada highlighted in the inset in the upper left. Note
that Franklin sills are emplaced throughout the Shaler Supergroup and individual intrusive bodies are omitted for clarity. The
studied volcanic sections in the Natkusiak Formation basalts are indicated as black stars (e.g. West Section, Central Section) and
relevant sill localities are shown. Type 1 sills are labelled by name: LPS is Lower Pyramid Sill; WUS is the West Uhuk Sill. (b)
Detailed geological map in the area of the Minto Inlet showing the lateral continuity of the Franklin sills (purple unit¼Franklin
Gabbro). Modified from Bédard et al. (2015) and other maps in the series.

2194 Journal of Petrology, 2017, Vol. 58, No. 11

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/11/2191/4829807 by guest on 24 April 2024



Fig. 3. Photographs showing contact relations and internal structure of the Natkusiak basalts and Franklin sills on Victoria Island.
(a) Cliff exposure of the laterally continuous contact between the Kuujjua sandstone (sst) and basal Natkusiak basalts on the south
side of the Kuujjua River valley, west of the central section. Image facing southwest, with vertical section of cliff approximately
100 m in height. (b) Detail of the same cliff section, illustrating the sharpness of the contact between the Kuujjua sandstone and the
basal Natkusiak basalts, vertical scale approx. 100 m (c) Cliff exposure showing rare lobes of Kuujjua sandstone interbedded with
the basal Natkusiak basalts, indicating that fluvial deposition continued after the initiation of volcanism (Rainbird, 1993). Image
from the northeastern edge of the southern lobe of the Natkusiak basalts, facing eastward, vertical exposure approximately 70 m
(d) The Pyramid sills (Hayes et al., 2015b, 2015c), photographed from a helicopter above the Minto Inlet, facing northwest. The
Lower Pyramid sill is a 20 m thick Type 1 sill, and the top of the Upper Pyramid sill is approximately 250 m above sea level. (e) Cliff
exposures of Type 2 Franklin sills on the southern shore of the Minto Inlet, taken from a helicopter, facing northeast. Cliffs <15 m in
height. (f) Laterally continuous Type 2 Franklin sills with sharp contacts, taken from a helicopter facing southeast across the
Kuujjua River valley, cliffs approximately 120 m total height. (g) A typical basal contact of a Type 2 sill near the community of
Ulukhaktok. The margin of the sill is chilled against the host Kilian Formation sulphate evaporites, which display only localised al-
teration (<10 cm). Hammer handle length is one meter. (h) An olivine-rich horizon from the base of the West Uhuk sill, displaying a
characteristic ‘elephant skin’ weathering texture. Hammer handle diameter is 4.5 cm.
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Bédard et al., 2012). Many sills are laterally continuous

for tens of km (Hayes et al., 2015c) and form cliffs be-

tween recessive sedimentary units (Rainbird, 1993). The

oldest Franklin sill population (Type 1) has chilled mar-

gins with 6�5–13 wt % MgO and many have olivine-rich

lower sections that are interpreted as cumulates (Hayes

et al., 2015b; Bédard et al., 2016). Most Type 1 sills occur

below the Wynniatt Formation (�1�5 km palaeodepth),

and are especially prominent to the north of the Minto

Inlet and near Glenelg Bay (Fig. 2). Type 2 sills are gen-

erally more evolved than Type 1 sills, with chilled mar-

gins containing 6–8�5 wt % MgO (Bédard et al., 2016)

(Fig. 5). They may be plagioclaseþ clinopyrox-

eneþolivine porphyritic to glomerocrystic and they

occur throughout the stratigraphy of the Shaler

Supergroup. Many Franklin sills are composite intru-

sions (Hayes et al., 2015b, 2015c), and local crosscutting

relationships demonstrate that Type 2 sills are younger

than Type 1 sills. Field observations, whole-rock com-

positional shifts, mineral chemical zonation, and Pb and

S isotopic data suggest that magma entered the sills as

discrete pulses (Egorova & Latypov, 2013; Hryciuk,

2013; Hayes et al., 2015c, 2015b). Replenishing pulses

of magma may have been generated by a fault-gating

mechanism in the upper crustal plumbing system

(Bédard et al., 2012), or may reflect lower crustal or

mantle processes.

Below, we provide (1) a formal trace element classifi-

cation of Type 1 and Type 2 Franklin magmas, and (2)

divide these magma types into northern and southern

subgroups, which allows for genetic interpretation on

the basis of chemistry, Pb-Sr-Nd-Hf isotope compos-

ition and geographic position. With constraints from the

volcanic stratigraphy (Williamson et al., 2016), the pet-

rography of the sills (Hayes et al., 2015a, 2015b, 2015c),

and spatial control through new geological mapping

(e.g. Bédard et al., 2015), the trace element and isotopic

geochemistry provides insight into the evolution of the

Franklin LIP with respect to source components and

composition, the extent of country rock assimilation,

and differentiation of the magmas on their path from

the mantle to the surface.

SAMPLING AND ANALYTICAL TECHNIQUES

Sample selection
Samples were collected during mapping and reconnais-

sance work with the Geological Survey of Canada in the

summers of 2008, 2010 and 2011. The complete geo-

chemical database is reported in Bédard et al. (2016)

and includes major element oxide and trace element

concentrations for 231 basalts and 2492 intrusive

samples.

Fig. 4. Stratigraphic variation in whole rock geochemistry from four sections of the Natkusiak basalts. Major element oxide com-
positions from Williamson et al. (2016). The absolute stratigraphic position of the East and West sections, which contain only V1

lavas, are not known (Dell’Oro, 2012). For the West Section samples, heights are shown relative to the base of Unit V1 (sheet flow
basalts). See Fig. 2 for field locations. Abbreviations in stratigraphic column: x bed Vclastic¼ cross-bedded volcaniclastic deposits;
Wthred Unit¼weathered unit. Units C1 and C2 are described by Williamson et al. (2016).
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Fig. 5. Major element oxide variation diagrams for whole-rocks of the Natkusiak basalts and Franklin sills on Victoria Island. Fields
for Type 1 and Type 2 rocks from the complete Victoria Island geochemical database (Bédard et al., 2016) are outlined with dashed
lines. In (a), the alkali discriminant line is from Macdonald & Katsura (1964) and the volcanic classification fields are from Le Bas
et al. (1986). Oxides are plotted on an anhydrous, normalized basis with total iron expressed as FeO. Mid-ocean ridge basalt
(MORB) compositions are from Salters & Stracke (2004), and lower continental crust (LC) compositions are from Rudnick & Gao
(2003). Hand-drawn dashed lines surrounding the full VI database are for clarity and contain >95 % of the samples; most of the
rocks that lie outside of these dashed lines are altered. Note the strong olivine control line defined by the high-MgO whole-rock
compositions from the Type 1 sills.
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The 40 basalts analysed for radiogenic isotope com-

positions are from four widely spaced stratigraphic sec-

tions that were chosen to test for spatial variations in

basalt geochemistry across the Franklin LIP (Fig. 2).

A preliminary section through the northeast part of the

northern lobe was sampled in 2008 (north section) and

is complemented by reanalysis of archival samples

from Baragar (1976; his sections 1B, 2B, and 3B). In

2010 and 2011, additional sections were measured and

sampled throughout the southern lobe of the Natkusiak

basalts (south and central sections) and the southern tip

of the northern lobe (east section) (Dell’Oro, 2012;

Williamson et al., 2016). A total of 19 samples of intru-

sive rocks were analysed for isotopic compositions to

establish differences between Type 1 and Type 2 sills,

and to test for geochemical correlations between sills

and the coeval Natkusiak basalts. The internal parts of

the sills were sampled to minimise the possibility of

local host-rock contamination signatures. To aid in con-

straining the degree of assimilation of host-rocks, repre-

sentative sedimentary rocks (n¼7) from the Shaler

Supergroup were also analysed for major element

oxide, trace element, and radiogenic isotope compos-

itions. These are complemented by 197 analyses for

major and trace elements of sedimentary rocks from

the Geological Survey of Canada database (Bédard

et al., 2016). Sample locations were constrained by glo-

bal positioning system (GPS) and are given in the

Supplementary Data Electronic Appendix SD1 (supple-

mentary data are available for downloading at http://

www.petrology.oxfordjournals.org).

Analytical techniques
Samples were cleaned, crushed, and milled at the

Pacific Centre for Isotopic and Geochemical Research

(PCIGR), University of British Columbia (n¼43, see the

Supplementary Data Electronic Appendix SD1), the

Institut National de la Recherche Scientifique (INRS),

Québec City (n¼ 19), and the School of Earth and Ocean

Sciences, Cardiff University (n¼ 4). Rocks processed at

PCIGR were cut with a diamond-embedded tile saw to

remove weathered surfaces and veins, then sand-

papered under running water (e.g. Wright et al., 1993).

A total of 400 g of each sample was percussion-crushed

between parallel WC plates and mixed thoroughly prior

to pulverisation in agate planetary mills. Samples pre-

pared at the INRS and Cardiff University were frag-

mented with a steel jaw crusher and pulverized in agate

planetary mills. The evaporite samples (HY74A1a,

BH166A1) were broken with a hammer and 100 g ali-

quots were hand-milled in an agate mortar. The shale

sample (HY69A1) was ground directly with an agate

planetary mill, bypassing the percussion crush step.

Major element oxide analyses were performed at

INRS (n¼ 54), Carleton University, Ottawa, Canada

(n¼ 8, Williamson et al., 2016), and Cardiff University

(n¼ 4, Hayes et al., 2015). Analyses at the INRS were by

ICP-OES, calibrated against USGS reference materials

BCR-2 and BHVO-2; full details of detection limits and

analytical precision are summarized by Leclerc et al.

(2011). Analyses at Carleton University were by fused-

disc XRF, calibrated against the BCR-2 reference mater-

ial. At Cardiff University, samples were fused with a lith-

ium metaborate flux (McDonald & Viljoen, 2006), then
analysed by ICP-OES, calibrated with JB1-a and NIM-g

reference materials.

Trace element concentrations were determined at

PCIGR (n¼ 37), INRS (n¼25) and at Cardiff University

(n¼ 4). At PCIGR, fully digested samples were diluted

�5000 times in HNO3 and analysed on an Agilent 7700

Quadrupole ICP-MS and Thermo Finnigan Element2

HR-ICP-MS, both calibrated with the BCR-2 reference
material (Carpentier et al., 2013; Schudel et al., 2015).

Instrumental drift was monitored with the internal

standards Be, Re, Se, and In for the Agilent 7700, and

with In (10 ppb) for the Element2. Trace element ana-

lyses at the INRS were by ICP-MS, following a method

similar to that of Varfalvy et al. (1997); full details of de-

tection limits and analytical precision are summarized

by Leclerc et al. (2011). At Cardiff University, trace elem-

ent concentrations were measured on a Thermo
Elemental X7 Series ICP-MS. Analytical procedures and

quality control measures are described by Neill et al.

(2013).

High-precision Pb-Sr-Nd-Hf isotopic ratios were deter-

mined for 40 Natkusiak basalt samples, 19 Franklin sill

samples, and seven Shaler Supergroup sedimentary

rocks. Aliquots of powdered basalt were carefully acid-

leached to minimise post-eruptive alteration effects
(Weis et al., 2005; Hanano et al., 2009; Nobre Silva et al.,

2009, 2010). Powders of the basaltic and doleritic rocks

were dissolved using the hot plate method of Weis et al.

(2006), whereas powders of olivine-rich samples from

the bases of sills, gabbros, and sedimentary rocks were

digested in high-pressure vessels (Pretorius et al., 2006;

Weis et al., 2006). Anionic exchange columns were used

to separate and purify Pb, Sr, Nd and Hf (see Connelly
et al., 2006; Weis et al., 2006; Nobre Silva et al., 2009 for

procedures). Lead, neodymium and hafnium isotopic

compositions were measured using a multi-collector

(MC)-ICP-MS (Nu Instruments Ltd, Nu021). Analysis of

NBS 981 during the course of the study yielded an aver-

age 206Pb/204Pb¼16�94336 20, 207Pb/204Pb¼ 15�49986

23, 208Pb/204Pb¼ 36�72056 87 (n¼ 57). Analysis of

Rennes Nd (MC-ICP-MS) gave an average 143Nd/144Nd¼
0�5119626 23 (n¼42), and for JMC 475 the average was
176Hf/177Hf¼0�2821716 32 (n¼ 45). Strontium isotopic

compositions, and neodymium isotopes for a select num-

ber of basalt samples, were measured by thermal ionisa-

tion mass spectrometry (TIMS, Finnigan Triton) at PCIGR

(noted in Table 2). Analysis of NBS 987 yielded
87Sr/86Sr¼ 0�7102536 15 (n¼23) and for La Jolla Nd

(TIMS) the average was 143Nd/144Nd¼0�5118546 11

(n¼4). The USGS reference materials BCR-2 and G-2
were analysed with the samples and yielded results within

2r of published values (Weis et al., 2006, 2007, data are

given in the Supplementary Data Electronic Appendix

2198 Journal of Petrology, 2017, Vol. 58, No. 11

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/11/2191/4829807 by guest on 24 April 2024

https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egy004#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egy004#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egy004#supplementary-data
http://www.petrology.oxfordjournals.org
http://www.petrology.oxfordjournals.org
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egy004#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egy004#supplementary-data


SD1). During the course of the study, internal reproducibil-

ity was tested by analysing 2–4 replicates (i.e. solution re-

analysed) and 3–5 complete procedural duplicates

(Tables 1 and 2). All Pb, Sr, Nd and Hf isotopic compos-

itions were normalized to the published respective stand-

ard values (Weis et al., 2006) and then they were age-

corrected for in situ decay since 723 Ma (Heaman et al.,

1992). Decay constants used for age corrections are pro-

vided in the Supplementary Data Electronic Appendix

SD1.

RESULTS

Petrographic overview
The Natkusiak basalts are mostly aphyric to sparsely

phyric rocks that have been metamorphosed at

prehnite-pumpellyite facies conditions (a table of petro-

graphic characteristics for the basalts is provided in the

Supplementary Data Electronic Appendix SD2). Sparse

phenocrysts and glomerocrysts of clinopyroxene,

plagioclase, titanomagnetite and olivine occur in some

basalts. Some glomerocrysts may represent doleritic

debris derived from the plumbing system. Dominantly

subaerial alteration is manifest by the partial replace-

ment of plagioclase by clay minerals, olivine by iddings-

ite and clinopyroxene by chlorite. Minor fractures, veins

and amygdules (<1–35 vol. %, mm-cm scale) are filled

with secondary chlorite, calcite, prehnite, quartz, and

near vent areas, with native copper (Jefferson et al.,

1985). A petrographic catalogue of the basalt samples

and chlorite chemistry is reported by Dell’Oro (2012)

and additional descriptions can be found in Williamson

et al. (2016).
The Franklin sills range from olivine6 clinopyroxene, to

olivineþ clinopyroxeneþplagioclase, to clinopyroxeneþ
plagioclaseþ titanomagnetite-phyric rocks. Petrographic

textures of the Type 1 sills are described in detail in Hayes

et al. (2015b, 2015c). The 10 samples presented here are

pairs of olivine cumulate and doleritic rocks from five sites

(Fig. 2) and were chosen to test whether the olivine-

enriched bases of layered sills are cogenetic with the

overlying dolerites. Type 2 sills have intergranular to subo-

phitic textures and are dominated by clinopyroxene and

plagioclase. Olivine phenocrysts are rarely present (e.g. in

the Southern Feeder Dyke, Hayes et al., 2015a). Secondary

minerals comprise �3–25% of the Type 2 sills that were

analysed. Plagioclase is partially replaced by white micas,

and clinopyroxene by chlorite6 opaque minerals.

Interstitial material includes Fe-Ti oxides, base metal sul-

phides, minor amphibole and mica, and granophyric

patches (e.g. JB123A). Carbonate-rich amygdules occur

near the upper contacts of some sills (e.g. HY74B2).

Effects of alteration
Since eruption and emplacement at �723 Ma, the

Franklin sills and Natkusiak basalts have undergone

metamorphism up to prehnite-pumpellyite grade.

Secondary hydrothermal alteration is pervasive

throughout the basalts. The least altered samples were

selected for chemical analysis. The analyses of fluid-

mobile elements (Na, K, LILE, Pb) were treated with par-

ticular caution, as they show significant variations in

concentration, poor inter-correlations between major

and trace elements (Figs 5a and 6), and poor correl-

ations with radiogenic isotope compositions. The bas-

alts are markedly depleted in Rb, Cs, Ba and Pb relative

to the sills (Fig. 7). In contrast, the relatively immobile

high field strength elements define linear trends in bin-

ary element diagrams, indicating that their concentra-

tions were not affected by alteration or low-grade

metamorphism (Fig. 6).

Major and trace element geochemistry
Major element oxide compositions are plotted in Fig. 5

and are included in the Supplementary Data Electronic

Appendix SD1. Most Natkusiak volcanic rocks and

Franklin sills have tholeiitic basalt compositions with

45–51 wt % SiO2 and 6–11 wt % MgO. Some samples

show enrichment in Na2O and K2O that is probably the

result of secondary alteration processes (Fig. 5a). The

thin, basal unit of the Natkusiak lavas (V0, 30–100 m)

comprises high-Mg, low-Ti basalts (5�8–10�3 wt %

MgO, 1�0–1�2 wt % TiO2) with major element oxide

compositions similar to chilled margins and dolerites

of Type 1 Franklin sills. The thicker overlying sheet

flow units (V1 & V2 , 1100 m total preserved thickness)

are high-Ti basalts (1�2–1�8 wt % TiO2) with compos-

itions similar to the Type 2 Franklin sills. These Type 2

rocks have lower MgO (6–8 wt %), higher FeO(t) and

higher SiO2 than the basal basalts, and their major

element compositional trends are consistent with the

effects of extensive igneous differentiation within this

volcanic suite (Figs 4 and 5). Type 1 Franklin sills are

internally layered and samples that extend to rela-

tively high MgO (18–24 wt %) and relatively low Al2O3

(6–11 wt %) are olivine cumulates (Hayes et al., 2015b).

In both the basalts and sills, the compatible elements

Ni and Cr are positively correlated with MgO, reflect-

ing the combined effects of olivineþ chromite 6 clino-

pyroxene fractionation and accumulation (Duke, 1976;

see Fig. 6 from Dostal et al., 1986). The Natkusiak bas-

alts show moderate variations in the concentrations of

Ni (78–157 ppm) and Cr (75–576 ppm) when compared

to chilled margins from the Franklin intrusions (19–

410 ppm and 50–1000 ppm, respectively; data in

Bédard et al., 2016).

Incompatible trace element compositions are illus-

trated in binary, chondrite-normalised, and mantle-

normalised diagrams (Figs 6–7) and are included in the

Supplementary Data Electronic Appendix SD1.

Chondrite-normalised rare earth element (REE) patterns

are flat to slightly concave downward in shape, with

some samples displaying weak negative Eu anomalies

(Eu/Eu*¼ 0�85–1�11) (Fig. 7b). All samples are light REE-

enriched, with the basal basalts and Type 1 sills charac-

terized by steeper REE slopes than the sheet flow
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Table 1: Whole rock 143Nd/144Nd and 176Hf/177Hf isotopic compositions of Natkusiak basalts and Franklin sills

Sample Group Unit 143Nd/
144Ndm

2rm
147Sm/
144Nd

143Nd/
144Ndi

eNd(i) 176Hf/
177Hfm

2rm
176Lu/
177Hf

176Hf/
177Hfi

eHf(i)

08JB04c1 N Type 1 V0 N 0�512401 6 0�1611 0�51164 �1�3 0�282695 5 0�0182 0�28244 4�7
08JB-06 N Type 2 V1 N 0�512731 7 0�1877 0�51184 2�7 0�282835 4 0�0214 0�28254 8�1
08JB07 N Type 2 V1 N 0�512816 9 0�1811 0�51196 4�9 0�282867 4 0�0082 0�28275 15�8
BL136 N Type 2 V1 N 0�512810 7 0�1706 0�51200 5�8 0�282752 5 0�0184 0�28249 6�7
BL144 N Type 2 V1 N 0�513017 7 0�1817 0�51216 8�8 0�282830 24 0�0193 0�28256 9�0
08JB01 N Type 2 V2 N 0�512878 8 0�1883 0�51199 5�5 0�282869 5 0�0180 0�28262 11�0
08JB01 (dup) 0�512882 7 0�1883 0�51199 5�5 0�282869 4 0�0180 0�28262 11�0
08JB02 N Type 2 V2 N 0�512881 10 0�1900 0�51198 5�4 0�282853 5 0�0170 0�28261 10�9
08JB04b N Type 2 V2 N 0�512828 8 0�1888 0�51193 4�4 0�282838 5 0�0172 0�28260 10�3
TD15A2 S Type 1 V0 C 0�512941 8 0�1713 0�51213 8�3 0�282840 8 0�0238 0�28251 7�1
TD16A1 S Type 1 V0 C 0�512823 9 0�1739 0�51200 5�7 0�282672 6 0�0246 0�28233 0�8
TD18A2 S Type 1 V0 C 0�512689 8 0�1596 0�51193 4�4 0�282692 7 0�0203 0�28241 3�6
TD18A1 S Type 1 V0 C 0�512732 7 0�1666 0�51194 4�6 0�282696 5 0�0220 0�28239 2�9
TD16A3 S Type 1 V0 C 0�512805 5 0�1706 0�51200 5�7 0�282648 6 0�0219 0�28234 1�2
TD57A1 S Type 1 V0 C – – – – – 0�282794 13 0�0229 0�28247 5�9
TD56A1* S Type 1 V0 C 0�512740 9 0�1695 0�51194 4�5 0�282763 36 0�0225 0�28245 5�0
TD55A1 S Type 1 V0 C – – – – – 0�282760 17 0�0225 0�28244 4�9
TD55A7* S Type 1 V0 C 0�512788 6 0�1641 0�51201 5�9 0�282729 9 0�0213 0�28243 4�4
TD55A3* S Type 1 V0 C 0�512810 6 0�1664 0�51202 6�2 0�282717 12 0�0221 0�28241 3�6
TD55A4* S Type 1 V0 C 0�512779 7 0�1670 0�51199 5�5 0�282737 7 0�0226 0�28242 4�0
TD55A5 S Type 1 V0 C 0�512888 7 0�1717 0�51207 7�2 0�282732 7 0�0265 0�28236 1�9
TD55A6 S Type 1 V0 C 0�512779 6 0�1698 0�51197 5�2 0�282760 6 0�0221 0�28245 5�1
TD55A6 (dup)* 0�512451 8 0�1698 0�51165 �1�2 0�282769 5 0�0221 0�28246 5�4
TD17B1 S2 V1 C 0�513082 6 0�1847 0�51221 9�8 0�283109 5 0�0195 0�28284 18�8
TD17B2 S2 V1 C 0�513066 8 0�1837 0�51220 9�6 0�283009 6 0�0204 0�28272 14�8
TD19A1 S2 V1 C 0�513084 7 0�1861 0�51220 9�7 0�282882 8 0�0209 0�28259 10�0
TD19A1 (dup)* 0�513094 8 0�1861 0�51221 9�9 0�282785 6 0�0209 0�28249 6�6
TD20A1 S2 V1 C 0�513086 8 0�1860 0�51220 9�7 0�282848 9 0�0207 0�28256 8�9
TD21A1 S2 V1 C 0�513004 7 0�1819 0�51214 8�5 0�282725 18 0�0207 0�28243 4�6
TD61A1 S2 V1 C – – – – – 0�282841 17 0�0178 0�28259 10�1
TD61A2* S2 V1 C 0�513076 6 0�1847 0�51220 9�7 0�282835 18 0�0171 0�28259 10�2
TD60B1* S2 V1 C 0�513004 10 0�1822 0�51214 8�5 0�282782 7 0�0214 0�28248 6�2
TD60B3* S2 V1 C 0�512968 7 0�1826 0�51210 7�7 0�282726 10 0�0206 0�28244 4�6
TD60B4 S2 V1 C – – – – – 0�282786 6 0�0215 0�28248 6�3
TD60B5* S2 V1 C 0�513037 8 0�1824 0�51217 9�1 0�282734 7 0�0195 0�28246 5�5
TD72B S2 V1 E 0�512862 6 0�1785 0�51202 6�1 0�282848 23 0�0212 0�28255 8�7
TD72C S2 V1 E 0�512767 8 0�1803 0�51191 4�0 0�282826 6 0�0210 0�28253 8�0
TD72D S2 V1 E 0�512859 7 0�1750 0�51203 6�3 0�282773 24 0�0196 0�28250 6�8
TD72G S2 V1 E 0�513021 7 0�1878 0�51213 8�3 0�282839 4 0�0205 0�28255 8�7
TD129A S2 V1 W 0�513051 7 0�1862 0�51217 9�0 0�282840 7 0�0176 0�28259 10�2
TD129B S2 V1 W 0�513189 8 0�1858 0�51231 11�8 0�282874 25 0�0176 0�28263 11�4
TD129E S2 V1 W 0�512924 9 0�1851 0�51205 6�7 0�282872 25 0�0188 0�28261 10�7
TD129G S2 V1 W 0�512989 7 0�1810 0�51213 8�3 0�282782 6 0�0213 0�28248 6�3
08JB311 N1 Dick DZ 0�512055 8 0�1390 0�51140 �6�1 0�282410 6 0�0160 0�28218 �4�3
08JB318 N1 Dick OZ 0�512469 7 0�1694 0�51167 �0�8 0�282703 7 0�0202 0�28242 4�0
08JB115 N1 Uwe DZ 0�512372 8 0�1707 0�51156 �2�8 0�282647 7 0�0155 0�28243 4�4
08JB166a N1 Uwe OZ 0�512365 5 0�1603 0�51160 �2�0 0�282662 6 0�0161 0�28244 4�6
08JB166a (dup) – – – – – 0�282661 5 0�0161 0�28244 4�6
KS95A15 N1 WUS DZ 0�512346 12 0�1554 0�51161 �1�9 0�282620 6 0�0202 0�28234 1�1
KS95A6 N1 WUS OZ 0�512352 8 0�1608 0�51159 �2�3 0�282659 9 0�0211 0�28236 2�0
KS75A6 N1 Kat DZ – – – – – 0�282657 5 0�0196 0�28238 2�7
KS74A8 N1 Kat OZ 0�512371 20 0�1628 0�51160 �2�1 0�282658 9 0�0206 0�28237 2�2
BH167A8 N1 LPS DZ 0�512359 7 0�1540 0�51163 �1�5 0�282645 5 0�0185 0�28238 2�8
BH167A2 N1 LPS OZ 0�512357 7 0�1593 0�51160 �2�0 0�282666 8 0�0213 0�28237 2�2
08JB12 N2 Type 2 0�512613 8 0�1728 0�51179 1�7 0�282788 5 0�0185 0�28253 7�9
08JB12 (dup) – – – – – 0�282791 5 0�0185 0�28253 8�0
NW2A1 N2 Type 2 0�512617 6 0�1781 0�51177 1�3 0�282801 6 0�0204 0�28251 7�4
NW2A1 (dup) – – – – – 0�282790 4 0�0204 0�28250 7�0
BH116A N2 Type 2 0�512626 5 0�1806 0�51177 1�3 0�282805 6 0�0261 0�28244 4�7
JB123A N2 Type 2 0�512604 6 0�1791 0�51176 1�0 0�282788 5 0�0234 0�28246 5�4
JB123A (dup) 0�512599 6 0�1791 0�51175 0�9 0�282784 6 0�0234 0�28245 5�3
MH129A2 N2 Type 2 0�512615 6 0�1704 0�51181 2�0 0�282812 5 0�0249 0�28246 5�6
MH129A2 (dup) – – – – – 0�282794 4 0�0249 0�28244 4�9
HY74B2 N2 Type 2 0�512864 6 0�1926 0�51195 4�8 0�282876 4 0�0180 0�28262 11�3
08JB504 N2 Type 2 0�512815 6 0�1809 0�51196 4�9 0�282832 6 0�0173 0�28259 10�0
K5083A7 N2 Type 2 0�512861 6 0�1914 0�51195 4�8 0�282854 6 0�0164 0�28262 11�3
BH362A N2 Type 2 0�512857 6 0�1896 0�51196 4�9 0�282879 5 0�0226 0�28256 9�1
BH362A (dup) 0�512859 6 0�1896 0�51196 5�0 0�282876 4 0�0226 0�28256 9�0

(continued)
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basalts and Type 2 sills (basalts: La/Yb¼ 3�1–4�1 vs. 2�3–

3�1; sills: La/Yb¼ 1�7–11�8 vs. 2�4–12�5). Lanthanum con-

centrations range from 15–61 times chondrite and ytter-

bium concentrations from 3–31 times chondrite. Total

REE concentrations are systematically higher in Type 2

rocks than Type 1 rocks and are highest in the strongly

differentiated facies of Type 2 sills (i.e. high FeO*/MgO).

Significant variation exists in the highly mobile large

ion lithophile elements (LILE) Pb, Sr, Rb and Ba, reflect-

ing variable degrees of alteration (Fig. 7a). When com-

paring Type 1 extrusive and intrusive rocks, it is

apparent that some of the basalts have lost a significant

part of their LILE budget during subaerial alteration

(Fig. 6). The immobile high field strength elements

(HFSE) Nb, Ta, and to a lesser extent Ti, Zr, and Hf, dis-

play troughs in mantle-normalised diagrams that are

most pronounced in the basal basalts and Type 1 sills.

These elements form linear trends in binary diagrams

(Fig. 6c, e and f) that can be used to distinguish the

basal basalts from the sheet flow basalts (Fig. 6c). The

Franklin sills display wider variability in incompatible

element concentrations than the volcanic rocks as a re-

sult of intra-sill differentiation. In summary, major and

trace element data support a formal correlation be-

tween Type 1 Franklin sills and the basal Natkusiak bas-

alts, and between the Type 2 sills and Natkusiak sheet

flow basalts.

Radiogenic isotope geochemistry
High-precision Pb, Sr, Nd and Hf isotopic compositions

were collected for 40 Natkusiak basalts, 19 Franklin sills

and seven Shaler Supergroup sedimentary host-rocks

(Figs 3 and 8–10; Tables 1–2). The basalts and sills are

characterized by a wide range of initial 87Sr/86Sr (0�70250–

0�70791), eNd (þ11�8 to -6�1 ), eHf (þ11�1 to -4�3), and Pb iso-

topic compositions that define coherent arrays

(206Pb/204Pb¼16�147–18�978; 207Pb/204Pb¼ 15�383–15�686;
208Pb/204Pb¼ 36�19–39�14). Basalts with initial 87Sr/86Sr

above 0�705 are interpreted to reflect extensive alteration

(i.e. Rb mobility, Fig. 8). The stratigraphically lowest basal

Natkusiak basalts exhibit the widest range of initial
87Sr/86Sr (0�7025–0�7066) and 207Pb/204Pb (15�52–15�69)

and isotopic variation decreases up-section into the sheet

flows (central section, Fig. 4).

The three southern Natkusiak basalt sections (cen-

tral, eastern and western sections) form a separate iso-

topic group from the Franklin sills and northern section

Natkusiak basalts, with systematically higher initial eNd

(þ4�0 toþ11�8 vs. -6�1 toþ8�8) and slightly less radio-

genic Pb isotope ratios (Figs 8–10). The southern basal

basalts (sampled only in the central section) have a

range of initial eNd that is distinct from that of basal bas-

alts from the northern section and the Type 1 sills.

Conversely, the range of initial eNd observed in the

southern sheet flow basalts partially overlaps with the

range of initial eNd in the Type 2 sills and northern sec-

tion sheet flow basalts (Figs 9 and 11). The basal basalts

(north and south) and Type 1 sills typically have higher

initial 207Pb/204Pb, 87Sr/86Sr, and lower initial eNd and eHf

when compared to the sheet flow basalts and Type 2

sills. Three of the five pairs of olivine cumulate bases

and overlying doleritic rocks from individual Type 1 sills

record internal heterogeneity in radiogenic isotope

compositions, which implies that they are composite in-

trusions (cf. Hayes et al., 2015b, 2015c).

Geochemical groupings and the spatial
distribution of Natkusiak basalts and Franklin
sills
The geochemistry of the Natkusiak basalts and Franklin

sills on Victoria Island records contributions from a var-

iety of mantle and lithospheric sources. As such, we

have divided them into several chemical types and sub-

groups that reflect their distinct petrogenetic histories

(Table 3). Type 1 low-TiO2 magmas are preserved as

the basal Natkusiak basalts and Type-1 Franklin sills

and the younger, more voluminous Type 2 high-TiO2

magmas comprise the Natkusiak sheet flow basalts and

Type-2 Franklin sills. Both of these magma types are

divided into northern and southern subgroups based

on variations in trace element and radiogenic isotope

ratios. Northern Type 1 (n¼ 11) comprises Type 1 sills

and northern section basal basalts (Unit V0), which have

low initial eNd (-6�1 to -0�8), eHf (-4�3 toþ4�6), Nb/La

Table 1: Continued

Sample Group Unit 143Nd/
144Ndm

2rm
147Sm/
144Nd

143Nd/
144Ndi

eNd(i) 176Hf/
177Hfm

2rm
176Lu/
177Hf

176Hf/
177Hfi

eHf(i)

MH170A1 Shaler KuujSst 0�511980 7 0�1121 0�51145 �5�0 – – – – –
HY69A1 Shaler WnShl 0�511908 7 0�1194 0�51134 �7�1 0�282379 5 0�0141 0�28218 �4�4
HY74A2b Shaler MntDol – – – – – 0�282395 37 0�0160 0�28217 �4�8
HY64A1 Shaler BtLst 0�511967 6 0�1194 0�51140 �6�0 0�282335 9 0�0118 0�28217 �4�8

Whole rock Nd and Hf isotopic compositions of Natkusiak basalts and Franklin sills with age corrections to 723 Ma. ‘m’ indicates
measured isotopic ratios, ‘i’ are initial isotopic ratios at 723 Ma. 2rm is the absolute uncertainty on isotope ratio measurements at
the two standard deviation confidence level. (dup) indicates a complete chemistry duplicate. Nd isotope ratios for samples marked
‘*’ were measured by thermal ionization mass spectrometry; all other Nd isotope compositions were determined by MC-ICP-MS.
All isotopic analyses were performed at the PCIGR. The laboratories at which trace elements were measured are indicated in the
Supplementary Data Electronic Appendix SD1. Groups: N1, Northern Type 1 magmas; N2, Northern Type 2 magmas; S1, Southern
Type 1 magmas; S2, Southern Type 2 magmas. Volcanic sections: V0, basal basalts; V1, Sheet flow cycle 1; V2, Sheet flow cycle 2.
N, Northern section, C, Central Section; E, Eastern Section; W, Western Section. Sills: OZ is the olivine-rich base of layered Type 1
sills, DZ is overlying diabasic roof zone.
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(0�42–0�67) and high initial 87Sr/86Sr (0�7051–0�7075),

suggesting the influence of continental materials (see

Discussion below). Northern Type 2 magmas (n¼ 16)

are preserved as Type 2 sills and northern section sheet

flow basalts (Units V1 and V2) and have higher initial eNd

(þ1 toþ8�8) and eHf (þ4�7 toþ15�8) than the Northern

Type 1 rocks, suggesting a waning influence of

continental source materials. Southern Type 1 rocks are

basal basalts from the central section (V0; n¼ 13, sheet

flow basalts are the only exposed unit at the eastern and

western sections) that have unusually high initial eNd val-

ues (þ4�4 toþ8�3) that are below the terrestrial array in

Nd-Hf isotope space (Vervoort et al., 1999). Their high Nb/

La (0�81–0�94) suggests limited continental influence,

Fig. 6. Trace element variation diagrams for whole-rocks of the Natkusiak basalts and Franklin sills on Victoria Island. Results for
the Coronation sills (Shellnutt et al., 2004) are plotted for comparison. Fields for Type 1 and Type 2 rocks from the complete
Victoria Island geochemical database (Bédard et al., 2016) are outlined with hand-drawn dashed lines. Mid-ocean ridge basalt
(MORB) compositions are from Salters & Stracke (2004), and lower continental crust (LC) compositions are from Rudnick & Gao
(2003). Analyses of whole rocks from the Shaler Supergroup from Victoria Island are plotted for comparison. Analytical reproduci-
bility is at the 2r level and was determined by repeat analyses of the USGS reference material BCR-2 (Schudel et al., 2015).
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which contrasts with the Northern Type 1 rocks. Southern

Type 1 rocks also have systematically higher initial
207Pb/204Pb for a given 206Pb/204Pb when compared to

other Franklin rocks (Fig. 10a). Southern Type 2 rocks com-

prise sheet flow basalts from the western, central and east-

ern sections (V1; n¼ 13). These basalts have

systematically higher initial eNd (þ4 toþ11�8), lower
87Sr/86Sr and less radiogenic Pb isotope ratios than

Northern Type 2 rocks, however, they are indistinguish-

able in terms of major element, trace element and Hf iso-

tope compositions (Figs 8–10). All previous chemical

studies on the Natkusiak basalts pertain to Northern Types

1 and 2 as the southern basalt sections were not systemat-

ically sampled and analysed hitherto (e.g. Dostal et al.,

1986; Dupuy et al., 1995).

The Southern Type 2 basalts have systematically

higher initial eNd toward the southwest of the Minto Inlier

(Fig. 11), which suggests a regional-scale control on

magma contamination or source composition. Unusually

high initial eNd compositions persist throughout the vol-

canic stratigraphy of the central, eastern and western sec-

tions of the Natkusiak basalts (Fig. 4), indicating that the

source of this geochemical heterogeneity was long-lived

and voluminous. Northern Type 1 and Northern Type 2

rocks show no systematic geographic variations in radio-

genic isotope composition (Fig. 11), which suggests that

(1) there are no regional-scale spatial controls on their

source composition or contamination, or (2) that both

Northern Type 1 and Northern Type 2 magmas were iso-

topically homogenised in well-mixed magma chambers.

In the following sections, we discuss the origin and iso-

topic variability of the Natkusiak basalts and Franklin sills

and present mixing models to support our hypotheses.

DISCUSSION

The principal factors that produce isotopic variations in

continental flood basalts are: (1) variations in mantle

source composition and (2) contamination by continental

crust. The mantle source for continental basalts may be

modified by earlier melting events (Vervoort & Blichert-

Toft, 1999; Salters & Stracke, 2004) or may incorporate

recycled subducted material (Zindler & Hart, 1986; White,

2010; Willbold & Stracke, 2010; Weis et al., 2011), includ-

ing rocks of continental origin (Barling et al., 1994; Frey

et al., 2002). Continental geochemical signatures may also

be acquired through assimilation of wall-rocks in crustal

magma chambers (Wood, 1980; DePaolo, 1981; Huppert

& Sparks, 1985; Spera & Bohrson, 2001) or through

Fig. 7. Normalised trace element variation diagrams for whole
rocks of the Natkusiak basalts and Franklin sills on Victoria
Island. (a) Primitive mantle-normalised extended trace element
patterns, with primitive mantle-normalising values from Sun &
McDonough (1989). (b) Chondrite-normalised rare earth elem-
ent patterns, with chondrite-normalising values from
McDonough & Sun (1995). Solid lines show the compositions
of individual samples of Natkusiak basalt, whereas the shaded
fields indicate the range of compositions present in the
Franklin sills. Dashed lines show model compositions for in-
congruent dynamic melts of a mixed source of garnet lherzolite
and spinel lherzolite and are from Greene et al. (2009, their
Fig. 14b).

Fig. 8. Initial eNd and 87Sr/86Sr for whole-rocks of Natkusiak bas-
alts and Franklin sills on Victoria Island. Results for the
Coronation sills (Shellnutt et al., 2004) are plotted for compari-
son and have been re-corrected for age from the original re-
ported results. Fields showing ocean island basalt
compositions are from Willbold & Stracke (2010) and include
EM-I (enriched mantle-I), EM-II (enriched mantle-II), and HIMU
(high l, or high 238 U/204Pb). These have been age corrected to
723 Ma isotopic compositions using source compositions from
Stracke et al. (2003) for HIMU and Willbold & Stracke (2006) for
EM-I and EM-II compositions. Depleted mantle and extreme
depleted mantle compositions are from Salters & Stracke
(2004). Dashed lines represent CHUR (eNd) and UR (87Sr/86Sr).
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melting of subcontinental lithospheric mantle compo-

nents that have been modified by subduction-related flu-

ids or low-degree asthenospheric melts (Arndt &

Christensen, 1992; Carlson & Irving, 1994; Turner &

Hawkesworth, 1995; Hawkesworth et al., 1999; Zhang

et al., 2008). The architecture of the magmatic plumbing

system determines the degree of mixing and homogen-

isation of the magmas, and hence the potential for preser-

vation of distinct geochemical source or contamination

signatures (Marsh, 2004; Hayes et al., 2015b).

The Franklin LIP compared to other large igneous
provinces
The range of radiogenic isotope ratios in the Franklin

sills and Natkusiak basalts is narrow relative to many

other large continental flood basalt provinces, which in-

dicates that continental materials likely played a com-

paratively smaller role in the evolution of the Franklin

magmas (Figs 8–10). For example, the Natkusiak

Formation lacks felsic volcanic units (e.g. Ewart et al.,

1998), and contains no highly contaminated units analo-

gous to the Nadezhdinsky Formation of the Siberian

traps, a �400 m sequence of basalts that is character-

ised by a very low initial eNd of -8 (Lightfoot et al., 1993).

No Franklin rocks exhibit the extreme continental iso-

topic compositions that are manifest in the lowermost

Bushe Formation of the Deccan traps (initial eNd down

to -15 and initial 87Sr/86Sr up to 0�716, Cox &

Hawkesworth, 1985). The Franklin rocks have both posi-

tive and negative initial eNd values, in contrast with

negative-only eNd reported from the Ferrar dolerites in

Tasmania (initial eNd¼ -5�1 to -5�4, Hergt et al., 1989). As

defined by the range of trace element compositions pre-

sented in the full Victoria Island geochemical database

(Bédard et al., 2016), the analysed Type 1 Franklin sills in

this study are biased towards the less continentally influ-

enced samples (i.e. they are clustered toward the uncon-

taminated end of the compositional spectrum). The

Fig. 9. Ce/Yb, initial eNd and initial eHf diagrams for whole-rocks of Natkusiak basalts and Franklin sills on Victoria Island. Results for
the coeval Coronation sills on the Canadian mainland (Shellnutt et al., 2004) are plotted for comparison and have been re-corrected
for age from the original reported results. Dick DZ is the diabasic roof zone of Dick’s Sill, a layered Type 1 intrusion. Depleted
MORB (DM) and MORB compositions as defined in Fig. 8. The terrestrial array (long-dashed line) in (b) is from Vervoort et al.,
(1999) and the short-dashed lines indicate the approximate range of oceanic basalts. Black and grey bold lines show the isotopic
evolution of mafic Archean and Palaeoproterozoic rocks of suggested oceanic origin, with (i) as initial compositions, and marked
ticks at 1 Ga incubation intervals (model after Nowell et al., 2004). The Munro-type komatiites are from the Abitibi and Belingwe
belts (n¼5), the Barberton komatiites are from the Barberton belt (n¼3, both Blichert-Toft & Arndt, 1999), the Abitibi basaltic an-
desite is indicated ‘B-A’, and the Cape Smith belt basalts (n¼7) are from the Chukotat Group (both Vervoort & Blichert-Toft, 1999).
The model suggests that the source of the Southern Natkusiak basalts may include an isotopically matured Munro-type komatiite
component, and discounts major involvement of Abitibi-type basaltic andesite or Barberton-type komatiite.
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isotopic dataset, however, does cover the complete

range of compositions indicating a contribution from

continental crust. Even the most contaminated rocks

show relatively low levels of continental influence com-

pared to published results for Phanerozoic continental

flood basalt provinces in general.

Tectonic classification diagrams using trace-element

ratios suggest that the Northern Type 1 sills and basalts

were derived from an enriched mantle source and that

they mixed with variable proportions of continental ma-

terials (Pearce, 2008) (Fig. 12a). The sub-parallel mixing

trajectory defined by the younger Northern Type 2 rocks

indicates that they originate from a similar source to

Northern Type 1 rocks with smaller continental contri-

butions. Although the Pearce (2008) diagrams suggest a

source with similar composition to plume-influenced

E-MORB, the radiogenic isotope variations are compat-

ible with a source composition more akin to that of oce-

anic island basalts (OIB). Southern Type 1 basalts

Fig. 11. Diagrams showing the spatial variations in initial eNd

for whole-rocks of Natkusiak basalts and Franklin sills on
Victoria Island. (a) Latitude (degrees north) vs. initial eNd. (b)
Longitude (degrees west) vs. initial eNd. The Nd isotope com-
positions of the Type 2 basalts are correlated with geographic
position, a trend that is not observed for the Franklin sills.

Fig. 10. Initial Pb isotope compositions for whole-rocks of the
Natkusiak basalts and Franklin sills on Victoria Island. (a) initial
206Pb/206Pb vs. 207Pb/204Pb. (b) initial 206Pb/204Pb vs.
208Pb/204Pb. The age-corrected ocean island basalt compos-
itions from Willbold & Stracke (2010) are plotted for compari-
son (EM-I, EM-II, HIMU, age corrections as in Fig. 8).
M¼mantle, Or¼Orogene, UC¼upper continental crust,
LC¼ lower continental crust (all from Zartman & Doe, 1981,
age corrected to 723 Ma). The mixing lines show the relative
compositional effect of assimilating rocks from the Shaler
Supergroup, with yellow filled circles representing the average
Type 1 sill composition and tick marks labelled with percentage
contributions from sedimentary rocks. See Hayes et al. (2015c)
for detailed discussion.

Journal of Petrology, 2017, Vol. 58, No. 11 2207

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/11/2191/4829807 by guest on 24 April 2024



define a trend parallel to, and elevated relative to, the

MORB-OIB array (Fig. 12a). This relationship suggests

that the compositional variation is source-derived and

does not result from variable degrees of assimilation of

continental crust. Southern Type 2 basalts have com-

positions similar to Northern Type 2 sills and basalts.

Chondrite-normalised REE patterns for both

Northern and Southern Type 1 rocks are consistent with

a relatively low degree of melting (5–15%) of a mixed

source of spinel lherzolite, with minor contributions

from deep-seated garnet lherzolite (>90 km, Fig. 7b,

Griselin et al., 1997; Greene et al., 2009). The flatter REE

profiles of Type 2 rocks are consistent with smaller con-

tributions from deep-seated garnet lherzolite (i.e. shal-

lowing of the melt source, or higher degrees of melting)

(Fig. 7b). As the ratio of TiO2/Yb increases between

Type 1 and Type 2 magmatism, a feature consistent

with deepening of the source region (Fig. 12b), we sug-

gest that the flattening of the REE profiles reflects an in-

crease in the degree of melting in the plume head. In

the following sections, we explore possible origins for

the continental geochemical signatures in the Franklin

basalts and sills, and discuss the spatial geochemical

variations and their implications for the architecture of

the magma plumbing system.

Constraining the parental melt compositions for
the Franklin LIP
Whole-rock compositions from the least contaminated

Northern Type 1 and Northern Type 2 magmas were

used to calculate their respective primary mantle melt

compositions. Parental melt major and trace element

compositions for Northern Type 1 and Northern Type 2

magmas were calculated by incrementally adding equi-

librium olivine to the most isotopically depleted sam-

ples (JB-327 b-01 and JB-08–01, respectively) until the

calculated melts reached Fe/Mg equilibrium with Fo90

mantle olivine (Turner & Langmuir, 2015; Heinonen

et al., 2016); with 25% olivine being added to Type 1

melts, and 43% olivine to Type 2 melts. These olivine

fractions are within 2% of those calculated with the

PRIMELT3 model (Herzberg & Asimow, 2015). Trace

element contents of the primary mantle melts were

then calculated by back-fractionation of olivine, using

olivine/melt partition coefficients calculated following

Bédard (2005). Fractionation of olivine does not have a

significant effect on incompatible element ratios,

however, the absolute concentrations of incompatible

elements are higher in fractionated melts. Primary melt

compositions are indicated with stars on Fig. 13 and cal-

culation methods are provided in the Supplementary

Data Electronic Appendix 1.

Constraining possible high-level crustal
contaminants
The Shaler Supergroup hosts the Franklin sills and is

dominated by carbonate and sulphate evaporite sedi-

mentary rocks with minor shale and quartz arenite

(Rainbird et al., 1994; Thomson et al., 2015; Bédard

et al., 2016, compositions in Supplementary Data

Electronic Appendix SD1). Constraining the degree of

assimilation of these rocks is useful for determining the

potential CO2 and SO2 emissions associated with

Franklin magmatism, and aids in the interpretation of

geochemical signals of deeper magmatic processes.

The carbonate and evaporite rocks are relatively rich in

Sr and Pb, and poor in Nd and Hf, whereas rare shale

beds are strongly enriched in incompatible trace elem-

ents and have the potential to exert significant influence

on magmatic eNd and eHf. Quartz arenites have negli-

gible trace element contents and are not considered

further.

Below the Shaler Supergroup rocks are Archean gran-

itoids of the Slave Province, which constitute the base-

ment for Victoria Island (Fig. 2). The Slave Craton is

cross-cut by a major north-trending boundary delineated

by contrasting Pb and Nd isotope compositions (Huston

et al., 2014). Samples from volcanic-hosted massive sul-

phide (VHMS) and gold deposits to the west and south-

west of the province plot above the Stacey & Kramers

(1975) two-stage model for terrestrial lead isotope evolu-

tion in 207Pb/204Pb vs. 206Pb/204Pb space, which is consist-

ent with derivation from �4 Ga protocrustal material

(Thorpe et al., 1992, Supplementary Data Electronic

Figure SD3). To the northeast, these VHMS and gold de-

posits have more juvenile lead, with lower 207Pb/204Pb

relative to 206Pb/204Pb. Offset by �100 km to the east is a

similar boundary defined by Nd isotope compositions,

with granitoids to the west having negative initial eNd

and those to the east characterised by positive initial eNd

(Davis & Hegner, 1992). Both isotopic data sets support

derivation of eastern Slave crust from more juvenile ma-

terial, and western Slave crust from older continental

material (Davis et al., 1996). There are currently no Hf

Table 3: The four geochemical groups defined in the Franklin sills and Natkusiak basalts

Magma type Included units Age Interpretation

Northern Type 1
(Low-Ti)

Type 1 sills and northern section basal
basalts

Old Mafic, continentally influenced, containing
up to 10% granodiorite

Southern Type 1
(Low-Ti)

Central section basal basalts Old Little continental influence. High eNd

asthenospheric source
Northern Type 2

(High-Ti)
Type 2 sills and northern section sheet

flow basalts
Young Fractionated, waning continental influence of

up to 5% granodiorite
Southern Type 2

(High-Ti)
Western, central and eastern section

sheet flow basalts
Young Fractionated, waning continental influence,

High eNd source
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isotopic compositions available for Slave Province base-

ment rocks, so whether their assimilation can decouple
the Nd and Hf isotope systems cannot be formally eval-

uated (Bill Davis, pers. com. December 2016). As the

Franklin rocks plot on the Stacey & Kramers (1975) ter-

restrial lead evolution line, we suggest that evolved

basement rocks with high 207Pb/204Pb, such as those

found in the western portion Slave Province, were not

involved in their petrogenesis (Thorpe et al., 1992).

Some Slave Province rocks from the east may have been

incorporated, however, because the Franklin rocks plot

between the mantle and orogene compositions of

Zartman & Doe (1981) in Pb isotope space, continental

contributions cannot have been large (Fig. 10). Mixing

models used to constrain the relative contributions from

high-level crustal sources to Franklin magmatism are

presented below.

Modelling crustal contamination of Franklin
magmas
We use a simple bulk assimilation model to constrain

potential geochemical and isotopic mixing trajectories,

compare them to the Natkusiak basalts and Franklin

sills, and use them to calculate the relative contribu-

tions from sedimentary country rocks and cratonic

basement. Due to the variety of potential contaminants

present, this is a simplified model for hypothesis testing

and is used to establish plausible first-order petrogen-

etic mechanisms. Trace element compositions were cal-

culated as bulk mixtures, whereas radiogenic isotope

compositions were modelled following DePaolo (1981,

modified from his equation 15).

The covariation of incompatible element ratios Nb/

La, Ce/Sm, Th/Yb and Eu/Eu* with initial eNd, eHf,
87Sr/86Sr and 206Pb/204Pb suggests that the magmas

incorporated continental material (Figs 13 and 14).

Conversely, the lack of correlation between radiogenic

isotope compositions and major element abundances

implies that contamination was not linked with progres-

sive fractional crystallisation. Mixing models were

chosen to reproduce the spread of trace element and

radiogenic isotope ratios in the complete Victoria Island

geochemical database (Bédard et al., 2016) and to iden-

tify plausible contaminants. As each individual Shaler

Supergroup lithology displays a wide range of trace

element compositions (Bédard et al., 2016), only rough

estimations of assimilation proportions are possible.

Influence of sedimentary rock assimilation on
magma compositions
Diagrams of eNd vs. eHf and Pb isotopic ratios show mixing

trajectories between the average Type 1 sill composition and

Shaler Supergroup shale and dolostone (Fig. 10 and Nd-Hf

isotope diagram in the Supplementary Data Electronic

Figure SD2). Although the choice of starting point is arbitrary,

the mixing calculations nonetheless quantify the amounts of

assimilation needed to account for the observed isotopic

variability.
The correlation between the model mixing trajecto-

ries and the outlier geochemical characteristics of some

Type 1 sills suggests that these magmas could have

assimilated modest quantities (<10%) of Shaler

Fig. 12. Trace element ratio diagrams for whole-rocks of the
Natkusiak basalts and Franklin sills on Victoria Island used to
evaluate crustal input, melting depth, and source composition
(Pearce, 2008). (a) Th/Yb vs. Nb/Yb. All samples from the Franklin
LIP plot above the MORB-OIB array of Pearce (2008) and are con-
sistent with the incorporation of continental material in the bas-
altic magmas. (b) TiO2/Yb vs. Nb/Yb. The samples from the
Franklin LIP plot on the boundary between the deep (OIB) and
shallow (MORB) melting arrays of Pearce (2008). Abbreviations:
DMM – depleted MORB mantle; N-MORB—normal mid-ocean
ridge basalt; E-MORB—enriched mid-ocean ridge basalt; OIB –
ocean island basalt (DMM, N-MORB, E-MORB, OIB from Pearce,
2008); LC – lower continental crust; MC – middle continental crust;
UC – upper continental crust (compositions from Rudnick & Gao,
2003). In (a), the representative Shaler Supergroup host-rocks
have compositions similar to middle continental crust, and over-
lap with the volcanic arc array.
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Supergroup rocks. Chemical signatures indicate �10%

of a dolostone contaminant in the Fort Collinson Sill

Complex (Hayes et al., 2015c, Fig. 10), and <10% as-

similation of shale in Dick’s sill (Supplementary Data

Electronic Appendix Figure SD2). None of the model

mixing trajectories with Shaler Supergroup compos-

itions reproduced the trace element trends seen in the

complete Victoria Island database (Bédard et al., 2016).

This suggests that the systematic chemical and isotopic

variations between the geochemical groups defined

above were not produced by high-level intra-crustal as-

similation, but must originate from deeper parts of the

magma plumbing system or at the source.

Constraining contributions from Slave Province
granitoids to Franklin magmatism
Trace element ratio and isotope diagrams show mixing

trajectories between calculated primary mantle melts

for Northern Type 1 and Northern Type 2 Franklin rocks

and Slave Craton granitoids (Fig. 13) (Davis et al., 1994;

Yamashita et al., 1999). The correlation between the

mixing models and the compositional range of Type 1

sills suggests that primary (Fo90) Type 1 melts assimi-

lated up to 10% Slave Province granitoids before em-

placement (Fig. 13). The best-fit contaminant is a 1: 1

mixture of two granodiorites from the Stagg and Awry

suites that crop out �50 km west of Yellowknife (sam-

ples Y-36 and Y-32 from Yamashita et al., 1999). The

compositional range expressed by the Type 2 sills cor-

relates with a model mixture of up to 5% of the same

granitoid with their respective Fo90 primary melt. This

indicates that the continental contaminants to Franklin

magmas remained similar through time, but that the ex-

tent of contamination waned as the magmatic plumbing

system matured (Fig. 13). The mixing models were

tested with Pb isotope compositions, however, the mix-

ing ratios are inconsistent with the Hf and Nd isotope

and incompatible element ratio results. We infer from

this that the U-Th-Pb system of the granitoids has not

remained closed since their formation and that their

parent/daughter element ratios were modified, perhaps

Fig. 13. Trace element ratio and Nd isotope diagrams for whole-rocks of the Natkusiak basalts and Franklin sills on Victoria Island
showing calculated bulk mixtures of Type 1 and Type 2 primary melts in equilibrium with Fo90 olivine and a mixture of Slave Province
granitoids. Primary melt compositions are calculated back to Fo90 equilibrium compositions by incrementally adding equilibrium oliv-
ine (Turner & Langmuir, 2015). The curves are marked at 5% intervals (small crosses). For comparison, a variety of rock types are plot-
ted, including Coronation sills (Shellnutt et al., 2004), and Slave Province granitoids (Davis et al., 1994; Yamashita et al., 1999). The
MORB-OIB field in (d) is from Pearce (2008). The MORB and continental crustal compositions are as defined in Fig. 6.
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during regional greenschist grade metamorphism (e.g.

Babinski et al., 1999).

Source components for the Franklin sills and

Natkusiak basalts
The Northern Type 1 rocks have continentally influ-

enced trace element and radiogenic isotope signatures

(Figs 8, 9, 12 and 13). In contrast, the Southern Type 1

rocks show no discernible continental crustal signature

and have unusually high initial eNd for a given eHf

(Fig. 9). These geographic distinctions in geochemistry

weaken with maturation of the magmatic plumbing sys-

tem (Type 2 magmas), although they do not disappear

(Fig. 15). Despite isotopic differences, the major elem-

ent compositions (Fig. 5) and physical volcanology

(Williamson et al., 2016) of the Southern Type 1 and

Type 2 basalts are comparable with the Northern Type

1 and Type 2 basalts, suggesting a similar petrogenetic

history.

The initial 143Nd/144Nd isotopic compositions of the

Southern basalts extend up toþ7 eNd units from the ter-

restrial array (Fig. 9b, nine epsilon units below the ter-

restrial array, or DeHf of –9, see Nowell et al., 2004) and

record incorporation of material with high time-

integrated Sm/Nd for a given Lu/Hf. Such signatures are

unusual, as nearly all terrestrial rocks plot within the

narrow, positively correlated terrestrial array on an eNd

– eHf diagram (Vervoort et al., 1999, 2000). Available Hf

isotope compositions for continental flood basalts and

oceanic plateaus typically occupy the terrestrial array,

with a few plotting above it (DeHf up toþ8, Ingle et al.,

2003; Tejada et al., 2004; Greene et al., 2008; Malitch

et al., 2009; Li et al., 2012; Malitch et al., 2013).

Persistence of the high-eNd isotope signature through-

out the entire volcanic stratigraphy in the south of

Victoria Island suggests that the geochemical anomaly

was widespread, voluminous, and survived the first

melt generation event. Southern Type 1 basalts also

have lower Zr/Nb (�11) than all other Franklin rocks

(Fig. 6c), elements that are not readily decoupled by

variations in the degree of partial melting, or by crystal-

lisation of olivine, clino- or orthopyroxene (Pearce &

Norry, 1979). Below, we explore potential mechanisms

for formation of decoupled Nd–Hf isotope signatures,

as recorded in the Southern Type 1 and Southern Type

2 basalts. These isotopic variations may have been

introduced into the basaltic magmas during

Fig. 14. Variation of Nb/La with respect to initial eNd, SiO2, CaO/Al2O3 and Zr for whole-rocks of the Natkusiak basalts and Franklin
sills on Victoria Island. There is a positive correlation between Nb/La and initial eNd in the Franklin sills, however, the correlation is
weaker with major element oxide and trace element indices that are affected by fractional crystallisation (i.e. plagioclase accumula-
tion and fractionation). This suggests that Nb/La was not controlled by fractional crystallisation and thus largely reflect changes in
source chemistry and contamination. Also shown is the mixing model from Fig. 13.
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incorporation of continental material or subcontinental

lithospheric mantle, or they may have originated at the

source (e.g. slivers of recycled crustal material in a het-

erogeneous mantle plume).

Origin of decoupled Hf and Nd isotopic signature
of basalts from the Central, Eastern and Western
sections on Victoria Island
Zircon can decouple the 143Nd/144Nd and 176Hf/177Hf iso-

tope systems because it has low Lu/Hf and high Sm/Nd

relative to equilibrium melts (Rubatto & Hermann,

2007). Based on differential rates of physical and chem-

ical weathering, Chauvel et al. (2008) proposed that

zircon-rich sedimentary reservoirs can form in the con-

tinental crust, reservoirs which would evolve Nd-Hf iso-

tope compositions below the terrestrial array. The

Southern Type 1 and Type 2 basalts could not have in-

herited their high initial eNd signatures from such a res-

ervoir, as the Southern Type 1 basalts display limited

geochemical evidence for interaction with continental

rocks (e.g. narrow ranges of high Nb/La and low Ce/Sm,

Th/Yb; Fig. 13) and do not show correlation between eNd

and Zr concentration (not shown). Southern Type 1

rocks also have low Zr/Nb, a feature that is incompatible

with melting of zircon-rich rocks (Fig. 6c).
A second possibility is that the mantle source for

the Southern Type 1 and 2 basalts was modified by an

earlier episode of melt extraction, whereas the source

of the Northern magmas was not. A widespread low-

degree melting event would have subtly increased

Sm/Nd and decreased Rb/Sr and U-Th/Pb in the mantle

residues without significantly affecting their Lu/Hf

ratio. As the major and trace element systematics of

the Northern Type 2 and Southern Type 2 rocks are

very similar, only a small degree of melt extraction

would be permitted within this model, thus offsetting

Sm/Nd, Rb/Sr and U-Th/Pb without significantly affect-

ing the major element composition or mineralogy of

the source region for Southern Types 1 and 2 basalts.

As such, incubation timescales would have to be long

(probably >1 Ga) to produce a 6-unit increase in initial

eNd relative to the undepleted mantle source. A candi-

date event is the 1�27 Ga Mackenzie LIP, the locus of

which lies near the Muskox intrusion, south of Victoria

Island (Fig. 1) (LeCheminant & Heaman, 1989; Mackie

et al., 2009). In this scenario, the mantle south of

Victoria Island would have experienced a low-degree

melt extraction event associated with the edge of the

Mackenzie mantle plume (Campbell & Griffiths, 1990),

whereas the source of the Northern Franklin magmas

would have been more distal, and less affected by this

event. Alternatively, differential source depletion may

have been associated with emplacement of the smaller

Indin (2�12 Ga) or Ghost (1�89 Ga) dyke swarms

(Buchan et al., 2010, 2016). Although we cannot com-

pletely dismiss scenarios of prior differential depletion

as an explanation for the Nd isotope shift seen in

Franklin magmas, this model does not account for the

low levels of continental contamination and low Zr/Nb

observed in the Southern Type 1 basalts (Figs 14 and

6c). It has been suggested that a metasomatised

source containing veins of low-Mg amphibole could

produce basalts with relatively lower Zr/Nb, as Nb is

more compatible in these minerals than Zr (Tiepolo
et al., 2001). Although not inconsistent with a low-

degree melt extraction event, this would require a

later, voluminous input of volatile elements into the

southern source region.

A third possibility is that the source for the southern

Natkusiak basalts contained isotopically matured oce-

anic lithosphere. This model hinges on the ability of

garnet to decouple the Nd and Hf isotope systems
through preferential incorporation of Lu relative to Hf

and Sm relative to Nd (Hauri et al., 1994). As such,

garnet-rich rocks would develop Nd-Hf isotope compos-

itions above the terrestrial array (Vervoort & Patchett,

1996; Vervoort et al., 2000) and melts that fractionated

garnet, or were extracted from a garnet-bearing mantle

restite, would generate Nd-Hf isotope compositions

below the terrestrial array. Some modern oceanic bas-

alts have steep chondrite-normalised rare earth element
patterns suggestive of melting in the garnet stability

field, and higher mantle potential temperatures earlier

in Earth history may have promoted deeper melting in

the presence of garnet (Arndt 1993; Xie et al., 1993;

Hirschmann & Stolper, 1996; Pearce, 2008). Ancient

oceanic crust, sourced from deep, hot, mantle could

therefore have developed Nd-Hf isotope compositions

below the terrestrial array, provided that its Lu/Hf and
Sm/Nd were not significantly modified during

subduction.

To test this hypothesis, we modelled the Nd-Hf iso-

topic evolution of several mafic to ultramafic Archean

and early Proterozoic rocks of suggested oceanic ori-

gin following calculations from Nowell et al. (2004)

(Fig. 9b). A suitable Nd-Hf maturation trajectory was

produced using 2�7 Ga Al-undepleted ‘Munro-type’
Archean komatiites from the Abitibi belt in Canada

and from the Belingwe belt in Zimbabwe (Blichert-Toft

& Arndt, 1999). Using these compositions, eNd–eHf iso-

topic compositions similar to the Southern Type 1 and

Southern Type 2 rocks can be generated in as little as

1 Ga (Fig. 9b). Palaeoproterozoic Chukotat group tho-

leiitic basalts from the Cape Smith belt, Canada

(Vervoort & Blichert-Toft, 1999) also develop Nd-Hf

isotope compositions below the terrestrial array, but
do so more sluggishly than the Munro komatiites as

they produce matured compositions similar to the

Southern Type 1 and 2 basalts in 2�5 Ga. This suggests

that, if storage time is limited (<1 Ga), a pure tholeiitic

source is unlikely, and that komatiitic material prob-

ably played at least a partial role. Shown for compari-

son in Fig. 9b are some Al-depleted komatiites from

the Barberton greenstone belt in South Africa
(Blichert-Toft & Arndt, 1999) and a basaltic andesite

from the Abitibi belt, Canada (Vervoort & Blichert-

Toft, 1999). Their evolution trajectories appear to
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discount major involvement of these rock types in the

source for the Southern Type 1 and Southern Type 2

rocks.

Tectonic context for the involvement of matured
oceanic lithosphere in the source for Franklin
magmas
During the Wopmay Orogeny (ca. 1�9–1�8 Ga), oceanic

lithosphere was emplaced below the western margin of

the Slave Province (Hoffman & Bowring, 1984; Smart

et al., 2014). This lithosphere is now preserved as eclog-

ites, xenoliths of which have been recovered from the

Jericho and Diavik kimberlite pipes on the Canadian

mainland, south of Victoria Island (Schmidberger et al.,

2005, 2007). The Jericho eclogite xenoliths have a wide

range of zircon U-Pb dates and zircon Hf depleted man-

tle model ages extending to 2�1–2�0 Ga and their petrog-

raphy records a complex geological history, punctuated

by metasomatism and melt extraction events

(Schmidberger et al., 2005; Smart et al., 2009).

Phlogopite and zircon contained within the Jericho

eclogites have the potential to decouple Zr and Nb con-

centrations on melting (Pearce & Norry, 1979) (Fig. 6c),

and hydrated material would produce melts enriched in

incompatible elements (e.g. elevated Th, Fig. 12a)

(McKenzie, 1989; Turner & Hawkesworth, 1995). These

geochemical signatures are both observed in the

Southern Type 1 basalts. Additionally, fluids released

during melting of hydrous minerals may have increased

the buoyancy of Southern Type 1 magmas (Ochs &

Lange, 1999), boosting ascent rates and minimising the

interactions between Southern Type 1 magmas and

continental crust (Figs 12a and 13).

If this body of ancient, eclogitised oceanic litho-

sphere extended northward below Victoria Island, it

may have been present in the source region for the

Southern Type 1 and Southern Type 2 Natkusiak basalts

(Fig. 15). The age constraints on the eclogite xenoliths

provide ample time for incubation of suitable Nd-Hf iso-

tope compositions prior to the Franklin magmatic event

(1�2 to 1�4 Ga), in accord with our isotope model dis-

cussed above (Fig. 9). The results of the modelling fa-

vour influence from matured oceanic lithosphere that

was initially produced by high degrees of mantle melt-

ing. Therefore, the source region for the Southern

Natkusiak basalts may have contained an underthrust

or underplated oceanic plateau, possibly including ko-

matiite (Storey et al., 1991). The presence of dense, old

oceanic crust in the melt source may have dampened

the uplift effect of the arrival of a thermochemical man-

tle plume (Sobolev et al., 2009, 2011). This is consistent

with limited uplift in the south of Victoria Island, relative

to the north, as recorded by the sequence of sediment-

ary rocks of the upper Shaler Supergroup (Rainbird,

1993).

Nd-Hf isotope compositions for eclogite xenoliths

from the Diavik kimberlite suggest that Wopmay-

derived material was not responsible for the distinctive

Nd isotope composition of the southern Natkusiak bas-

alts (Schmidberger et al., 2007). However, the Diavik

xenoliths have been influenced by metasomatic and

melt extraction processes that may have affected their

isotopic evolution. Involvement of underplated litho-

spheric material cannot be completely discounted, be-

cause kimberlites from Somerset Island record lateral

variations in lithospheric character, with Nd-Hf isotope

compositions that fall slightly below the terrestrial array

(Schmidberger et al., 2002).

Persistence of distinct Nd isotope compositions
during Type 2 magmatism and deep recycling of
matured oceanic lithosphere
The Southern Type 2 basalts are more voluminous than

the Southern Type 1 basalts and have major and trace

element compositions indistinguishable from their

northern counterparts (Figs 4 and 5). Despite homogen-

isation of trace element compositions, the high initial

eNd isotopic signature manifest in the Southern Type 1

basalts persists at a similar magnitude throughout the

volcanism that produced the Type 2 basalts (�þ5 eNd

units from the terrestrial array, Fig. 9). As such, the

source component is unlikely to have resided in the

lithospheric mantle, because such material would be

cold and refractory, hence unlikely to melt extensively

(Arndt & Christensen, 1992; Arndt 1993). If somehow

the lithospheric mantle did melt, it would likely be rap-

idly exhausted.
An alternative hypothesis is that distinctive isotopic

flavours were present in the Franklin plume, much like

those that are documented in the Loa and Kea trend

basalts preserved in the Hawaiian islands today (Weis

et al., 2011; Harrison et al., 2017). Plume heterogeneity

might reflect variable contributions from matured oce-

anic lithosphere, which were recycled into the astheno-

spheric mantle long before the onset of Franklin

magmatism. Unfortunately, no hard time constraints

may be placed on this model, and it cannot account for

variability in the trace element chemistry and evidence

for differences in extents of assimilation between the

Northern and Southern Type 1 rocks (Figs 6c and 13).

Incubation timescales are likely to have been long (>1

Ga), because the major and trace element compositions

of Northern Type 2 and Southern Type 2 rocks are indis-

tinguishable. This implies that the northern and south-

ern mantle sources had similar mineralogy and

composition.

Implications for origin and evolution of the
Franklin large igneous province
The isotopic dataset from the Natkusiak basalts and

Franklin sills reveals that lateral compositional vari-

ations in the melt source region for CFB may persist for

timescales of 100 s of Ma to Ga. Lateral variations of ini-

tial eNd in the Type 2 basalts indicate that subtle source

heterogeneities can survive earlier melting events and

confirm that voluminous melting affected a laterally
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heterogeneous source mantle (Campbell & Griffiths,

1990). These data also demonstrate that CFB magmas

can erupt with incomplete lateral mixing and homogen-

isation on the 50–100 km scale (e.g. Arndt et al., 1998)

(Fig. 15). The decoupling of indices of fractionation from

upper continental crustal geochemical signatures in

Franklin magmas is compatible with an RTFA-type sys-

tem, in which large volumes of magma with a small

range of crystallisation-buffered compositions can be

generated (Figs 4 and 5, i.e. periodically replenished

and tapped whilst fractionating crystals and assimilat-

ing wall-rocks, O’Hara & Mathews, 1981; Cox &

Hawkesworth, 1984; Wooden et al., 1993). Systematic

lateral changes in initial eNd in the Southern Type 2 bas-

alts suggest that mixing and homogenisation had a lim-

ited effect, and that source signatures were effectively

transferred to the surface (Figs 11 and 15). Conversely,

the lack of systematic spatial variation in initial eNd in

the Northern Type 1 and Northern Type 2 magmas sug-

gests they may have intruded laterally beneath eruptive

regions for Southern Type 1 and Southern Type 2 bas-

alts. Lateral changes in the geochemistry of the Franklin

sills indicate that at least some intrusions propagated

towards the southwest (cf. Hayes et al., 2015b). None of

the sampled intrusions have suitable Nd-Hf isotope

compositions to represent feeders for the southern

Natkusiak basalts, however sills exposed in the west

and south of the Minto Inlier were not analysed in this

study (Fig. 2) and may preserve an isotopic boundary.

Although the Coronation sills to the south of Victoria

Island have high initial eNd (Fig. 1) (Shellnutt et al., 2004)

their Hf isotope compositions have not been measured,

so a genetic link with the Southern Natkusiak basalts

cannot be confirmed (Fig. 9a).

The effects of Franklin magmatism on global climate

remain poorly constrained, due largely to uncertainties

in the volume of sedimentary rock that was assimilated

by the Franklin magmas or affected by their thermal hal-

oes (e.g. Nabelek et al., 2012). Recent mapping efforts

have constrained the distribution and proportion of

Franklin sills within the Shaler Supergroup (Fig. 2) (e.g.

Bédard et al., 2015), however, quantifying the amount

of assimilated sedimentary rock remains a challenge.

Further work is needed to evaluate the effects of

Franklin magmatism on the Neoproterozoic climate and

the relationship with Sturtian glaciation (Macdonald

et al., 2010; Cox et al., 2016).

CONCLUSIONS

The geochemistry of the Franklin sills and Natkusiak

basalts of Victoria Island allows for comparison of the

Fig. 15. Schematic cross-sections showing the intrusion pathways and distribution of source components associated with Franklin
magmatism on Victoria Island. Black stars indicate approximate locations of the Northern, Eastern, Central, and Western sections at
which the Natkusiak basalts were sampled. Panel (a) shows early development of the Franklin LIP in which Type 1 sills were
emplaced and the Northern and Southern Type 1 Natkusiak flood basalts were erupted. As Southern Type 1 magmas show no con-
tinental geochemical influence, we suggest that they likely transgressed rapidly through the crust. Northern Type 1 magmas were
probably less buoyant, hence formed an extensive intrusive complex, which extends below the Southern Type 1 basalts. Extension
associated with thermal doming and uplift in the north may have aided the development of magma pathways and promoted erup-
tion of the basal flood basalts in the north, despite their lower buoyancy. Panel (b) shows the Franklin LIP in its zenith of activity, with
emplacement of the extensive Type 2 sill complex and voluminous outpourings of sheet flow basalts in the north and south. Note
how the sheet flow basalts record a continuum in Nd isotopic compositions, with more positive initial eNd to the south, whilst all the
Type 2 sills have initial eNd that match the northern section sheet flow basalts. Horizontal field of view is approximately 200 km.

2214 Journal of Petrology, 2017, Vol. 58, No. 11

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/58/11/2191/4829807 by guest on 24 April 2024



feeder system and volcanic products of a large

Neoproterozoic continental flood basalt province.

During initiation, lateral variations in source compos-

ition defined the character of magmatism. Low-TiO2

basalts with a continental influence ascended through

Type 1 Franklin sills, erupting as basal Natkusiak basalts

in the north. Uncontaminated low-TiO2 basal basalts

were emplaced only in the south. As the degree of melt-

ing in the plume head increased, flood basalt volcanism

reached its zenith during high-TiO2 Type 2 magmatism.

Emplacement of doleritic Type 2 sills remained limited

to the northern source region, despite waning differ-

ences in source signatures between northern and

southern magmas. The northern Natkusiak flood bas-

alts geochemically match the Franklin sills, with Type 1

sills corresponding to the thin basal basalts and Type 2

sills linked to the overlying sheet flow basalts.

Assimilation modelling shows that Type 1 Franklin sills

can be reproduced by mixing of up to 10% Slave

Province granodiorite basement rocks into their primary

asthenospheric melts (Fo90 olivine), followed by small

amounts of assimilation of a variety of Shaler

Supergroup metasedimentary rocks (�10%). Younger

Type 2 sills have slightly more primitive primary melt

compositions and a weaker continental influence that

can be explained by incorporation up to 5% of the same

granitoids. Toward the southwest of Victoria Island, the

Natkusiak basalts record progressively higher initial eNd

values, which are decoupled from eHf and displaced

below the terrestrial array on an Nd-Hf isotope diagram.

None of the Franklin sill samples exhibit this isotopic

offset, however, the Coronation sills, located south of

Victoria Island, may represent part of the southern

feeder system. As the displacement below the Nd-Hf

isotope terrestrial array is of a similar magnitude for the

Southern Type 1 and Southern Type 2 basalts, their

source regions appear to have shared similar, or at least

linked, histories. The source regions for northern and

southern magmas of the Franklin large igneous prov-

ince were broadly similar, except for (1) a greater hy-

drous component in the southern source region, which

was consumed during the initial phase of volcanism

(low Zr/Nb, high Th), and (2) significantly higher time-

integrated Sm/Nd (i.e. higher initial eNd). The former

might reflect contributions from altered

Palaeoproterozoic oceanic crust, emplaced below the

Slave Province during the ca 1�9 Ga Wopmay Orogen,

and demonstrates the influence of cratonic lithospheric

mantle architecture on the geochemistry of the contin-

ental flood basalts and related high-level intrusions.

The persistence of Nd-isotopic heterogeneities through-

out all stages of development of the Franklin large igne-

ous province resulted from lateral compositional

variations within the mantle plume, and likely reflects

contributions from isotopically matured Archaean or

Palaeoproterozoic oceanic lithosphere that was

recycled deep into the asthenosphere.
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G. & Kampunzu, A. B. (2007). Major and trace element and
Sr, Nd, Hf, and Pb isotope compositions of the Karoo large
igneous province, Botswana–Zimbabwe: lithosphere vs
mantle plume contribution. Journal of Petrology 48(6),
1043–1077.

Kieffer, B., Arndt, N., Lapierre, H., Bastien, F., Bosch, D., Pecher,
A., Yirgu, G., Ayalew, D., Weis, D., Jerram, D. A., Keller, F. &
Meugniot, C. (2004). Flood and shield basalts from Ethiopia:
magmas from the African superswell. Journal of Petrology
45, 793–834.

Kolebaba, M., Read, G., Kahlert, B. & Kelsch, D. (2003).
Diamondiferous kimberlites on Victoria Island, Canada: a
northern extension of the Slave Craton. Long abstracts, 8th

International Kimberlite Conference, Victoria, Canada,
pp. 1–4.

Le Bas, M. J., Le Maitre, R. W., Streckeisen, A. & Zanettin, B.
(1986). A chemical classification of volcanic rocks based on
the total alkali-silica diagram. Journal of Petrology 27,
745–750.

LeCheminant, A. N. & Heaman, L. M. (1989). Mackenzie igneous
events, Canada: middle Proterozoic hotspot magmatism
associated with ocean opening. Earth and Planetary Science
Letters 96, 38–48.

Leclerc, F., Bédard, J. H., Harris, L. B., McNicoll, V. J., Goulet, N.,
Roy, P. & Houle, P. (2011). Tholeiitic to calc-alkaline cyclic
volcanism in the Roy group, Chibougamau area, Abitibi
Greenstone belt—revised stratigraphy and implications for
VHMS exploration. Canadian Journal of Earth Sciences 48,

661–694.
Li, Z. X., Bogdanova, S. V., Collins, A. S., Davidson, A., De

Waele, B., Ernst, R. E., Fitzsimons, I. C. W., Fuck, R. A.,
Gladkochub, D. P., Jacobs, J., Karlstrom, K. E., Lu, S.,
Natapov, L. M., Pease, V., Pisarevsky, S. A., Thrane, K. &
Vernikovsky, V. (2008). Assembly, configuration, and

break-up history of Rodinia: a synthesis. Precambrian

Research 160, 179–210.
Li, Z., Li, Y., Chen, H., Santosh, M., Yang, S., Xu, Y., Langmuir,

C. H., Chen, Z., Yu, X. & Zou, S. (2012). Hf isotopic character-
istics of the Tarim Permian large igneous province rocks of

NW China: implication for the magmatic source and evolu-
tion. Journal of Asian Earth Sciences 49, 191–202.

Lightfoot, P. & Hawkesworth, C. (1988). Origin of Deccan trap
lavas: evidence from combined trace element and Sr-, Nd-
and Pb-isotope studies. Earth and Planetary Science Letters

91, 89–104.
Lightfoot, P. C., Hawkesworth, C. J., Hergt, J., Naldrett, A. J.,

Gorbachev, N. S., Fedorenko, V. A. & Doherty, W. (1993).
Remobilisation of the continental lithosphere by a mantle

plume: major-, trace-element, and Sr-, Nd-, and Pb-isotope
evidence from picritic and tholeiitic lavas of the Noril’sk dis-
trict, Siberian trap, Russia. Contributions to Mineralogy and
Petrology 114(2), 171–188.

Luttinen, A. V., Heinonen, J. S., Kurhila, M., Jourdan, F., Mänttäri,
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