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ABSTRACT

The Kikiktat volcanics (new name) of the northeastern Brooks Range of Arctic Alaska are exceptionally well-preserved Neoproterozoic 
continental tholeiites. This volcanic suite includes high-temperature picritic compositions, making them an excellent probe of mantle com-
position and temperature underlying the northern margin of Laurentia during the breakup of Rodinia. Detrital zircons from a volcaniclastic 
sample directly overlying basaltic flows of the Kikiktat volcanics were dated at 719.47 ± 0.29 Ma by U-Pb chemical abrasion–thermal ioniza-
tion mass spectrometry. This age suggests that the Kikiktat volcanics are an extension of the Franklin large igneous province. Petrogenetic 
modeling indicates a simple crystallization sequence of olivine → plagioclase → clinopyroxene, recording anhydrous low-pressure frac-
tionation of a picritic parental melt. The composition of this parental liquid requires melting of harzburgite in the spinel stability field, while 
temperature estimates of the primary melt indicate elevated mantle potential temperatures. In contrast to the ca. 720 Ma Natkusiak basalts 
of Victoria Island, the Kikiktat volcanics have very low Ti concentrations, consistent with melting of harzburgitic mantle possibly by thermal 
conduction of an underlying plume. These data are consistent with Neoproterozoic to early Paleozoic tectonic reconstructions that restore 
the North Slope of Arctic Alaska to the northeastern margin of Laurentia and not directly adjacent to Victoria Island.

INTRODUCTION

The record of mafic magmatism within Lau
rentia during the midNeoproterozoic (850–
720 Ma) is dominated by magmatic events asso
ciated with the polyphase breakup of Rodinia 
(Ernst et al., 2008; Li et al., 2008). The most 
significant magmatic episodes include the 
emplacement of the ca. 825 Ma Gairdner large 
igneous province in Australia (Sun and Shera
ton, 1996; Wingate et al., 1998; Zhao et al., 
1994) and the synchronous Guibei large igneous 
province in China (Wang et al., 2008, 2010), the 
ca. 780 Ma Gunbarrel large igneous province 
in North America (Harlan et al., 2003) and the 
synchronous Kanding large igneous province 
in China (Zhang et al., 2009), the ca. 755 Ma 
Mundine Wells event of Australia (Li et al., 
2006; Wingate and Giddings, 2000), and the 
ca. 720 Ma Franklin large igneous province in 
North America and Greenland (Denyszyn et 
al., 2009; Macdonald et al., 2010). The tempo
ral and spatial record of this basaltic volcanism 
is inconsistent with a single plumegenerated 
model for these continental flood basalts; rather, 
it broadly appears to record diachronous plume 
magmatism and supercontinent breakup (Ernst 
et al., 2008; Li et al., 2008).

Igneous rocks associated with these events 
are mostly dominated by basalt to basaltic andes
ites (hypersthene to quartznormative tholeiites; 
Fig. 1), typical of continental flood basalts, many 
of which are too evolved to have been in equilib
rium with peridotitic mantle (i.e., in equilibrium 
with olivines of less than Fo

89
 composition). In 

fact, with average MgO compositions of ~6% 
and SiO

2
 compositions of ~52% (Fig. 1A), the 

average composition is close to being a basaltic 
andesite; consequently, most of these continen
tal flood basalts have undergone significant gab
broic fractionation (i.e., olivine + plagioclase + 
clinopyroxene; Fig. 1B), making it difficult to 
reconstruct a composition that would have been 
in equilibrium with mantle peridotite.

Another complicating factor in understand
ing the petrogenesis of these volcanics is that in 
many cases, only the feeder dikes to the now
eroded volcanics have been preserved. In these 
cases, it may be hard to distinguish true liquid 
compositions from mixtures that were modified 
by cumulate phases. Therefore, it is difficult to 
ascertain the relative contribution of the sub
continental lithospheric mantle, asthenospheric 
mantle, or plumes in generating these significant 
magmatic events.

The ca. 720 Ma Kikiktat volcanics (previ
ously termed the Mount Copleston volcanics by 
Moore, 1987) of the North Slope of Arctic Alaska 

represent a suite of exceptionally wellpreserved 
lavas that lie directly below 717–662 Ma Stur
tian glacial deposits (Macdonald et al., 2009, 
2010; Rooney et al., 2014; Strauss et al., 2013). 
Occurring as both subaerial flows with preserved 
pahoehoe flow tops as well as subaqueous pil
low basalts, these lavas were first described by 
Moore (1987) as continental tholeiites. However, 
detailed petrographic and geochemical analy
ses presented here reveal that these volcanics 
are picritic melts, including highMgO picrites 
that have only undergone olivine fractionation, 
whereas moreevolved samples are picrobasalts 
that lie along a gabbroic fractionation trend pre
senting a coherent liquid line of descent from a 
highMgO (~12%) parental melt. In this paper, 
we present new geochronological constraints 
that link these basalts to the ca. 720 Ma Frank
lin large igneous province. We also present new 
major, trace, and isotopic data for this unique 
suite of continental flood basalts and address the 
tectonic and thermal regime necessary for their 
petrogenesis, helping to elucidate the magmatic 
history of the Franklin large igneous province 
and the tectonic history of Arctic Alaska.

REGIONAL GEOLOGY

PreMississippian rocks of the Shublik and 
Sad ler o chit Mountains in the northeastern Brooks 
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Range of Arctic Alaska are exposed in a series 
of northvergent thrust sheets of the Jurassic–
Paleogene Brookian foldandthrust belt (Fig. 2; 
Wallace and Hanks, 1990). These deposits form 
part of the North Slope subterrane of the Arctic 
Alaska–Chukotka terrane (cf. Strauss et al., 2013), 
a Cordilleran “suspect” terrane that has an ambig
uous origin and displacement history (e.g., Amato 
et al., 2009; Miller et al., 2010, 2011). Although 
previous studies have suggested an exotic ori
gin for the entire Arctic Alaska–Chukotka ter
rane (Amato et al., 2009; Blodgett et al., 2002; 
Macdonald et al., 2009), recent work hints at a 
more complex history that most likely involved 
the juxtaposition of multiple allochthonous and 
parautochthonous Precambrian–Paleozoic crustal 
fragments to form the composite Mesozoic Arctic 
Alaska–Chukotka terrane (Strauss et al., 2013). 
Since this work concentrates on the Arctic Alaska 
portion of the composite Arctic Alaska–Chukotka 
terrane, we will use Arctic Alaska in the rest of 
this manuscript.

The Kikiktat volcanics have been men
tioned in a number of geological mapping and 
stratigraphic studies, referred to informally as 
the Mount Copleston volcanics (Blodgett et al., 
1992, 2002; Clough and Goldhammer, 2000; 
Dutro, 1970; Macdonald et al., 2009; Moore, 
1987; Robinson et al., 1989; Strauss et al., 
2013). However, this name was also used to 
formalize an Early Devonian carbonate unit in 
the Shublik and Sadlerochit Mountains—the 
Mount Copleston Limestone, which uncon
formably overlies the Neoproterozoic–Ordovi
cian Katakturuk Dolomite and Nanook Lime
stone (Blodgett et al., 1992). Therefore, to 
avoid repetition of the name, we refer to these 
volcanics rocks as the Kikiktat volcanics based 

on their spectacular exposure near Kikiktat 
Mountain on the Hula Hula River (Macdonald 
et al., 2009; Reed, 1968; Reiser, 1971).

Clough et al. (1990) determined a RbSr 
wholerock isochron age of 801 ± 20 Ma along 
with a SmNd isochron age of 704 ± 38 Ma on 
a feeder sill to the Kikiktat volcanics from the 
eastern Sadlerochit Mountains. Macdonald et al. 
(2009) and Strauss et al. (2013) presented detri
tal zircon data from sandstone units underlying 
and interbedded with the volcanics that con
tain grains as young as 760 ± 11 Ma. Directly 
overlying these basalts, there is a discontinu
ous volcaniclastic conglomerate and a carbon
ate matrix diamictite, informally termed the 
Hula Hula diamictite, which Macdonald et al. 
(2009) suggested has lithostratigraphic and che
mostratigraphic ties to widespread 717–662 Ma 
Sturtianage glacial diamictites (Macdonald et 
al., 2009, 2011, 2012). This correlation is con
firmed herein by new UPb zircon ages that link 
these volcanics temporally with the ca. 720 Ma 
Franklin large igneous province (Heaman et al., 
1992; Macdonald et al., 2010).

VOLCANOSTRATIGRAPHY

The Kikiktat volcanics are variably exposed 
at the base of major northvergent thrust sheets in 
the Shublik and Sadlerochit Mountains and in the 
core of a large Brookian anticline near Kikiktat 
Mountain (Fig. 2). The general thickness patterns 
and flow geometries of the Kikiktat volcanics are 
poorly constrained due to their common struc
tural imbrication and limited exposure; however, 
one can construct a decent framework for their 
field relations and characteristics by incorporat
ing observations from different exposures.

In the western Shublik Mountains, the rusty
weathering, darkgreen Kikiktat volcanics are 
best exposed in outcrops along Nanook Creek 
and are at least 450 m thick (Fig. 3). Here, the 
basal portion of the volcanics consists of ~80 m 
of structurally imbricated, heavily altered, and 
weakly vesiculated pillowed lavas interbed
ded at the top with ~30 m of maroon and green 
phyllite and minor fine to mediumgrained 
quartz and lithic arenite that hosts ripple cross
stratification, heavy mineral lamination, and 
meterscale upright isoclinal folds. Despite the 
structural complexities at the base of this sec
tion, we agree with Moore (1987) that the small 
isoclinal folds are synsedimentary and associ
ated with the eruption of lava onto wet, partially 
lithified sediment, given their intimate relation
ship with bounding flows. This is also supported 
by evidence for softsediment deformation and 
flame structures in the interbedded siliciclastic 
strata. The contact between this siliciclastic unit 
and the thicker upper portion of the volcanics is 
recessive and not exposed (Fig. 3).

The morecontinuous upper section of the 
Kikiktat volcanics consists of ~350 m of stacked 
0.7–32mthick flows with abundant pillows 
and evidence for subaerial exposure in the form 
of distinct scoriaceous breccias, wellpreserved 
pahoehoe textures, and occasional intervals of 
reworked volcaniclastic rocks (Fig. 4A). Flow 
tops are easily recognizable by horizons of 
heavy vesiculation and redweathering zones 
of concentrated volcanic breccia, both of which 
are generally capped by sharply defined bases 
of overlying flows. Locally, the more massive 
flows display distinct columnar jointing and 
concentrated large amygdules (0.1–0.5 cm) 
at flow tops that are filled with quartz, calcite, 
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Figure 1. (A) Compilation of SiO2 and MgO compositions from the major Neoproterozoic continental flood basalt (CFB) provinces. These predominantly 
basaltic andesites are significantly evolved (<8% MgO). Intersecting dashed line is the average composition. (B) MgO and FeO compilation revealing that 
most samples define a gabbroic (Ol + Pl + CPX) fractionation trend with little evidence for equilibrium with mantle peridotite. Data come from the Franklin 
large igneous province (Dostal et al., 1986), Gairdner large igneous province (Zhao et al., 1994), Mundine large igneous province (Li et al., 2006), and the 
Gunbarrel large igneous province (Ootes et al., 2008) and unpublished data. KV—Kikiktat volcanics, NV—Natkusiak volcanics, MHVC—Mount Harper 
volcanic complex, GB—Gunbarrel dikes, TS—Tsezotene sills, GA—Gairdner-Amata dikes, MW—Mundine Wells dikes, PC—Pleasant Creek volcanics.
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chlorite, and occasional coatings of native cop
per and iron oxides. Disseminated native copper 
is common throughout the Kikiktat volcanics 
(Moore, 1987).

Near Kikiktat Mountain (Fig. 4B), the volca
nics are greater than 500 m thick and consist of 
heavily altered and chloritized metabasalts with 
occasional evidence for pillows and abundant 
intervals of volcaniclastic breccia (Macdonald 
et al., 2009; Reed, 1968; Reiser, 1971). In con
trast, in the eastern Sadlerochit Mountains along 
Nularvik Creek (Fig. 4C), the Kikiktat volcanics 
are well preserved and host similar characteris
tics to the Shublik Mountains; however, they are 
only ~105 m thick (Macdonald et al., 2009). It 
is not clear if this thinning is due to stratigraphic 
or structural truncation. The contact between the 
Kikiktat volcanics and the underlying siliciclastic 
strata of the Neruokpuk Formation (sensu Rob

inson et al., 1989), or O.G. map unit (Macdonald 
et al., 2009), is generally structural, although at 
some localities in the eastern Sadlerochit Moun
tains, it is most likely conformable (Macdonald 
et al., 2009; Robinson et al., 1989). The upper 
contact of the Kikiktat volcanics and the Hula 
Hula diamictite and/or Katakturuk Dolomite is 
clearly disconformable and locally erosional. 
For example, in the Shublik Mountains, the 
Hula Hula diamictite is missing, and a heavily 
oxidized and sharp surface marks the contact 
between the Katakturuk Dolomite and under
lying flows of the Kikiktat volcanics (Fig. 4C). 
In contrast, near Kikiktat Mountain, over 50 m 
of volcaniclastic phyllitic schist and diamictite 
(Fig. 4B) rest between pillowed lavas of the 
Kikiktat volcanics and deepwater debrisflow 
deposits of the Katakturuk Dolomite. Zircons 
extracted from this local volcaniclastic interval 

(Fig. 4A) yield the new geochronological con
straints presented here. Importantly, these sam
ples are from a greenweathering volcaniclastic 
interval between maroon volcaniclastic rocks 
without evidence for glaciation and carbonate 
matrix diamictite with exotic clasts and matrix
supported lonestones that suggest a glacigenic 
origin (Macdonald et al., 2009); therefore, the 
geochronological data provide a synchronous 
to minimum age constraint on volcanism in the 
Kikiktat volcanics and a maximum age con
straint on the Hula Hula diamictite.

The maximum metamorphic grade reached 
by the Kikiktat volcanics is greenschist facies, 
with chlorite alteration a ubiquitous feature of 
all samples. Serpentinization is locally present 
in highMgO basalt samples, and any original 
groundmass is now composed of a finegrained 
sericitic mineral assemblage (Fig. 5A). There 
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is evidence for secondary silicification in some 
samples, and the average loss on ignition value 
for the sample suite is ~3%.

PETROGRAPHY OF THE KIKIKTAT 
VOLCANICS

HighMg basalt samples show abundant small 
phenocrysts of olivine with extensive iddingsite 
alteration dominated by hematite (Figs. 5A–5F). 
Oxide dominance over hydrous iron phases and 
Mg clays is characteristic of the hightempera
ture variety of iddingsite alteration (Baker and 
Haggerty, 1967; Goff, 1996), providing evidence 
that this alteration was contemporary with erup
tion. While many of the olivine crystals are solid 
and polyhedral, many show skeletal features 
(Figs. 5B and 5C). Abundant plagioclase laths 
and subophitic interstitial clinopyroxene are the 
other dominant minerals in Kikiktat samples. 
HighMg samples also contain spherulitic and 
variolitic textured clinopyroxene, the growth of 
which has displaced olivine grains to the outside 
of the spherules and provides evidence that this 
is a feature of crystallization and not a devit
rifying feature from glass (Figs. 5D and 5E). 

Spherulitic/variolitic textured clinopyroxene and 
skeletal olivine suggest that these highMg lavas 
were superheated with respect to olivine and 
clinopyroxene (Fowler et al., 2002).

LowMg samples are dominated by plagio
clase, clinopyroxene, and a glassy altered ground
mass. Very rare large phenocrysts of euhedral 
olivine and plagioclase are present in some 
lowMgO samples (Fig. 5F). The presence of 
olivine and plagioclase phenocrysts in lower
Mg samples and the abundant eruptive olivine, 
plagioclase, and small subhedral clinopyroxene 
imply a crystallization sequence of olivine → 
plagioclase → clinopyroxene. This sequence is 
characteristic of the lowpressure crystallization 
of a lowH

2
O melt.

METHOD SUMMARY

Geochemistry

Major elements, Cr, Ni, and V were analyzed 
using fused beads while Sc, Rb, Sr, Zr, Nb, and 
Y were analyzed using pressed pellets. All were 
analyzed via Xray fluorescence (XRF) using 
a Philips PW2400 4kW automated XRF spec

trometer system with a rhodium 60 kV end win
dow Xray tube. All other trace elements were 
analyzed via inductively coupled plasma–mass 
spectrometry (ICPMS) using a Perkins Elmer 
quadruple ICPMS following multiacid disso
lution. Nd and Sm isotopes were analyzed via 
thermal ionization mass spectrometry (TIMS) 
on a Thermo Triton™ mass spectrometer fol
lowing multiacid dissolution and column chro
matography. Detailed descriptions of methods 
can be found in the GSA Data Repository.1

Geochronology

Sample F624B was collected at the base of 
the Hula Hula diamictite (Fig. 4A) and consists 
of gravelsized lithic fragments in a finegrained 
greenschistfacies volcaniclastic matrix. There 
is no evidence for a glaciogenic origin of the 

1 GSA Data Repository Item 2015098, DR1—Calcu-
lations associated with PCA analysis, DR2—U/Pb 
LA-ICP-MS data tables, DR3—U/Pb CA-ID-TIMS data 
tables, is available at www.geosociety .org /pubs 
/ft2015.htm, or on request from editing@geosociety 
.org, Documents Secretary, GSA, P.O. Box 9140, Boul-
der, CO 80301-9140, USA.
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Figure 4. Field images of the Kikiktat volcanics from the Shublik and Sadlerochit Mountains, Brooks Range, Alaska. (A) Interval of reworked volcani-
clastic rocks. (B) Contact between volcanic rocks and the Hula Hula diamictite (dashed line). (C) Close-up of the Kikiktat-Katakturuk contact along 
Nanook Creek, Shublik Mountains; geologist for scale. (D) Contact (dashed line) of the upper Kikiktat volcanics and overlying Katakturuk Dolomite. 
(E) Pahoehoe textures preserved on flow tops at ~168 m in the Nanook Creek section; hammer for scale. (F) Pillow basalts from the Kikiktat volcanics 
along Nanook Creek in the Shublik Mountains; hammer for scale.
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Figure 5. (A) Dark orange black olivine phenocrysts that have undergone high-temperature iddingsite alteration. Pale-colored laths are small phe-
nocrysts of plagioclase. Fine-grained groundmass, which was once glass, is now a sericitic mineral assemblage. (B–C) Plane-polarized and cross-
polarized view of skeletal olivine. (D) Clinopyroxene spherule cored by an olivine grain. Note how the black/red pseudomorphed olivine grains have 
been swept to the outside of the spherule during disequilibrium crystal growth. (E) Variolitic clinopyroxene. (F) Rare large pre-eruptive olivine and 
plagioclase phenocrysts.
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volcaniclastic rocks at or below this horizon; 
however, this volcaniclastic unit is immediately 
overlain by stratified, matrixsupported diamic
tite with outsized, foreign clasts of carbonate 
and quartzite (Macdonald, 2011).

Approximately 2 kg of sample were crushed 
by jaw crusher and milled with a disk grinder. 
Accessory minerals were separated with a Wilf
ley table and Frantz magnetic separator and were 
concentrated by heavy liquid separation in meth
ylene iodide (MEI) at Harvard University. Zir
con was annealed at 900 °C for 60 h in a muffle 
furnace, mounted with natural zircon standards 
in a 2.5 cm epoxy round mount, polished, and 
imaged by cathodoluminescence (CL) prior to 
laserablation (LA) ICPMS analysis, which was 
undertaken at the University of Arizona Laser
Chron Center utilizing the Nu Instruments HR 
ICPMS and attached Photon Machines Analyte 
G2 Excimer laser following protocols of Geh
rels et al. (2008). Common Pb corrections were 
made using 204Hgcorrected 204Pb measurements 
for each analysis and initial Pb compositions of 
Stacey and Kramers (1975). U and Th concen
trations and Pb/U fractionation were calibrated 
against Sri Lanka (SL) zircon standard (563.5 
± 3.2 Ma; ~518 ppm U and 68 ppm Th; Gehrels 
et al., 2008). Pb/U fractionation was monitored 
by a secondary standard as well (R33: 421 Ma; 
Black et al., 2004; Mattinson, 2010). Data reduc
tion followed Gehrels et al. (2008).

Following LAICPMS analysis, selected 
zircon grains were removed from epoxy mounts 
for chemical abrasion–isotope dilution–thermal 
ionization mass spectrometry (CAIDTIMS) 
at Boise State University. The details of CA
IDTIMS analysis follow those previously pub
lished by Davydov et al. (2010). UPb dates and 
uncertainties were calculated from measured 
isotopic ratios using the algorithms of Schmitz 
and Schoene (2007), the U decay constants 
of Jaffey et al. (1971), and the EARTHTIME 
ET535 tracer (Condon et al., 2007). The isotope 
ratios, dates, and further data reduction details 
are compiled in Table DR3 (see footnote 1).

Weighted mean 206Pb/238U dates were cal
culated from isotopically equivalent crystals. 
Errors on the weighted mean dates are the inter
nal errors based on analytical uncertainties only, 
including counting statistics, subtraction of 
tracer solution, and blank and initial common 
Pb subtraction. See supplementary materials for 
further details (see footnote 1).

RESULTS

Geochronology

Fortyseven of 80 grains from sample F624B 
analyzed by LAICPMS yielded Cryogenian 
ages (from 697 to 773 Ma; Fig. 6A) with a 
weighted mean 206Pb/238U age of 719 ± 3 Ma 

(mean square of weighted deviates [MSWD] = 
1.8). The older grains are consistent with detri
tal components observed in the subjacent clas
tic units (Macdonald et al., 2009; Strauss et al., 
2013). Of the Cryogenian grains, eight grains 
were selected from across the Cryogenian prob
ability density function (Fig. 6B), and analysis 
by CAIDTIMS yielded two clusters of dates 
at ca. 719.5 and ca. 723.6 Ma (Fig. 6C). Six of 
these grains were statistically equivalent with a 
weighted mean of 719.47 ± 0.29 Ma (MSWD = 
0.57, probability of fit = 0.989), which is inter
preted as the igneous crystallization age of one 
of the dominant contributors to the epiclastic 
volcanic provenance. The weighted mean date 
most conservatively represents a maximum age 
of deposition of these volcaniclastic sediments. 
Given the stratigraphic proximity to the Kikik
tat volcanics, it is highly probable that these 
grains represent a silicic component of the vol
canic province, and, along with the inherited 
723.6 Ma component, they establish its likely 
age at ca. 720 Ma, coeval with the Franklin large 
igneous province.

Geochemistry

Major, trace, and normative compositions 
are shown in Table 1, and isotopic data are 
found in Table 2. Wholerock majorelement 
chemistry for the Kikiktat volcanics reveals 
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Figure 6. (A) Summed probability 
density function for laser-ablation–
inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) spot 
dates (238U/206Pb for <1000 Ma; 
207Pb/206Pb for >1000 Ma; blue line) 
and chemical abrasion–isotope 
dilution–thermal ionization mass 
spectrometry (CA-ID-TIMS) dates 
(red line) from volcaniclastic brec-
cia sample F6248. (B) Summed 
probability density functions for 
Neoproterozoic grains only; same 
colors apply. (C) U-Pb concordia 
diagram for CA-ID-TIMS analyses 
only; error ellipses are plotted at 
95% confidence interval, and gray 
envelope represents uncertainty 
on concordia curve.
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that these lavas range between 48% and 52% 
SiO

2
, while MgO concentrations vary from 5% 

to 12%. Continuous majorelement variations 
(Fig. 7) indicate that substantial geochemical 
differentiation has occurred within this volca
nic suite. Typical total alkali versus silica clas
sification (Le Bas et al., 1992) identifies the 
Kikiktat volcanics as basalts, while normative 
mineralogy reveals them to be olivine tholei
ites. Increasing FeO and TiO

2
 as a function of 

MgO is clearly apparent (Fig. 7), indicative of 
a tholeiitic differentiation trend, which is rein
forced by Fe

4.0 
/ Fe

8.0
 ratios (Fe

4.0 
/ Fe

8.0
 = tholei

itic index [THI]) of 1.23 (values greater than 1 
indicate tholeiitic; values less than 1 indicate 
calcalkaline). Zimmer et al. (2010) established 
an empirical relationship between Fe

4.0
/Fe

8.0
 

ratios and H
2
O content; based on this empirical 

calculation, Fe
4.0

/Fe
8.0

 ratios equate to ~1% H
2
O, 

and the estimated error on this method is ±1.2%.

Traceelement concentrations on these basalts 
exhibit large ion lithophile element (LILE) and 
light rare earth element (LREE) enrichment 
(Fig. 8) compared to normal midoceanridge 
basalts (NMORB), whereas the heavy rare earth 
elements (HREEs) are moderately depleted (Sun 
and McDonough, 1989). Within the suite, frac
tionation between the LREEs and HREEs is lim
ited, with [La/Lu]

PM
 ratios normalized to primi

tive mantle composition (Sun and McDonough, 

0 5 10 15
0

2

4

6

8

MgO (wt. %)

K
2O

 +
 N

a 2O
 (w

t. 
%

)

5 10 15 20
0

5

10

15

MgO (wt. %)

C
aO

 (w
t. 

%
)

5 10 15 20
0

5

10

15

20

25

FeO (wt. %)

M
gO

 (w
t. 

%
)

0 5 10 15
0

1

2

3

4

5

MgO (wt. %)

Ti
O

2 (
w

t. 
%

)

45 50 55
0

5

10

15

20

25

SiO2 (wt. %)

A
l 2O

3 (
w

t. 
%

)

0 5 10 15
0.0

0.1

0.2

0.3

0.4

0.5

MgO (wt. %)

P
2O

5 (
w

t. 
%

)

0 5 10 15
0

2

4

6

8

10

12

14

MgO (wt. %)

V
/S

c

Fo93

Fo92

Fo91

Fo90

Fo89

O
l Addition

O
l o

nl
y

O
l +

 C
PX

Ol +
 C

PX
 +

 SP

Pl in

CPX in

Fe/Ti Oxide in

CPX Out
CPX Out

5 Kb

10 Kb

15 Kb

15 Kb

10 Kb 5 Kb

FMQ

FMQ-1

FMQ-2
FMQ-3

FMQ+1
Pla

g I
n

CP
X 

In

Lherzolite SourceHarzburgite or Pyroxenite Source

1% H2O

35 40 45 50 55 60 65 70 75 80
0

5

10

15

SiO2 (wt. %)

N
a 2O

 (w
t. 

%
) +

 K
2O

 (w
t. 

%
)

B
as

al
t

B
as

al
tic

A
nd

es
ite

A
nd

es
ite

D
io

rit
e

Rhyolitealkaline

sub-alkaline

A

B

C

D

E

F

G

H

Figure 7. Selected major-element plots for the Kikiktat volcanics. (A–G) Thick dashed line with arrow is the alphaMELTS (Ghiorso and Sack, 1995; 
Smith and Asimow, 2005) fractional crystallization model. Utilizing the composition of the parental melt (highest MgO; Table 1), this composition was 
allowed to cool isobarically at 1 kbar in increments of 0.5 °C at an oxygen fugacity equivalent to FMQ (fayalite-magnetite-quartz). The thin dashed line 
is the same alphaMELTS model but with 1% H2O. If water estimates of 1% ± 1.2% H2O are calculated using the empirical method of Zimmer et al. (2010), 
this results in the significant delay in the appearance of plagioclase and appears to be entirely incompatible with the observed liquid line of descent. 
(A) Gray line is the olivine addition line back calculated from the parental melt composition to compositions that would be in equilibrium with mantle 
olivine (Fo89–Fo93). Solid black lines are empirical models associated with the fractionation of olivine only, olivine + clinopyroxene (CPX), and olivine + 
clinopyroxene + spinel (SP). (C) Total alkali vs. silica plot after Le Bas et al. (1992). (E) Dark dashed line (Herzberg and Asimow, 2008) delineates lherzo-
lite sources from sources free of clinopyroxene. (F) Subvertical black lines represent the evolution of an equilibrium mantle melt calculated isobarically 
using alphaMELTS (Ghiorso and Sack, 1995; Smith and Asimow, 2005) at an oxygen fugacity of FMQ–1. The black dashed line marks the approximate 
position of the clinopyroxene out boundary after which the residue would be harzburgite. Arrows indicate direction of increased melting. It is evident 
that the parental melt plots close to the clinopyroxene out boundary between 5 kbar and 10 kbar. Note that the parental melt could represent exten-
sive melting of a lherzolite source or a small percentage melt of a harzburgite source. (H) V/Sc plot after Lee et al. (2005), primitive samples before the 
onset of clinopyroxene (CPX) and plagioclase (plag) fractionation plot close to V/Sc ratios associated with oxygen fugacity of FMQ.
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1989) ranging from 1.7 to 3.8. The HREEs are 
also relatively unfractionated, with normalized 
[Sm/Lu]

PM
 ratios of ~1.5. Traceelement anoma

lies (Figs. 9A–9D) are present, including positive 
Pb anomalies, negative Nb anomalies and a pro
gression from positive Sr anomalies to negative 
Sr anomalies with decreasing MgO. Isotopically, 
the most primitive compositions of Kikiktat vol
canics have an initial e

Nd
 value of +3.91, whereas 

lowMgO samples have values as low as 12.

DISCUSSION

Isotopic, Major-Element, and Trace-
Element Characterization

Based on the International Union of Geo
logical Sciences (IUGS) highMg classifica
tion scheme (Fig. 10; Le Bas, 2000), the most 
primitive Kikiktat samples range from picrites to 
picrobasalts, whereas the moreevolved rocks 
are basalts. This picritic affinity of the high
MgO samples is supported by the petrographic 
characteristics described earlier, including abun
dant olivine phenocrysts and spherulitic and 
variolitic clinopyroxene (Kerr and Arndt, 2001).

Continuous major and traceelement varia
tions indicate that the compositional variations 
record the evolution of a liquid through frac
tional crystallization. Plots of compatible (i.e., 
Ni) versus incompatible (i.e., Zr) minor ele
ments (Fig. 11) reveal substantial decreases in 
compatible element abundances coinciding with 
increasing incompatible element abundances. 
This is consistent with fractional crystallization 
rather than a partial melting trend (Cocherie, 
1986). However, the overall variations in Zr 
abundances (45 ppm to 170 ppm) could possibly 

imply unrealistic degrees of fractional crystalli
zation. Consequently, some degree of assimila
tion and fractional crystallization (AFC) may be 
required (Fig. 11).

Within an established AFC framework cou
pled with the observed mineralogy, an empirical 
model can be established to explain the major
element compositional variations observed 
in the Kikiktat volcanics. Relatively constant 

Fe concentrations of the most primitive sam
ples (i.e., >~8% MgO) with decreasing MgO 
(Fig. 7A) suggest a dominant role for early 
olivine fractionation. Moreevolved samples 
(i.e., <~8% MgO) show increasing FeO (and 
TiO

2
) with decreasing MgO, characteristic of a 

tholeiitic trend of iron enrichment. This inflec
tion in the FeO and TiO

2
 liquid line of descent 

(Figs. 7A and 7D at ~8%–9% MgO) most likely 
coincides with the appearance of plagioclase as 
the second fractionating phase. Additionally, 
FeO and TiO

2
 undergo continued enrichments 

across the entire spectrum of MgO composi
tions, indicating that FeTi oxides were never 
liquidus phases. This logic can be applied to P 
variations, which indicate that apatite satura
tion was also never reached. Ca concentrations 
lie below those of typical of MORB, even at 
primitive compositions before the appearance of 
diopside and/or Carich plagioclase. The most 
primitive melt is in equilibrium with an olivine 
of ~Fo

88
 composition (calculated using a Kd = 

0.3 [Roeder and Emslie, 1970] and Fe2+/Fe
T
 = 

0.85 based on V/Sc ratios [Lee et al., 2005]), has 
not undergone extensive AFC, and has a CaO 
concentration of only 9.75%. This composition 
plots outside the lherzolite source field (Fig. 7E) 
defined by Herzberg and Asimow (2008) and in 
the lowCa field associated with a pyroxenite or 
harzburgite source (i.e., clinopyroxenepoor). 
This harzburgite association is also present in 
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Figure 8. Trace-element spider plot normalized to primitive mantle values of Sun and 
McDonough (1989). Values for normal mid-ocean-ridge basalt (N-MORB) are from Sun 
and McDonough (1989), the composition for the upper continental crust (UCC) is 
from Taylor and McLennan (1995), while the composition of the lavas associated with 
the British Tertiary igneous province (BTIP) is from Kerr (1995). KV—Kikiktat volcanics.

Figure 9. Trace-element anomalies as a function of fractionation (Zr and MgO). The progressive devel-
opment of negative Sr* and Eu* anomalies with increasing fractionation supports a significant role 
for plagioclase fractionation in the compositional variations observed. Pb* and Nb* are not coupled 
to fractionation; if such anomalies are a function of assimilation, it is reasonable to conclude that 
assimilation and fractional crystallization are decoupled.
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Al
2
O

3
SiO

2
 plots (Fig. 7F), with highMgO 

samples plotting close to the clinopyroxeneout 
boundary for a lherzolite source, implying either 
large degrees of partial melting or melting of a 
lowAl source (i.e., harzburgite).

Thermodynamic modeling supports this 
empirical scenario of olivine fractionation fol
lowed by plagioclase then clinopyroxene crys
tallization. In Figures 7A–7G, we have used 
alphaMELTS (Ghiorso and Sack, 1995; Smith 
and Asimow, 2005) to model the pure fractional 
crystallization of the highest MgO liquid. This 
model crystalizes olivine first at 1300 °C, fol
lowed by plagioclase and then clinopyroxene. 
The total compositional range represented by 
the Kikiktat volcanics would require ~60% 
fractional crystallization. Adjusting this model 
through the addition of 1% H

2
O results in the 

significant delay of plagioclase, resulting in a 

modeled LLOD (liquid line of decent) that does 
not match the observed compositional variations 
(Fig. 7A), reinforcing petrographic observations 
for an essentially dry melt. While the variations 
in majorelement compositions are successfully 
explained both empirically and thermodynami
cally, this pure fractional crystallization model 
does have problems. First, Philpotts and Car
roll (1996) showed >35% fractional crystalliza
tion is difficult to accomplish due to the rapid 
increase in strength of the crystal mush due to 
plagioclase and pyroxene crystallization. Sec
ond, such a model does not provide a reasonable 
explanation for the isotopic or traceelement 
variations.

Elemental concentrations in the Kikiktat vol
canics are similar to those observed in oceanic 
plateau basalts (Kerr, 1995), with their relatively 
flat unfractionated traceelement profiles (Fig. 8). 

Significantly, the unfractionated HREEs indicate 
a garnetfree source (Fig. 8) and plot within the 
shallow melting array of Pearce (2008), having 
distinctly low TiO

2
/Yb ratios (Fig. 12A).

Negative Sr and Eu anomalies (Sr* and Eu*) 
are present and covary with Zr and MgO, indi
cating that their development was a function of 
decreasing temperature and hence crystal frac
tionation (Figs. 9A and 9B). Both Sr* and Eu* 
are statistically correlated (Pearson R = 0.75); 
consequently, plagioclase fractionation was the 
likely driver of these anomalies. Negative Nb 
(Nb*) and positive Pb (Pb*) anomalies also 
occur (Figs. 9C and 9D), but unlike Eu* and 
Sr*, they do not covary with any proxies for 
fractionation (i.e., Zr and/or MgO). The sizes 
of the Nb and Pb anomalies are essentially ran
dom, with the only minor exception being that 
Pb* is consistently positive, while Nb* is con
sistently negative.

From an isotopic perspective, the most primi
tive composition of the Kikiktat volcanics has an 
initial e

Nd
 value of +3.91, compared to an esti

mated depleted mantle (DMM) value of ~+8.35 
at ca. 720 Ma (Goldstein et al., 1984). Consid
erable variation within the suite exists, with 
samples as low as -12 (Table 2). Such variation 
in initial e

Nd
 compositions again implies either 

crustal assimilation and/or source metasoma
tism during the petrogenesis of these basalts. It 
is important to note that the relationship between 
MgO, Zr, or other measures of fractionation 
and e

Nd
 is minimal (Fig. 13A; Table DR1 [see 

footnote 1]), except for a weak relationship with 
LREE/HREE ratio (Fig. 13B). It has been argued 
that the heat of fusion should lead to assimila
tion and fractional crystallization (AFC) being 
strongly coupled (DePaolo, 1981); however, 
with respect to the Kikiktat volcanics, it is clear 
that AFC is not strongly coupled (Fig. 13A), 
with cross plots between e

Nd
 and Zr being essen

tially random. Cribb and Barton (1996) showed 
that decoupled AFC processes produce differing 
results than coupled AFC, specifically, higher 
compatible element abundances; however, the 
observed traceelement trends are still coherent. 
Considering the highly variable nature of e

Nd
 as 

a function of Zr, the contaminant may be multi
component in nature.

Nd model ages are displaced from their ca. 
720 Ma emplacement age and range between 
2.32 and 3.88 Ga (average = 3.16 Ga; 1s = 0.48). 
Numerous possible scenarios can be envisaged 
to explain these model ages, including but not 
limited to multiple episodes of reworking, an 
isotopically evolved mantle source, or material 
representing a mixing age between ca. 720 Ma 
DMM melt sources and Paleoarchean crustal 
contaminants (Figs. 13C and 13D; Arndt and 
Goldstein, 1987).
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Figure 10. International Union of Geo-
logical Sciences (IUGS) high-Mg classi-
fication diagram. Following the meth-
odology of Le Bas (2000), the Kikiktat 
volcanics are dominated by basalts 
and picro-basalts. The most primi-
tive sample plots on the boundary 
between picro-basalt and picrite. This 
most primitive sample is in equilib-
rium with olivine of Fo88 composition 
and consequently is not a primary melt 
candidate. The black dashed line is the 
olivine addition line that would bring 
this primitive melt into equilibrium 
with mantle olivine compositions. This 
would suggest that the primary melt 
for these volcanics was a picritic liquid.
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Effects of Assimilation on Major- and 
Trace-Element Compositions

As discussed already, the variations in ini
tial e

Nd
 values, Nd model ages, Pb*, and Nb* 

are unlikely to be the result of pure fractional 
crystallization but instead may require some 
degree of crustal assimilation, complicated by 
the likelihood that the contaminant is possibly 
multicomponent in nature. Consequently, it is 
important to ascertain what elements are least 
affected by contamination.

As a firstorder test on the effect of assimila
tion on trace and majorelement compositions, 
we performed a principal component analysis 
(PCA) of the data. The interpretative value of 
PCA over correlation coefficients, least squared 
regression analysis, and crossplots is that rela
tionships between the principal components 
and the variables can be quantified (i.e., the 
contribution of the variables to the principal 
components); consequently, the relative effect 
of assimilation on individual elemental com
positions can be quantified. Utilizing the major 

element variables of SiO
2
, TiO

2
, Al

2
O

3
, FeO(T), 

MgO, CaO, Salkalis, SHFSEs (high field 
strength elements), SLREEs, SHREEs, LREE/
HREE ratios, and the isotopic variable of e

Nd
, 

and assuming that variations in e
Nd

 are princi
pally governed by assimilation, we statistically 
determined the relationship between assimila
tion and elemental compositions.

This analysis suggests that ~72% of the 
major and traceelement variability can be 
explained by just two principal components 
(Fig. 14). Principal component 1 (PC1), which 
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Figure 12. Geochemical proxy dia-
grams for crustal input, melting 
depth, and source composition 
after Pearce (Pearce, 2008). (A) TiO2/
Yb plot with the mid-ocean-ridge 
basalt (MORB) array consistent 
with shallow melting above gar-
net stability. (B) Th/Yb ratios plot 
outside the MORB–oceanic-island 
basalt (OIB) array due to the effects 
of assimilation and fractional crys-
tallization (AFC) processes involv-
ing an upper continental crust 
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Figure 13. Nd isotopic data from 
the Kikiktat volcanics. (A) eNd 
variations vs. Zr: the lack of a rela-
tionship between eNd and fraction-
ation reinforces the observation 
that assimilation is highly vari-
able within the Kikiktat volcanics 
suite. (B) A moderate inverse rela-
tionship exists between eNd and 
light to heavy rare earth element 
(LREE/HREE) ratios, which would 
suggest that increasingly evolved 
isotopic signatures are coupled to 
increasing LREE/HREE ratios. (C) 
eNd vs. 147Sm/144Nd. Kikiktat vol-
canics have primitive 147Sm/144Nd 
ratios, which lie on a trend consis-
tent with a source more depleted 
than the contemporary depleted 
MORB mantle (DMM) of Gold-
stein et al. (1984). Variable gray 
dots represent basement values 
from northern Canada (Mitchell 
et al., 2010). (D) An eNd vs. age plot 
showing the range of depleted 
mantle model ages. Mantle curve 
(thick black line) is from Goldstein 
et al. (1984).
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accounts for ~49% of the variability in the data 
set, is dominated by the bulk majorelement 
compositions in which MgO and CaO show a 
strong positive relationship with each other but 
an equally strong inverse relationship with all 
other oxide and traceelement compositions. 
Considering that fractional crystallization in 
tholeiitic suites results in decreasing MgO and 
CaO compositions, while other major oxides 
and incompatible elements increase, we con
clude that PC1 is recording mineral fraction
ation. Significantly, and as would be predicted 
if PC1 is indeed recording mineral fractionation 
and if assimilation and fractional crystallization 
are largely decoupled processes, the contribu
tion of e

Nd
 to PC1 is minimal (~0.6% contri

bution). Principal component 2 (PC2), which 
accounts for ~22% of the total variability in 
elemental and isotopic compositions, is domi
nated by variations in e

Nd
 (25% contribution), 

changes in LREE/HREE ratios (22% contribu
tion), and changes in LILEs (14% contribution), 
with lesser contributions from SiO

2
, Al

2
O

3
, and 

total alkalis (24% total combined contribution). 
A firstorder inference from this analysis is that 
while most major elements have been affected 
by assimilation, compositional variations are 
still dominantly a function of mineral fraction
ation (Fig. 14), which is consistent with the 
coherent liquid line of descent defined by the 
majorelement data (Fig. 7). It appears as though 
LILEs, LREE/HREE ratios, SiO

2
, Al

2
O

3
, and 

total alkalis are most affected by assimilation, 
which is not surprising if we consider that the 
likely contaminant is country rock with a simi
lar composition to the upper continental crust 

(Taylor and McLennan, 1995) or metasedimen
tary rocks (Nance and Taylor, 1976; Taylor and 
McLennan, 1985). A list of the contributions of 
each variable to principal components 1 and 2 
can be found in Table 3.

A significant result of this analysis is that 
LREE/HREE ratios and LILE concentrations 
show an overwhelming negative correlation 
with e

Nd
. This implies that increasingly evolved 

e
Nd

 values are associated with increasing LREE/
HREE ratios (Fig. 13B) and increasing overall 
LILE abundances. Therefore, the variations in 
e

Nd
, LREE/HREE ratios, and LILE abundances 

are most likely cogenetic, and the contaminant 
is LILE and LREEenriched. Hence, assimi
lation, while a significant factor in the petro

genesis of this suite of lavas, has not entirely 
obscured the primary major (i.e., MgO, CaO, 
TiO

2
) and traceelement (i.e., HFSE and HREE) 

characteristics of the primitive highMgO 
samples. This is an important consideration in 
applying model calculations of the parental melt 
to inferring primary melt compositions, mantle 
potential temperatures, and source composition.

PHASE EQUILIBRIUM CONSTRAINTS 
AND COMPARISON TO THE FRANKLIN 
LARGE IGNEOUS PROVINCE

Based on our assessment of the effects of 
assimilation on majorelement compositions, 
high field strength element ratios and abun
dances, and the recognition that the highMgO 
samples have only fractioned olivine, we can 
use phase equilibrium constraints for the picritic 
parental melt to investigate a potential mantle 
source for the Kikiktat volcanics.

Using alphaMELTS (Ghiorso and Sack, 
1995; Smith and Asimow, 2005), we mod
eled the phase diagram for the parental melt 
(Fig. 15A). Based on the observed crystallization 
sequence of olivine, plagioclase, and clinopy
roxene, we surmise that magma storage, subse
quent fractional crystallization, and assimilation 
processes occurred at crustal levels of less than 
~1.6 kbar or ~5 km depth. Considering this shal
low depth, the primitive nature of this parental 
melt, and the consensus that the associated sedi
mentary succession records Kikiktatage rifting 
(Clough and Goldhammer, 2000; Macdonald et 
al., 2009; Strauss et al., 2013), taken together, 
these observations provide evidence in support 
of significant crustal attenuation by this time. 
While many voluminous basaltic occurrences 
have been attributed to a deep mantle melting 
in the absence of a garnet signature, we would 
argue that the most parsimonious explanation 
for the absence of a garnet signature in the rare 
earth element profiles for these lavas (Figs. 8 
and 12) is a result of mantle melting at depths 
outside of garnet stability (i.e., less than ~27 
kbar [~81 km]). In isolation, this pressure limit 
may remove any scenario that involves a “pure” 
plume source for these melts, irrespective of cal
culated mantle potential temperatures.

Arguably the most significant aspect of the 
phase equilibrium constraints for the parental 
melt is that clinopyroxene is never in equilib
rium with the parental liquid at any pressure. 
While this conclusion is based upon a parental 
melt in equilibrium with olivine of Fo

88
 compo

sition, these conclusions remain the same if we 
use estimates for the composition of the primary 
melt. For the moment, ignoring dynamic melt
ing processes (e.g., Eggins, 1992), these phase 
constraints result in the parental melt being in 
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Figure 14. Geochemical 
principal component anal-
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TABLE 3. CONTRIBUTIONS OF THE VARIABLES 
TO THE PRINCIPAL COMPONENTS

PC 1 
fractional crystallization

PC 2 
assimilation

εNdi 0.60 25.93
SiO2 5.73 9.28
TiO2 12.45 2.47
Al2O3 9.98 6.81
FeO(T) 12.99 2.57
MgO 11.72 3.01
CaO 5.07 0.40
Total alkalis 1.70 5.58
Total LILE 0.08 14.14
Total HFSE 14.11 0.47
Total HREE 14.29 1.13
Total LREE 11.28 5.46
LREE/HREE 0.01 22.74

Note: LILE—large ion lithophile elements; HFSE—
high field strength elements; HREE—heavy rare earth 
elements; LREE—light rare earth elements.
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equilibrium with harzburgite at pressures of 
~3.2 kbar or depths of ~10 km. In comparison, 
typical basalts (i.e., primitive MORB) have 
olivine, clinopyroxene, and orthopyroxene as 
liquidus phases (Green and Ringwood, 1967; 
Pertermann and Hirschmann, 2003; Yasuda et 
al., 1994). Unlike the MORB comparison, this 
harzburgite relationship is shared with primitive 
melts associated with the contemporary Natku
siak lavas (Fig. 15B) of Victoria Island (Dostal 
et al., 1986). Considering their practically iden
tical ages and hypothesized paleogeographic 
proximity with restoration somewhere along the 
northern margin of Laurentia (see discussion in 
Macdonald et al., 2009; Strauss et al., 2013), 
their petrogenetic similarities naturally sup
port a link between these volcanic occurrences 
as both being part of the Franklin large igne
ous province. However, it must be noted that 
the Franklin large igneous province covers an 
area of over 2.25 × 106 km2 (Ernst et al., 2008), 
with lavas, sills, and dikes extending over much 
of northern Canada from Yukon to Greenland 
(Denyszyn et al., 2009; Dostal et al., 1986), such 
that more precise links to a particular province 

of the Franklin large igneous province require 
additional constraints.

The volume and spatial extent of the Nat
kusiak lavas is far greater (Dostal et al., 1986; 
Dupuy et al., 1995; Shellnutt et al., 2004) than 
the Kikiktat volcanics. Their presentday thick
ness is ~1100 m (Dostal et al., 1986), repre
senting the thickest extrusive equivalent of the 
Franklin large igneous province preserved along 
the Arctic margin. Dostal et al. (1986) argued 
for a lherzolite source for the Natkusiak lavas, 
whereas Shellnutt et al. (2004) and Dupuy et al. 
(1995) also suggested an uppermantle source 
(i.e., lherzolite). Consequently, the phase rela
tionships for these lavas (Fig. 15B) require either 
extensive melting of a highly fertile lherzolite 
source to leave behind a harzburgitic residue 
free of clinopyroxene, or they represent lessor 
degrees of partial melting of a moredepleted 
source. Considering the voluminous nature of 
the Franklin lavas, sills, and dikes, a relatively 
fertile lherzolite source may be favored.

Accepting the conclusions that the Natku
siak lavas were derived from a lherzolite source 
(Dostal et al., 1986; Dupuy et al., 1992; Shellnutt 

et al., 2004), geochemical comparisons between 
the Natkusiak lavas and Kikiktat volcanics can 
be used to constrain the nature of the source and 
percentage of melt of the latter. To this end, we 
apply the Mg8.0 method (Klein and Langmuir, 
1987; Turner and Hawkesworth, 1995), which 
involves the recalculation of majorelement data 
to the common MgO content of 8%. The goal of 
this method is to be able compare disparate lava 
compositions at a similar point in their petro
genesis; since MgO has a strong linear relation
ship to temperature (e.g., Niu et al., 2002), MgO 
is the basis of the regression. While the choice 
of 8% MgO is a somewhat arbitrary compari
son point, it does broadly coincide with liquids 
hitting the olivineplagioclaseclinopyroxene 
cotectic; consequently, two linear regressions 
(either side of 8% MgO) can be undertaken to 
adjust compositions back to 8% MgO. Impor
tantly, compositions are recalculated using 
equations of curves fitted to the data (typically 
least squared regressions), and so this type of 
analysis neither assumes nor requires the phase 
proportions associated with the crystallizing 
assemblage.
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Figure 16 demonstrates that at 8% MgO, the 
majorelement compositions of the Natkusiak 
and Kikiktat volcanics are distinct. Al

8.0
 and 

Si
8.0

 compositions for the Kikiktat volcanics 
are displaced to higher Al and lower Si values, 
consistent with a smaller degree of melting with 
respect to the Natkusiak lavas. Furthermore, 
Fe

8.0
 and Ti

8.0
 support a smaller degree of melt

ing, but they also imply that the source for the 
Kikiktat volcanics was more depleted than that 
of the Natkusiak lavas. Na

8.0
 contradicts this 

apparent source depletion; however, consider
able complexity exists in interpreting Na

8.0
 when 

the pressure of melting and/or percentage melt
ing is not comparable. While depleted sources 
should produce melts with lower Na content, 
this effect can be masked by the increased Na 
concentrations associated with small percentage 
melts. Another factor that can complicate Na 
content is the significant changes in the incom
patibility of Na in clinopyroxene as a function 
of pressure (Langmuir et al., 1992). All of this 

is further complicated by Na mobility under 
greenschistfacies metamorphism.

The compositional distinctness of the Kikik
tat volcanics, with respect to low Ti and Fe and 
high Si (characteristics of a depleted source) 
and relatively high Al and Na (with respect to 
the Natkusiak lavas), implies that these volca
nics possibly represent small percentage melt
ing of a harzburgitic source. This interpreta
tion is supported by high 147Sm/144Nd ratios, 
where progressive melting of mantle peridotite 
from lherzolite to harzburgite will be accom
panied by increasing 147Sm/144Nd ratios of the 
residual source, and basalts derived from such 
a depleted source will consequently inherit 
elevated 147Sm/144Nd ratios. The most primi
tive 147Sm/144Nd ratios of the Kikiktat volcanics 
(Fig. 13C) are higher than most MORB and 
oceanicisland basalt examples and significantly 
higher than the majority of continental flood 
basalts (Goldstein et al., 1984)—this is despite 
the fact that assimilation drives the melt compo

sitions to lower 147Sm/144Nd ratios (Goldstein et 
al., 1984).

Considering that the parental melts for 
neither the Natkusiak basalts nor the Kikiktat 
volcanics contained clinopyroxene as a liq
uidus phase at any pressure, and that the for
mer required a lherzolite source (Dostal et al., 
1986), the Natkusiak basalts must represent 
melting past the clinopyroxeneout boundary. 
In contrast, the Kikiktat volcanics must repre
sent a smaller percentage melt of a harzburgitic 
source. Consequently, the significant composi
tional contrasts between the two can be recon
ciled with their broadly comparable phase equi
libria, which predict liquids that do not coexist 
with clinopyroxene.

Primary Melts and Mantle Potential 
Temperatures (Tp)

Estimating a primary melt composition for 
these rocks is difficult because olivine phe
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Figure 16. Mg8.0 calculations following the methods outlined by Klein and Langmuir (1987) and Turner and Hawkesworth (1995). It is 
clear that at comparable MgO compositions, the Kikiktat volcanics are distinct from the contemporary Natkusiak basalts.
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nocrysts exhibit significant iddingsite altera
tion. Consequently, correcting the melt back 
to the primary composition of coexisting oliv
ine is problematic. Nevertheless, calculating 
a primary melt and associated mantle poten
tial temperature (T

p
) is informative because 

mantle T
p
 calculations can tie these volcanics 

to larger regional magmatic events and support 
or invalidate a model for a harzburgite source. 
As discussed previously, the petrology and geo
chemistry of the Kikiktat volcanics imply rela
tively dry melting; along with constraints from 
harzburgite melting experiments (Falloon and 
Danyushevsky, 2000; Falloon et al., 1988), this 
indicates a higher mantle T

p
 for the generation 

of these melts than conventionally recognized 
for the upper mantle.

Two methods have been applied to achieve 
this primary melt calculation. First, we applied 
the PRIMELT2 model of Herzberg and Asimow 
(2008), which couples an inverse model (i.e., 
olivine addition) with a forward melting model, 
such that the intersection of the two indicates 
the primary mantle melt. Considering the dif
ficulty highlighted above in regard to primary 
olivine compositions, the PRIMELT2 method 
does not assume nor require a forsterite com
position of coexisting olivine; furthermore, the 
method highlights compositions that may be a 
result of pyroxenite melting and/or melting in 
the presence of CO

2
 (Herzberg and Asimow, 

2008). However, the PRIMLET2 method does 
neglect the effects of assimilation, possibly 
introducing errors into the T

p
 calculations. The 

second method used is an extension of the Mg
8.0

 
method, where only those samples with greater 
9% MgO are used to calculate a leastsquared 
regression line. The regression is then extrapo
lated to higher MgO values until mantle olivine 
compositions are reached, essentially producing 
the reverse of assimilation and fractional crys
tallization.

In Figure 17, the PRIMELT2 method esti
mates a picritic primary melt with MgO = 
15.6%, which requires ~11% olivine addition 

and results in equilibrium olivine composi
tions of Fo

91.2 
indicative of a highly depleted 

peridotite source. Calculated mantle potential 
temperatures of 1475 °C are obtained via the 
PRIMELT2 method. Also shown in Figure 17 is 
the reverse AFC model, which, if extended back 
to the composition of Fo

91.2 
calculated using 

PRIMELT2, yields a calculated MgO of 15.7% 
for the primary melt and a mantle potential tem
perature of 1476 °C. This result highlights that 
fact that the small amount of assimilation in 
this model has very little effect on the primary 
melt calculation and associated mantle poten
tial temperatures. This conclusion is not sur
prising when considering that mantle potential 
temperatures are primarily a function of MgO 
(Herzberg and Asimow, 2008; Herzberg et al., 
2007; Iwamori et al., 1995) and that the reverse 
AFC vector and olivine addition vector (Fig. 17) 
diverge by only a small amount in MgO space.

Low-Ti Province of the Franklin Large 
Igneous Province?

One of the distinguishing features of the 
Kikiktat volcanics is their low TiO

2
 content. 

This unique composition is not a result of frac
tionation, as FeTi oxides are never a liquidus 
phase, and tholeiitic fractionation trends drive 
TiO

2
 compositions to higher not lower concen

trations. While assimilation of upper continental 
crust can result in lower TiO

2
 compositions, it 

can be seen in Figures 7 and 14 that TiO
2
 com

positions are not overwhelmingly affected by 
assimilation, especially the more primitive sam
ples (samples with >9% MgO). In fact, the TiO

2
 

contents of the primitive melts are lower than 
NMORB compositions, and neither the primi
tive nor the evolved melts record the significant 
negative Ti anomalies (Ti*) associated with 
assimilation of upper continental crust (Fig. 8; 
Sun and McDonough, 1989; Taylor and McLen
nan, 1995). Consequently, the TiO

2
 of the pre

AFC melt must be a function of source compo
sition and contain unusually low Ti abundances.

While these lowTi Kikiktat volcanics are 
presumably associated with the breakup of 
Rodinia, continental flood basalts associated 
with the breakup of Pangea also have spatially 
distinct lowTi magmatic provinces. For exam
ple, the Gondwanan Ferrar lowTi province 
stretches some 3000–4000 km across Australia 
and Antarctica (Hergt et al., 1991). Furthermore, 
the Parana continental flood basalts of Brazil 
are an example of a smaller, but still significant 
Gondwanan lowTi province (Gibson et al., 
1995). Gibson et al. (1995) argued that the com
bination of low Ti, Fe, and P and an evolved e

Nd
 

signature requires a mantle source for the Ferrar 
that was depleted in major and trace elements, 
with the subcontinental lithospheric mantle 
being the most likely candidate. In contrast, the 
combination of coexisting lowTi and highTi 
basalts for the Parana continental flood basalt 
indicates plume–subcontinental lithospheric 
mantle interaction (Gibson et al., 1995). Follow
ing similar arguments, the Kikiktat volcanics 
can be plausibly linked to melting of subconti
nental lithospheric mantle.

An interesting question that follows is: 
Was this depleted subcontinental lithospheric 
mantle a preexisting feature of the Laurentian 
lithosphere, or is it a consequence of the mantle 
plume suggested for the Franklin large igneous 
province? The thermochemical plume model 
(Campbell, 2007; Campbell and Griffiths, 1990; 
Griffiths and Campbell, 1990; Watson and 
McKenzie, 1991; Wyllie, 1988) suggests that 
hot, adiabatically decompressing mantle (plume 
head) impinges on and flattens at the base of the 
lithosphere, and so most melting should occur 
in the plume head, resulting in flood basalt vol
canism. Such extensive melting associated with 
this flood magmatism would consequently leave 
a meltdepleted (and lowerdensity) mantle that 
may flow laterally away from the plume center. 
Consequently, volcanism associated with the 
Kikiktat volcanics may represent secondstage 
melting of the Franklin plume head at the “far
flung” fringes of the magmatic province. How
ever, considering the debate that surrounds the 
natural variability in mantle potential tempera
tures (Dalton et al., 2014; Herzberg, 2011; Her
zberg et al., 2007), it is safer to assert that the 
precise tectonicthermal regime for the Kikiktat 
volcanics remains ambiguous.

IMPLICATIONS FOR ARCTIC TECTONICS

During the breakup of Gondwana, the 
emplacement of continental flood basalts through 
crust with different subcontinental lithospheric 
mantle histories resulted in magmas with dif
ferent compositions (Gibson et al., 1995). 
Specifically, lowTi basalts are associated with 
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subcontinental lithospheric mantle regions fur
ther afield from the plume head, whereas high
Ti basalts are associated with areas that expe
rienced melting directly associated with the 
plume head. Applied to the Franklin large igne
ous province, this would suggest that the highTi 
basalts of Victoria Island are possibly associated 
with eruption close to the plume head, whereas 
the Kikiktat volcanics formed further afield in a 
lowTi province. Based on regional stratigraphic 
evidence for doming prior to the emplacement 
of the Natkusiak basalts (Rainbird, 1993) and 
the orientation of radiating dike swarms (Ernst 
and Bleeker, 2010), the Franklin plume head 

has been tied to a location near the northwestern 
margin of Laurentia in the vicinity of northern 
Victoria Island (Fig. 18A).

Ignoring preMesozoic displacement of 
terranes along the Arctic margin, the simple 
counterclockwise rotation model for the open
ing of the Arctic Ocean (review by Gottlieb et 
al., 2014; Lawver and Scotese, 1990) predicts 
that (Macdonald et al., 2012) the North Slope of 
Arctic Alaska would restore offboard of Banks 
and Victoria Islands. If this simple restoration 
is correct, the expectation is that the Kikik
tat volcanics would share similar petrogenetic 
and geochemical relationships with the highTi 

Natkusiak basalts. However, this is inconsistent 
with the data presented herein and can be rec
onciled either with strikeslip displacement dur
ing the Mesozoic opening of the Arctic Ocean 
or by preMesozoic movement of the North 
Slope subterrane along the Arctic margin. A 
Neoproterozoic restoration (Fig. 18B) of the 
North Slope subterrane between Siberia and 
Laurentia (Ernst et al., 2012; Macdonald et al., 
2009) along the northern margin of Greenland 
or Ellesmere Island and further away from the 
Franklin plume head has also been suggested by 
stratigraphic, geochronological, and paleonto
logical data (Strauss et al., 2013).

B

Compatible with
   geochemical data
Incompatible with
   geochemical data

Australia

East
 Antarctica

Laurentia

South
China

Siberia

vv
v

0º

South
China

30º

Franklin 
LIP

Possible Restorations
of North Slope Subterrane

720 Ma

s s
s s

s
s

s s

s s s

V
V

V
V

V
V

V V
V

V
V V

V V
V V

VVV

VV
V

VV

Greenland

Canada

Alaska

Victoria Island

Devon Island

PW

Ba�n Island

Banks Island

Melville 
Island

BT

KW

Mount Harper
Volcanic Complex

 (717.4 Ma)

Kikiktat Volcanics
(719.5 Ma)

Pleasant Creek
Volcanics

Natkusiak Basalts
(718 Ma & 723 Ma)

Coronation
Sills

65 N

65 N

65 N

El
le

sm
er

e 
Isl

an
d 

Dik
es

 (7
21

 M
a)

Greenland Dikes
 (721 Ma &  712 Ma)

A

SSS

VVV

Approximate
Plume Center

Volcanics
Sills
Dikes

So
m

er
se

t I
sl

an
d

Figure 18. (A) Distribution of the Frank-
lin large igneous province (LIP) across 
North America and Greenland. PW—
Prince of Wales Island, BT—Bathurst 
Island, KW—King William Island. Map 
is modified from Denyszyn et al. (2009), 
with additional age data from Macdon-
ald et al. (2010), Heaman et al. (1992), 
and this paper. (B) Possible restorations 
of the North Slope subterrane along the 
northern margin of Laurentia.



LITHOSPHERE | Volume 7 | Number 3 | www.gsapubs.org 19

Kikiktat volcanics of Arctic Alaska | RESEARCH

Implications for the Onset of the Sturtian 
Glaciation

The 719.5 ± 0.3 Ma maximum depositional 
age obtained from volcaniclastic strata directly 
below the Hula Hula diamictite is consistent 
with both a Sturtian age for the Hula Hula 
diamictite and previous age constraints on the 
onset of the Sturtian glaciation in Yukon, Can
ada, between 717.4 ± 0.1 and 716.5 ± 0.2 Ma 
(Macdonald et al., 2010) and in China around 
715.9 ± 2.8 Ma (Lan et al., 2014). Assuming the 
abundant epiclastic minerals originated from 
proximal felsic lavas or tuffs of the underlying 
Kikiktat volcanics, these 723.5–719.5 Ma zir
con grains provide the best estimate for the age 
of the volcanic province. The confirmation of 
the intimate relationships among the breakup of 
Rodinia, the emplacement of the Franklin large 
igneous province, and the onset of the Sturtian 
glaciation implies a mechanistic relationship. 
This is consistent with recent work that sug
gests that the weathering of widespread mag
matic provinces associated with the polyphase 
breakup of Rodinia could have increased global 
weatherability, as seen in Sr, Os, and Nd isotope 
systematics (Halverson et al., 2010; Rooney et 
al., 2014), leading to effective CO

2
 consump

tion and the initiation of global glaciation. As 
more occurrences of the Franklin large igneous 
province are identified, both in periLaurentian 
terranes such as Arctic Alaska and on other 
margins such as Siberia (Ernst et al., 2012), fur
ther estimates will be needed to detail the full 
extent of the Franklin large igneous province 
and its effects on climate and ocean geochemi
cal cycles.

CONCLUSION

The Kikiktat volcanics represent a suite of 
wellpreserved continental flood basalts, includ
ing picrites and picrobasalts, that have under
gone shallow tholeiitic fractionation from a 
picritic parental magma. While assimilation has 
played a role in their petrogenesis, the effect is 
not overwhelming. The combination of low Ti, 
Ca, and Fe with moderate Al and Na composi
tions can best be explained by derivation from a 
harzburgitic mantle involving the subcontinen
tal lithospheric mantle. Considering the elevated 
model mantle T

p
 (1476 °C), lowTi characteris

tics, and their indistinguishable ages, we suggest 
that the Kikiktat volcanics represent a lowTi 
province of the much larger Franklin large igne
ous province. The new 719.5 ± 0.3 Ma CAID
TIMS age on volcaniclastic rocks at the top of 
the Kikiktat volcanics presented herein provides 
a new constraint on the timing and extent of the 
Franklin large igneous province and an addi

tional maximum age constraint on the onset 
of the Sturtian glaciation, further linking these 
events in time and space.

ACKNOWLEDGMENTS
This research was supported by Natural Sciences and 
Engineering Research Council of Canada (NSERC) Discov-
ery grants to Halverson and a NSERC Vanier Fellowship to 
Cox. Strauss was supported by a National Science Founda-
tion (NSF) Graduate Research Fellowship; W.C. McClelland 
acknowledges support from NSF Tectonics (EAR-1049368 
and EAR-1032156 to the University of Arizona LaserChron 
Center); and Macdonald acknowledges support from NSF 
Tectonics (EAR-1049463), NSF Sedimentary Geology and 
Paleontology (EAR-1148058), and the Massachusetts Institute 
of Technology NASA Astrobiology Institute node. We would 
like to thank Charlie Langmuir and Zhongxing Chen for use 
of the inductively coupled plasma–mass spectrometry labo-
ratory at Harvard University; Mark Pecha and Blake Hodgin 
for analytical support; Tim Gibson, Esther Kennedy, and Alex 
Gould for field assistance; and Kirk Sweetsir of Yukon Air 
Service, Christian Cabanilla of ERA Helicopters, and Nancy 
Brandt and Dana Troufler-Moudra of Polar Field Services for 
safe transportation within the Brooks Range. Anne Marie 
de la Rosa of the U.S. Fish and Wildlife Service enabled our 
access to the Arctic National Wildlife Refuge.

REFERENCES CITED
Amato, J.M., Toro, J., Miller, E.L., Gehrels, G.E., Farmer, G.L., 

Gottlieb, E.S., and Till, A.B., 2009, Late Proterozoic–Pa-
leozoic evolution of the Arctic Alaska–Chukotka ter-
rane based on U-Pb igneous and detrital zircon ages: 
Implications for Neoproterozoic paleogeographic re-
constructions: Geological Society of America Bulletin, 
v. 121, no. 9–10, p. 1219–1235, doi:10.1130/B26510.1.

Arndt, N.T., and Goldstein, S.L., 1987, Use and abuse of crust-
formation ages: Geology, v. 15, no. 10, p. 893–895, doi: 
10.1130 /0091-7613(1987)15<893:UAAOCA>2.0.CO;2.

Bader, J.W., and Bird, K.J., 1986, Geologic Map of the De-
marcation Point, Mt. Michelson, Flaxman Island, and 
Barter Island Quadrangles, Northeastern Alaska: U.S. 
Geological Survey Miscellaneous Investigations Series 
Map I-1791, scale 1:500,000.

Baker, I., and Haggerty, S.E., 1967, The alteration of olivine 
in basaltic and associated lavas: Contributions to Min-
eralogy and Petrology, v. 16, no. 3, p. 258–273, doi: 
10.1007 /BF00371095.

Black, L.P., Kamo, S.L., Allen, C.M., Davis, D.W., Aleinikoff, J.N., 
Valley, J.W., Mundil, R., Campbell, I.H., Korsch, R.J., Wil-
liams, I.S., and Foudoulis, C., 2004, Improved 206Pb/238U 
microprobe geochronology by the monitoring of a trace-
element–related matrix effect; SHRIMP, ID-TIMS, ELA-
ICP-MS and oxygen isotope documentation for a series 
of zircon standards: Chemical Geology, v. 205, no. 1–2, 
p. 115–140, doi:10.1016/j.chemgeo.2004.01.003.

Blodgett, R.B., Clough, J.G., Harris, A.G., and Robinson, M.S., 
1992, The Mount Copleston Limestone, a new Lower 
Devonian Formation in the Shublik Mountains, north-
eastern Brooks Range, Alaska, in Bradley, D.C., and 
Ford, A.B., eds., Geological Studies in Alaska by the U.S. 
Geological Survey: U.S. Geological Survey Bulletin 1999, 
p. 3–7.

Blodgett, R.B., Rohr, D.M., and Boucot, A.J., 2002, Paleozoic 
links among some Alaskan accreted terranes and Sibe-
ria based on megafossils, in Miller, E.L., Grantz, A., and 
Klemperer, S.L., eds., Tectonic Evolution of the Bering 
Shelf–Chukchi Sea–Arctic Margin and Adjacent Land-
masses: Geological Society of America Special Paper 
360, p. 273–290.

Campbell, I.H., 2007, Testing the plume theory: Chemical Ge-
ology, v. 241, no. 3–4, p. 153–176, doi:10.1016/j .chem-
geo .2007 .01.024.

Campbell, I.H., and Griffiths, R.W., 1990, Implications of mantle 
plume structure for the evolution of flood basalts: Earth 
and Planetary Science Letters, v. 99, no. 1–2, p. 79–93, 
doi:10.1016/0012-821X(90)90072-6.

Clough, J.G., and Goldhammer, R.K., 2000, Evolution of the 
Neoproterozoic Katakturuk dolomite ramp complex, 
northeastern Brooks Range, Alaska, in Grotzinger, J.P., 
and James, N.P., eds., Carbonate Sedimentation and 

Diagenesis in the Evolving Precambrian World: Soci-
ety of Sedimentary Geology Special Publication 67, 
p. 209–241.

Clough, J.G., Robinson, M.S., Pessel, M.S., Imm, G.H., 
Blodgett, R.B., Harris, A.G., Bergman, S.C., and Foland, 
K.A., 1990, Geology and age of Franklinian and older 
rocks in the Sadlerochit and Shublik Mountains, Arctic 
National Wildlife Refuge, Alaska: Geological Association 
of Canada and Mineralogical Association of Canada An-
nual Meeting Program with Abstracts, v. 15, p. A25.

Cocherie, A., 1986, Systematic use of trace element distri-
bution patterns in log-log diagrams for plutonic suites: 
Geochimica et Cosmochimica Acta, v. 50, no. 11, 
p. 2517–2522, doi:10.1016/0016-7037(86)90034-7.

Condon, D., Schoene, B., Bowring, S., Parrish, R., McLean, N., 
Noble, S., and Crowley, Q., 2007, EARTHTIME; isotopic 
tracers and optimized solutions for high-precision U-Pb 
ID-TIMS geochronology: Eos (Transactions, American 
Geophysical Union), v. 88, no. 52, p. V41E-06.

Cribb, J.W., and Barton, M., 1996, Geochemical effects of 
decoupled fractional crystallization and crustal assimi-
lation: Lithos, v. 37, no. 4, p. 293–307, doi:10.1016 /0024 
-4937 (95) 00027-5.

Dalton, C.A., Langmuir, C.H., and Gale, A., 2014, Geophysi-
cal and geochemical evidence for deep temperature 
variations beneath mid-ocean ridges: Science, v. 344, 
no. 6179, p. 80–83, doi:10.1126/science.1249466.

Davydov, V.I., Crowley, J.L., Schmitz, M.D., and Poletaev, 
V.I., 2010, High-precision U-Pb zircon age calibration of 
the global Carboniferous time scale and Milankovitch-
band cyclicity in the Donets Basin, eastern Ukraine: 
Geochemistry Geophysics Geosystems, v. 11, no. 2, 
p. 1–22, doi:10.1029/2009GC002736.

Denyszyn, S.W., Halls, H.C., Davis, D.W., and Evans, D.A.D., 
2009, Paleomagnetism and U-Pb geochronology of 
Franklin dykes in High Artic Canada and Greenland: 
A revised age and paleomagnetic pole constrain-
ing block rotations in the Nares Strait region: Cana-
dian Journal of Earth Sciences, v. 46, p. 689–705, doi: 
10.1139 /E09-042.

DePaolo, D.J., 1981, Trace element and isotopic effects of 
combined wallrock assimilation and fractional crystal-
lization: Earth and Planetary Science Letters, v. 53, no. 2, 
p. 189–202, doi:10.1016/0012-821X(81)90153-9.

Dostal, J., Baragar, W.R.A., and Dupuy, C., 1986, Petrogen-
esis of the Natkusiak continental basalts, Victoria Island, 
Northwest Territories, Canada: Canadian Journal of Earth 
Sciences, v. 23, no. 5, p. 622–632, doi:10.1139 /e86-064.

Dupuy, C., Michard, A., Dostal, J., Dautel, D., and Baragar, 
W.R.A., 1992, Proterozoic flood basalts from the Cop-
permine River area, Northwest Territories: Isotope and 
trace element geochemistry: Canadian Journal of Earth 
Sciences, v. 29, no. 9, p. 1937–1943, doi:10.1139/e92-151.

Dupuy, C., Michard, A., Dostal, J., Dautel, D., and Baragar, 
W.R.A., 1995, Isotope and trace-element geochemistry 
of Proterozoic Natkusiak flood basalts from the north-
western Canadian Shield: Chemical Geology, v. 120, 
no. 1–2, p. 15–25, doi:10.1016/0009-2541(94)00128-U.

Dutro, J.T., 1970, Pre-Carboniferous carbonate rocks, north-
eastern Alaska, in Adkinson, W.L., and Brosge, M.M., 
eds., Proceedings of the Geological Seminar on the 
North Slope of Alaska: Los Angeles, California, Ameri-
can Association of Petroleum Geologists, Pacific Sec-
tion, p. M1–M8.

Eggins, S.M., 1992, Petrogenesis of Hawaiian tholeiites: 2. 
Aspects of dynamic melt segregation: Contributions to 
Mineralogy and Petrology, v. 110, no. 2–3, p. 398–410, 
doi:10.1007/BF00310753.

Ernst, R., and Bleeker, W., 2010, Large igneous provinces 
(LIPs), giant dyke swarms, and mantle plumes: Signifi-
cance for breakup events within Canada and adjacent 
regions from 2.5 Ga to the present: Canadian Journal of 
Earth Sciences, v. 47, no. 5, p. 695–739.

Ernst, R.E., Wingate, M.T.D., Buchan, K.L., and Li, Z.X., 2008, 
Global record of 1600–700 Ma large igneous provinces 
(LIPs): Implications for the reconstruction of the pro-
posed Nuna (Columbia) and Rodinia supercontinents: 
Precambrian Research, v. 160, p. 159–178, doi:10.1016/j 
.precamres.2007.04.019.

Ernst, R.E., Hamilton, M.A., and Söderlund, U., 2012, A pro-
posed 725 Ma Dovyren-Kingash LIP of southern Siberia, 
and possible reconstruction link with the 725–715 Ma 



COX ET AL.

20 www.gsapubs.org | Volume 7 | Number 3 | LITHOSPHERE

Franklin LIP of northern Laurentia: St. John’s, New-
foundland and Labrador, Canada, Abstract volume 35, 
Geological Association of Canada (GAC)—Mineralogi-
cal Association of Canada (MAC) Joint Annual Meet-
ing—Geoscience at the Edge, May 27–29.

Falloon, T.J., and Danyushevsky, L.V., 2000, Melting of refrac-
tory mantle at 1.5, 2 and 2.5 GPa under anhydrous and 
H2O-undersaturated conditions: Implications for the 
petrogenesis of high-Ca boninites and the influence 
of subduction components on mantle melting: Jour-
nal of Petrology, v. 41, no. 2, p. 257–283, doi:10.1093 
/petrology/41.2.257.

Falloon, T.J., Green, D.H., Hatton, C.J., and Harris, K.L., 1988, 
Anhydrous partial melting of a fertile and depleted peri-
dotite from 2 to 30 kb and application to basalt petro-
genesis: Journal of Petrology, v. 29, no. 6, p. 1257–1282, 
doi:10.1093/petrology/29.6.1257.

Fowler, A.D., Berger, B., Shore, M., Jones, M.I., and Ropchan, 
J., 2002, Supercooled rocks: Development and signifi-
cance of varioles, spherulites, dendrites and spinifex in 
Archaean volcanic rocks, Abitibi greenstone belt, Cana-
da: Precambrian Research, v. 115, no. 1–4, p. 311–328, doi: 
10.1016 /S0301-9268(02)00014-1.

Gehrels, G.E., Valencia, V., and Ruiz, J., 2008, Enhanced preci-
sion, accuracy, efficiency, and spatial resolution of U-Pb 
ages by laser ablation–multicollector–inductively cou-
pled plasma–mass spectrometry: Geochemistry Geo-
physics Geosystems, v. 9, Q03017, p. 1–13, doi:10.1029 
/2007GC001805.

Ghiorso, M.S., and Sack, R.O., 1995, Chemical mass trans-
fer in magmatic processes: IV. A revised and internally 
consistent thermodynamic model for the interpolation 
and extrapolation of liquid-solid equilibria in magmatic 
systems at elevated temperatures and pressures: Con-
tributions to Mineralogy and Petrology, v. 119, no. 2–3, 
p. 197–212, doi:10.1007/BF00307281.

Gibson, S.A., Thompson, R.N., Dickin, A.P., and Leonardos, 
O.H., 1995, High-Ti and low-Ti mafic potassic magmas: 
Key to plume-lithosphere interactions and continental 
flood-basalt genesis: Earth and Planetary Science Let-
ters, v. 136, no. 3–4, p. 149–165, doi:10.1016/0012 -821X 
(95) 00179-G.

Goff, F., 1996, Vesicle cylinders in vapor-differentiated basalt 
flows: Journal of Volcanology and Geothermal Re-
search, v. 71, no. 2–4, p. 167–185, doi:10.1016/0377-0273 
(95) 00073-9.

Goldstein, S.L., O’Nions, R.K., and Hamilton, P.J., 1984, A Sm-
Nd isotopic study of atmospheric dusts and particulates 
from major river systems: Earth and Planetary Science 
Letters, v. 70, no. 2, p. 221–236, doi:10.1016/0012 -821X 
(84) 90007-4.

Gottlieb, E.S., Meisling, K.E., Miller, E.L., and Mull, C.G.G., 
2014, Closing the Canada Basin: Detrital zircon geochro-
nology relationships between the North Slope of Arctic 
Alaska and the Franklinian mobile belt of Arctic Cana-
da: Geosphere, v. 10, no. 6, p. 1366–1384, doi:10.1130 
/GES01027.1.

Green, D.H., and Ringwood, A.E., 1967, The genesis of basaltic 
magmas: Contributions to Mineralogy and Petrology, 
v. 15, no. 2, p. 103–190, doi:10.1007/BF00372052.

Griffiths, R.W., and Campbell, I.H., 1990, Stirring and struc-
ture in mantle starting plumes: Earth and Planetary Sci-
ence Letters, v. 99, no. 1–2, p. 66–78, doi:10.1016/0012 
-821X (90)90071-5.

Halverson, G.P., Wade, B.P., Hurtgen, M.T., and Barovich, 
K.M., 2010, Neoproterozoic chemostratigraphy: Precam-
brian Research, v. 182, no. 4, p. 337–350, doi:10.1016/j 
.precamres.2010.04.007.

Harlan, S.S., Heaman, L., LeCheminant, A.N., and Premo, W.R., 
2003, Gunbarrel mafic magmatic event: A key 780 Ma 
time marker for Rodinia plate reconstructions: Geology, 
v. 31, no. 12, p. 1053–1056, doi:10.1130/G19944.1.

Heaman, L.M., LeCheminant, A.N., and Rainbird, R.H., 1992, 
Nature and timing of Franklin igneous events, Canada: 
Implications for a Late Proterozoic mantle plume and 
the break-up of Laurentia: Earth and Planetary Science 
Letters, v. 109, no. 1–2, p. 117–131, doi:10.1016/0012 -821X 
(92) 90078-A.

Hergt, J.M., Peate, D.W., and Hawkesworth, C.J., 1991, The 
petrogenesis of Mesozoic Gondwana low-Ti flood 
basalts: Earth and Planetary Science Letters, v. 105, 
no. 1–3, p. 134–148, doi:10.1016/0012-821X(91)90126-3.

Herzberg, C., 2011, Basalts as temperature probes of Earth’s 
mantle: Geology, v. 39, no. 12, p. 1179–1180, doi:10.1130 
/focus122011.1.

Herzberg, C., and Asimow, P.D., 2008, Petrology of some oce-
anic island basalts: PRIMELT2.XLS software for primary 
magma calculation: Geochemistry Geophysics Geosys-
tems, v. 9, no. 9, p. Q09001, doi:10.1029/2008GC002057.

Herzberg, C., Asimow, P.D., Arndt, N., Niu, Y., Lesher, C.M., Fit-
ton, J.G., Cheadle, M.J., and Saunders, A.D., 2007, Tem-
peratures in ambient mantle and plumes: Constraints 
from basalts, picrites, and komatiites: Geochemistry 
Geophysics Geosystems, v. 8, no. 2, p. Q02006, doi: 
10.1029 /2006GC001390.

Iwamori, H., McKenzie, D., and Takahashi, E., 1995, Melt 
generation by isentropic mantle upwelling: Earth and 
Planetary Science Letters, v. 134, no. 3–4, p. 253–266, 
doi:10.1016/0012-821X(95)00122-S.

Jaffey, A.H., Flynn, K.F., Glendenin, L.E., Bentley, W.C., and Es-
sling, A.M., 1971, Precision measurements of half-lives 
and specific activities of 235U and 238U: Physical Review 
C, v. 4, no. 5, p. 1889–1906.

Kerr, A.C., 1995, The geochemistry of the Mull-Morvern Ter-
tiary lava succession, NW Scotland: An assessment of 
mantle sources during plume-related volcanism: Chem-
ical Geology, v. 122, no. 1–4, p. 43–58, doi:10.1016/0009 
-2541 (95)00009-B.

Kerr, A.C., and Arndt, N.T., 2001, A note on the IUGS reclassi-
fication of the high-Mg and picritic volcanic rocks: Jour-
nal of Petrology, v. 42, no. 11, p. 2169–2171, doi:10.1093 
/petrology/42.11.2169.

Klein, E.M., and Langmuir, C.H., 1987, Global correlations of 
ocean ridge basalt chemistry with axial depth and crust-
al thickness: Journal of Geophysical Research, v. 92, 
no. B8, p. 8089–8115, doi:10.1029/JB092iB08p08089.

Lan, Z., Li, X., Zhu, M., Chen, Z.-Q., Zhang, Q., Li, Q., Lu, D., 
Liu, Y., and Tang, G., 2014, A rapid and synchronous ini-
tiation of the widespread Cryogenian glaciations: Pre-
cambrian Research, v. 255, part 1, p. 401–411.

Langmuir, C.H., Klein, E.M., and Plank, T., 1992, Petrological 
systematics of mid-ocean ridge basalts: Constraints on 
melt generation beneath ocean ridges, in Morgan, J.P., 
Blackman, D.K., and Sinton, J.M., eds., Mantle Flow and 
Melt Generation at Mid-Ocean Ridges: American Geo-
physical Union Geophysical Monograph 71, p. 183–280.

Lawver, L.A., and Scotese, C.R., 1990, A review of tectonic 
models for the evolution of the Canada Basin, in Grantz, 
A., Johnson, L., and Sweeney, J.F., eds., The Arctic 
Ocean Region: Boulder, Colorado, Geological Society 
of America, Geology of North America, v. L, p. 593–618.

Le Bas, M.J., 2000, IUGS reclassification of the high-Mg 
and picritic volcanic rocks: Journal of Petrology, v. 41, 
no. 10, p. 1467–1470, doi:10.1093/petrology/41.10.1467.

Le Bas, M.J., Le Maitre, R.W., and Woolley, A.R., 1992, The 
construction of the total alkali-silica chemical classifica-
tion of volcanic rocks: Mineralogy and Petrology, v. 46, 
no. 1, p. 1–22, doi:10.1007/BF01160698.

Lee, A.C.-T., Leeman, W.P., Canil, D., and Li, Z.-X.A., 2005, 
Similar V/Sc systematics in MORB and arc basalts: 
Implications for the oxygen fugacities of their mantle 
source regions: Journal of Petrology, v. 46, no. 11, 
p. 2313–2336, doi:10.1093/petrology/egi056.

Li, X.-H., Li, Z.-X., Wingate, M.T.D., Chung, S.-L., Liu, Y., Lin, 
G.-C., and Li, W.-X., 2006, Geochemistry of the 755 Ma 
Mundine Well dyke swarm, northwestern Australia: Part 
of a Neoproterozoic mantle superplume beneath Ro-
dinia?: Precambrian Research, v. 146, no. 1–2, p. 1–15, 
doi:10.1016/j.precamres.2005.12.007.

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., 
and Vernikovsky, V., 2008, Assembly, configuration, 
and break-up history of Rodinia: A synthesis: Precam-
brian Research, v. 160, no. 1–2, p. 179–210, doi:10.1016/j 
.precamres .2007.04.021.

Macdonald, F.A., 2011, The Hula Hula Diamictite and Kataktu-
ruk Dolomite, Arctic Alaska, in Arnaud, E., Halverson, 
G.P., and Shields-Zhou, G., eds., The Geological Record 
of the Neoproterozoic Glaciations: Geological Society 
of London Memoir 36, no. 1, p. 379–388.

Macdonald, F.A., McClelland, W.C., Schrag, D.P., and Mac-
donald, W.P., 2009, Neoproterozoic glaciation on a 

carbonate platform margin in Arctic Alaska and the 
origin of the North Slope subterrane: Geological Soci-
ety of America Bulletin, v. 121, no. 3–4, p. 448–473, doi: 
10.1130/B26401.1.

Macdonald, F.A., Schmitz, M.D., Crowley, J.L., Roots, C.F., 
Jones, D.S., Maloof, A.C., Strauss, J.V., Cohen, P.A., 
Johnston, D.T., and Schrag, D.P., 2010, Calibrating the 
Cryogenian: Science, v. 327, no. 5970, p. 1241–1243, 
doi: 10.1126 /science .1183325.

Macdonald, F.A., Smith, E.F., Strauss, J.V., Cox, G.M., Hal-
verson, G. P., and Roots, C.F., 2011, Neoproterozoic 
and early Paleozoic correlations in the western Ogil-
vie Mountains, Yukon, in MacFarlane, K.E., Weston, 
L.H., and Blackburn, L.R., eds., Yukon Exploration and 
Geology 2010: Whitehorse, Canada, Yukon Geological 
Survey, p. 161–182.

Macdonald, F.A., Halverson, G.P., Strauss, J.V., Smith, E.F., 
Cox, G.M., Sperling, E.A., and Roots, C.F., 2012, Early 
Neoproterozoic basin formation in Yukon, Canada: Im-
plications for the make-up and break-up of Rodinia: 
Geoscience Canada, v. 39, p. 77–99.

Mattinson, J.M., 2010, Analysis of the relative decay con-
stants of 235U and 238U by multi-step CA-TIMS measure-
ments of closed-system natural zircon samples: Chemi-
cal Geology, v. 275, no. 3–4, p. 186–198, doi:10.1016/j 
.chemgeo.2010.05.007.

Miller, E.L., Gehrels, G.E., Pease, V., and Sokolov, S., 2010, 
Stratigraphy and U-Pb detrital zircon geochronology 
of Wrangel Island, Russia: Implications for Arctic paleo-
geography: American Association of Petroleum Geolo-
gists Bulletin, v. 94, p. 665–692, doi:10.1306/10200909036.

Miller, E.L., Kuznetsov, N., Soboleva, A., Udoratina, O., Grove, 
M.J., and Gehrels, G., 2011, Baltica in the Cordillera?: 
Geology, v. 39, p. 791–794, doi:10.1130/G31910.1.

Mitchell, R.K., van Breemen, O., Davis, W.J., and Buenviaje, 
R., 2010, Sm-Nd isotopic data from the Canadian Shield 
north of 60 degrees latitude, northern Canada: Geo-
logical Survey of Canada Open-File 6409, CD-ROM, 
doi:10.4095/287188.

Moore, T.E., 1987, Geochemistry and tectonic setting of some 
volcanic rocks of the Franklinian assemblage, central 
and eastern Brooks Range, in Tailleur, I.L., and Weimer, 
P., eds., Alaskan North Slope Geology: Bakersfield, 
California, Society of Economic Paleontologists and 
Mineralogists, Book 50, p. 691–710.

Nance, W.B., and Taylor, S.R., 1976, Rare earth element pat-
terns and crustal evolution: I. Australian post-Archean 
sedimentary rocks: Geochimica et Cosmochimica Acta, 
v. 40, no. 12, p. 1539–1551, doi:10.1016/0016-7037(76) 
90093-4.

Niu, Y., Gilmore, T., Mackie, S., Greig, A., and Bach, W., 2002, 
Mineral chemistry, whole rock compositions and pet-
rogenesis of Leg 176 gabbros: Data and discussion, in 
Natland, J.H., Dic, H.J.B., Miller, D.J., and Von Herzen, 
R.P., et al., Proceedings of the Ocean Drilling Program, 
Scientific Results Volume 176: College Station, Texas, 
Ocean Drilling Program, p. 1–60.

Ootes, L., Sandeman, H., Lemieux, Y., and Leslie, C., 2008, 
The 780 Ma Tsezotene Sills, Mackenzie Mountains: A 
field, petrographical, and geochemical study: North-
west Territories Open-Report 2008-011, 10 p.

Pearce, J.A., 2008, Geochemical fingerprinting of oceanic ba-
salts with applications to ophiolite classification and the 
search for Archean oceanic crust: Lithos, v. 100, no. 1–4, 
p. 14–48, doi:10.1016/j.lithos.2007.06.016.

Pertermann, M., and Hirschmann, M.M., 2003, Anhydrous par-
tial melting experiments on MORB-like eclogite: Phase 
relations, phase compositions and mineral–melt parti-
tioning of major elements at 2–3 GPa: Journal of Petrol-
ogy, v. 44, no. 12, p. 2173–2201, doi:10.1093 /petrology /
egg074.

Philpotts, A.R., and Carroll, M., 1996, Physical properties of 
partly melted tholeiitic basalt: Geology, v. 24, no. 11, 
p. 1029–1032, doi:10.1130/0091-7613(1996)024<1029 
: PPOPMT >2.3.CO;2.

Rainbird, R.H., 1993, The sedimentary record of mantle plume 
uplift preceding eruption of the Neoproterozoic Natku-
siak flood basalt: The Journal of Geology, v. 101, no. 3, 
p. 305–318, doi:10.1086/648225.

Reed, B.L., 1968, Geology of the Lake Peters Area, Northeast-
ern Brooks Range, Alaska: U.S. Geological Survey Bul-
letin 1236, 132 p.



LITHOSPHERE | Volume 7 | Number 3 | www.gsapubs.org 21

Kikiktat volcanics of Arctic Alaska | RESEARCH

Reiser, H.N., 1971, Northeastern Brooks Range—A surface ex-
pression of the Prudhoe Bay section, in Adkison, W.L., 
and Brosge, M.M., eds., Proceedings of the Geological 
Seminar on the North Slope of Alaska: Los Angeles, 
California, Pacific Section, American Association of Pe-
troleum Geologists, p. K1–K14.

Robinson, M.S., Decker, J., Clough, J.G., Reifenstuhl, R.R., 
Dillon, J.T., Combellick, R.A., and Rawlinson, S.E., 1989, 
Geology of the Sadlerochit and Shublik Mountains, 
Alaska National Wildlife Reserve, north-east Alaska: 
State of Alaska, Department of Natural Resources, Di-
vision of Geological and Geophysical Survey, Profes-
sional Report 100, scale 1:10,000.

Roeder, P.L., and Emslie, R.F., 1970, Olivine-liquid equilibrium: 
Contributions to Mineralogy and Petrology, v. 29, no. 4, 
p. 275–289, doi:10.1007/BF00371276.

Rooney, A.D., Macdonald, F.A., Strauss, J.V., Dudas, F.O., 
Hallman, C., and Selby, D., 2014, Re-Os geochronology 
and coupled Os-Sr isotope constraints on the Sturtian 
snowball Earth: Proceedings of the National Academy 
of Sciences of the United States of America, v. 1073, 
p. 1–6.

Schmitz, M.D., and Schoene, B., 2007, Derivation of isotope 
ratios, errors and error correlations for U-Pb geochro-
nology using 205Pb-235U-(233U)–spiked isotope dilution 
thermal ionization mass spectrometric data: Geochem-
istry Geophysics Geosystems, v. 8, p. 1–20, doi:10.1029 
/2006GC001492.

Shellnutt, J.G., Dostal, J., and Keppie, J.D., 2004, Petrogen-
esis of the 723 Ma Coronation sills, Amundsen basin, 
Arctic Canada: Implications for the break-up of Rodin-
ia: Precambrian Research, v. 129, no. 3–4, p. 309–324, 
doi:10.1016/j.precamres.2003.10.006.

Smith, P.M., and Asimow, P.D., 2005, Adiabat_1ph: A new 
public front-end to the MELTS, pMELTS, and pHMELTS 
models: Geochemistry, Geophysics, Geosystems, v. 6, 
no. 1, p. 1–8.

Stacey, J.S., and Kramers, J.D., 1975, Approximation of ter-
restrial lead isotope evolution by a two stage model: 
Earth and Planetary Science Letters, v. 26, p. 207–221, 
doi:10.1016/0012-821X(75)90088-6.

Strauss, J.V., Macdonald, F.A., Taylor, J.F., Repetski, J.E., and 
McClelland, W.C., 2013, Laurentian origin for the North 
Slope of Alaska: Implications for the tectonic evolu-

tion of the Arctic: Lithosphere, v. 5, no. 5, p. 477–482, 
doi:10.1130/L284.1.

Sun, S.-s., and McDonough, W.F., 1989, Chemical and isotopic 
systematics of oceanic basalts: Implications for mantle 
composition and processes, in Saunders, A.D., and 
Norry, M.J., eds., Magmatism in the Ocean Basins: Geo-
logical Society of London Special Publication 42, no. 1, 
p. 313–345, doi:10.1144/GSL.SP.1989.042.01.19.

Sun, S.S., and Sheraton, J.W., 1996, Geochemical and isoto-
pic evolution, in Glikson, A.Y., et al., eds., Geology of the 
western Musgrave block, central Australia, with particu-
lar reference to the mafic-ultramafic Giles complex geo-
chemical and isotopic evolution: Australian Geological 
Survey Organisation Bulletin 239, p. 135–143.

Taylor, S.R., and McLennan, S.M., 1985, The Continental 
Crust: Its Composition and Evolution: Oxford, Black-
well, 312 p.

Taylor, S.R., and McLennan, S.M., 1995, The geochemical evo-
lution of the continental crust: Reviews of Geophysics, 
v. 33, no. 2, p. 241–265, doi:10.1029/95RG00262.

Turner, S., and Hawkesworth, C., 1995, The nature of the sub-
continental mantle: Constraints from the major-element 
composition of continental flood basalts: Chemical Ge-
ology, v. 120, no. 3–4, p. 295–314, doi:10.1016/0009 -2541 
(94)00143-V.

Wallace, W.K., and Hanks, C.L., 1990, Structural provinces of 
the northeastern Brooks Range, Arctic National Wildlife 
Refuge, Alaska: American Association of Petroleum Ge-
ologists Bulletin, v. 74, no. 7, p. 1100–1118.

Wang, X.-C., Li, X.-H., Li, W.-X., Li, Z.-X., Liu, Y., Yang, Y.-H., Li-
ang, X.-R., and Tu, X.-L., 2008, The Bikou basalts in the 
northwestern Yangtze block, South China: Remnants of 
820‚ 810 Ma continental flood basalts?: Geological Soci-
ety of America Bulletin, v. 120, no. 11–12, p. 1478–1492, 
doi:10.1130/B26310.1.

Wang, X.-C., Li, X.-H., Li, Z.-X., Liu, Y., and Yang, Y.-H., 2010, 
The Willouran basic province of South Australia: Its 
relation to the Guibei large igneous province in South 
China and the breakup of Rodinia: Lithos, v. 119, no. 3–4, 
p. 569–584, doi:10.1016/j.lithos.2010.08.011.

Watson, S., and McKenzie, D.A.N., 1991, Melt generation 
by plumes: A study of Hawaiian volcanism: Jour-
nal of Petrology, v. 32, no. 3, p. 501–537, doi:10.1093 /
petrology /32.3.501.

Wingate, M.T.D., and Giddings, J.W., 2000, Age and palaeo-
magnetism of the Mundine Well dyke swarm, West-
ern Australia: Implications for an Australia–Laurentia 
connection at 755 Ma: Precambrian Research, v. 100, 
no. 1–3, p. 335–357, doi:10.1016/S0301-9268(99)00080-7.

Wingate, M.T.D., Campbell, I.H., Compston, W., and Gibson, 
G.M., 1998, Ion microprobe U-Pb ages for Neoprotero-
zoic basaltic magmatism in south-central Australia and 
implications for the breakup of Rodinia: Precambrian 
Research, v. 87, no. 3–4, p. 135–159, doi:10.1016/S0301 
-9268 (97)00072-7.

Wyllie, P.J., 1988, Solidus curves, mantle plumes, and mag-
ma generation beneath Hawaii: Journal of Geophysi-
cal Research, v. 93, no. B5, p. 4171–4181, doi:10.1029 
/JB093iB05p04171.

Yasuda, A., Fujii, T., and Kurita, K., 1994, Melting phase rela-
tions of an anhydrous mid-ocean ridge basalt from 3 
to 20 GPa: Implications for the behavior of subducted 
oceanic crust in the mantle: Journal of Geophysical 
Research–Solid Earth, v. 99, no. B5, p. 9401–9414, doi: 
10.1029 /93JB03205.

Zhang, Z., Zhu, W., Shu, L., Su, J., and Zheng, B., 2009, Neo-
proterozoic ages of the Kuluketage diabase dyke swarm 
in Tarim, NW China, and its relationship to the breakup 
of Rodinia: Geological Magazine, v. 146, no. 01, p. 150–
154, doi:10.1017/S0016756808005839.

Zhao, J.-x., McCulloch, M.T., and Korsch, R.J., 1994, Charac-
terisation of a plume-related ~800 Ma magmatic event 
and its implications for basin formation in central-
southern Australia: Earth and Planetary Science Letters, 
v. 121, no. 3–4, p. 349–367, doi:10.1016/0012-821X (94) 
90077-9.

Zimmer, M.M., Plank, T., Hauri, E.H., Yogodzinski, G.M., Stell-
ing, P., Larsen, J., Singer, B., Jicha, B., Mandeville, C., and 
Nye, C.J., 2010, The role of water in generating the calc-
alkaline trend: New volatile data for Aleutian magmas 
and a new tholeiitic index: Journal of Petrology, v. 51, 
no. 12, p. 2411–2444, doi:10.1093/petrology/egq062.

MANUSCRIPT RECEIVED 5 DECEMBER 2014 
REVISED MANUSCRIPT RECEIVED 29 JANUARY 2015 
MANUSCRIPT ACCEPTED 18 FEBRUARY 2015

Printed in the USA


