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ABSTRACT 

The Cretaceous High Arctic Large Igneous Province (HALIP) in Canada, although dominated by 

tholeiites (135-90 Ma), contains two main groups of alkaline igneous rocks. The older alkaline 

rocks (~96 Ma) scatter around major fault and basement structures. They are represented by the 

newly-defined Fulmar Suite alkaline basalt dykes and sills, and include Hassel Formation 
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volcanics. The younger alkaline group is represented by the Wootton Intrusive Complex (92.2-

92.7 Ma), and the Audhild Bay Suite (83-73 Ma); both emplaced near the northern coast of 

Ellesmere Island. Fulmar Suite rocks resemble EM-type ocean island basalts (OIB) and most 

show limited crustal contamination. The Fulmar Suite shows increases of P2O5 at near-constant 

Ba-K-Zr-Ti that are nearly orthogonal to predicted fractionation- or melting-related variations; 

which we interpret as the result of melting composite mantle sources containing a regionally 

widespread apatite-bearing enriched component (P1). Low-P2O5 Fulmar Suite variants overlap 

compositionally with enriched HALIP tholeiites, and fall on common garnet lherzolite trace 

element melting trajectories, suggesting variable degrees of melting of a geochemically similar 

source. High-P2O5 Hassel Formation basalts are unusual among Fulmar rocks, because they are 

strongly contaminated with depleted lower crust; and because they involve a high-P2O5-Ba-Eu 

mantle component (P2), similar to that seen in alkali basalt dykes from Greenland. The P2 

component may have contained Ba-Eu-rich hawthorneite and/or carbonate minerals as well as 

apatite, and may typify parts of the Greenlandic sub-continental lithospheric mantle (SCLM). 

Mafic alkaline Audhild Bay Suite (ABS) rocks are volcanic and hypabyssal basanites, alkaline 

basalts and trachy-andesites, and resemble HIMU ocean island basalts in having high Nb, low 

Zr/Nb and low 87Sr/ 86Sri. These mafic alkaline rocks are associated with felsic alkaline lavas and 

syenitic intrusions, but crustally-derived rhyodacites and rhyolites also exist. The Wootton 

Intrusive Complex (WIC) contains geochemically similar plutonic rocks (alkali gabbros, diorites 

and anatectic granites), and may represent a more deeply eroded, slightly older equivalent of the 

ABS. Low-P2O5 ABS and WIC alkaline mafic rocks have flat heavy rare-earth (HREE) profiles 

suggesting shallow mantle melting; whereas High-P2O5 variants have steep HREE profiles 

indicating deeper separation from garnet-bearing residues. Some High-P2O5 mafic ABS rocks 
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seem to contain the P1 and P2 components identified in Fulmar-Hassel rocks, whereas other 

samples trend towards possible High-P2O5+Zr (PZr) and High-P2O5+K2O (PK) components. We 

argue that the strongly alkaline northern Ellesmere Island magmas sampled mineralogically 

heterogeneous veins or metasomes in Greenlandic-type SCLM, which contained trace phases 

like apatite, carbonates, hawthorneite, zircon, mica or richterite. The geographically more 

widespread apatite-bearing component (P1), could have formed part of a heterogeneous plume or 

upwelling mantle current that also generated HALIP tholeiites when melted more extensively, 

but may also have resided in the SCLM as relics of older events. Rare HALIP alkaline rocks with 

high K-Rb-U-Th fall on mixing paths implying strong local contamination from either Sverdrup 

Basin sedimentary rocks or granitic upper crust. However, the scarcity of potassic alkaline 

HALIP facies, together with the other trace element and isotopic signatures, provide little 

support for an ubiquitous fossil sedimentary subduction zone component in the HALIP mantle 

source. 

INTRODUCTION 

Alkaline magmatic rocks are commonly associated with continental rifts, rifted margins and 

plume type settings (eg. Green & Ringwood 1967; Sørensen, 1974; Fitton & Upton, 1987; 

Gibson et al., 1995; Troll & Schmincke 2002). Alkaline magmatism can pre-date, post-date, or 

be coeval with major Continental Flood Basalts (CFB) effusions, but few studies formally link 

the geochemical signatures of the alkaline magmas to the associated tholeiites (but see Frey et 

al., 1978; Peate et al., 2003; Ashwall et al.. 2021). Alkaline magmatism commonly follows 

important pre-existing fault systems, and may occur inland, distal to the zone of maximum 

extension that eventually progresses to the point where tholeiites are generated and seafloor-

spreading begins (e.g. Upton et al., 1984; Nielsen, 1987; Brown et al., 1996). Most alkaline 
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basalts and basanites are thought to be low-degree, high-pressure mantle melts (Yoder & Tilley, 

1962; Gast, 1968; Green & Ringwood, 1967; Sørensen, 1974; Frey et al., 1978; Kushiro, 1996; 

Irving & Green, 2008; Green, 2015). Ocean Island Basalts (OIB) include trace-element-enriched 

tholeiites and silica-undersaturated, sodic-series alkaline rocks (Yoder & Tilley, 1962; Green & 

Ringwood 1967; Sørensen, 1974; Wiesmaier et al., 2013; White, 2015), and much debate 

surrounds the nature and significance of their isotopic and trace element signatures (Gast, 1968; 

Weaver, 1991; Farnetani & Richards 1995; Hofmann, 1997, 2003; Anderson, 2005; Foulger et 

al., 2005; Sobolev et al., 2005; Willbold & Stracke, 2006, 2010; Weis et al., 2011; Stracke, 

2012; Lambart et al., 2013; Wiesmaier et al., 2013; Palme & O'Neill, 2014; Herzberg et al., 

2016). Continental alkaline provinces are even more diverse. They frequently include calcic 

CO2-rich lamprophyres, kimberlites, carbonatites and aillikites (e.g. Ionov et al., 1993; Bédard, 

1994; Francis & Patterson, 2009; Tappe et al., 2013, 2017; Kresten & Troll, 2018), some 

strongly enriched in P2O5; and also commonly include potassic and ultra-potassic magmas, some 

silica-undersaturated, some over-oversaturated (absarokites, shoshonites, leucitites, appinites, 

kamafugites, kersantites, minettes; e.g. Rock, 1977; Beccaluva et al., 1991; Foley, 1992a; Rogers 

et al., 1998; Tappe et al., 2003; Conticelli et al., 2009; Prelević et al., 2012). The LILE-

enrichment (large ion lithophile elements) and associated negative Nb-Ta-Ti anomalies of low-

TiO2 CFBs (see discussion in Bédard et al., 2021) and some potassic alkaline rocks can be 

attributed to crustal contamination, but others interpret such signatures to reflect mantle sources 

metasomatized by prior sediment subduction (e.g. Hawkesworth et al., 1984; Turner et al., 1996; 

Puffer, 2001; Murphy & Dostal, 2007; Wang et al., 2016). 

The Canadian portion of the Cretaceous High Arctic Large Igneous Province (HALIP, 

Fig. 1) comprises both tholeiitic and alkaline magmas. HALIP tholeiites occur as continental 
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flood basalt successions, dyke swarms and subvolcanic sills, which extend from northern 

Ellesmere Island to the westernmost portions of the Sverdrup Basin (Ricketts et al., 1985; 

Embrey & Osadetz, 1988; Buchan & Ernst, 2006, 2018; Jowitt et al., 2014; Evenchick et al., 

2015; Kingsbury et al., 2016, 2018; Dockman et al., 2018; Saumur et al., 2016, 2021; Naber et 

al., 2021). In a companion paper, Bédard et al. (2021) address the geochemical systematics of 

HALIP tholeiites and conclude they are ubiquitously crustally contaminated, strongly 

fractionated melts formed by decompression melting of the mantle beneath a thinning continental 

margin located to the northwest. In comparison, HALIP alkaline rocks are more restricted in 

volume and geographic distribution. There are volcanic and plutonic complexes (with associated 

hypabyssal facies) in northern Ellesmere Island, whereas only dykes and sills occur on Axel 

Heiberg and southern Ellesmere Island (Fig. 1, Trettin & Parrish, 1987; Embry & Osadetz, 1998; 

Estrada & Henjes-Kunst, 2013; Jowitt et al., 2014; Saumur et al., 2016; Dockman et al., 2018; 

Naber et al., 2021). If HALIP alkaline melts sampled the same mantle that yielded the HALIP 

tholeiites, then their elemental and isotopic signatures could better constrain the early part of the 

decompression-melting path that may also have produced the higher-volume tholeiitic magmas. 

Moreover, low-degree alkaline melts may have preferentially sampled subordinate mantle 

lithologies with low solidus temperatures that are more enriched in incompatible trace elements 

than the background peridotites (O’Reilly & Griffin, 2000; Larsen et al., 2003; Foulger et al., 

2005; Anderson, 2005; Yaxley & Lambart et al., 2013; Kamenetsky et al., 2017). Much attention 

has focussed on the possible presence of subordinate pyroxenitic lithologies in the sources of 

OIB melts (Sobolev et al., 2005; Lambart et al., 2013; Herzberg et al., 2016), but P2O5 

distributions are less commonly considered (but see Larsen et al., 2003 and Rogers et al., 2019), 

even though apatite is a widespread and important trace element repository in the sub-continental 
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lithospheric mantle (SCLM), where it is typically embedded in pyroxenitic vein systems 

(O’Reilly & Griffin, 2000). In this paper we integrate new and previously published geochemical 

and isotopic data on HALIP alkaline igneous rocks from Canada, define new magmatic suites 

from these data, and propose that a variety of fertile mantle components, many apatite-bearing, 

were involved in their genesis. 

 

GEOLOGICAL SETTING 

The alkaline magmatic rocks discussed in this paper occur within the Sverdrup Basin in the 

northern Canadian Arctic Islands (Fig. 1a), which is characterized by near-continuous 

sedimentation from Carboniferous to latest Cretaceous time (Balkwill, 1978; Ricketts et al., 

1985; Trettin, 1989; Embry & Beauchamp, 2019). The Sverdrup Basin is bound to the south and 

east by the cratonic Canadian Shield and overlying Paleozoic fold belts, and to the north by a 

horst of continental crust, the Sverdrup Rim. The area is partly underlain by Archaean cratonic 

basement reworked in the Proterozoic, on which a Cambrian to Early Devonian Franklinian 

passive margin sequence related to Rodinia breakup was deposited (Trettin, 1989, 1991b; Embry 

& Beauchamp, 2019). Ellesmerian orogenesis (~400-350 Ma) and accretion of the Pearya exotic 

composite terrane (Fig. 1; Trettin, 1987, 1991a, 1991c; Estrada et al., 2018) was followed by 

Early Carboniferous (Visean) orogenic collapse and the initiation of the Sverdrup Basin ss 

(Ricketts et al., 1985; Estrada et al., 2018; Embry & Beauchamp, 2019). Renewed Early 

Cretaceous extension in the mature Sverdrup Basin (Fig. 2, Phase 6 of Embry & Beauchamp, 

2019) saw deposition of coarse-grained, fluvial/deltaic sediments and a first pulse of exclusively 

tholeiitic HALIP volcanism, the Isachsen Formation continental flood basalts (CFB, 135-120 

Ma, Embry & Osadetz, 1988); the timing of which corresponds to the age of the break-up 
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unconformity that led to the initiation of seafloor spreading in the Amerasia Basin (Hadlari et al., 

2016). HALIP magmatism was possibly related to the arrival of a mantle plume, with abundant 

tholeiitic basalt eruptions helping generate the 30 km thick Alpha-Mendeleev Ridge (Fig.1a, 

Embry & Osadetz, 1988; Maher, 2001; Buchan & Ernst, 2006, 2018; Tegner et al., 2011; 

Døssing et al., 2013; Chernykh et al., 2018), where alkaline magmatic rocks have also been 

dredged (van Wagoner et al., 1986; Williamson et al., 2019). The plume may also have 

generated giant radial and circumferential dyke swarms (Buchan & Ernst, 2006, 2018), some of 

which compose the HALIP, and possibly kimberlites on Somerset Island (Kjarsgaard et al., 

2017). As an alternative to a plume scenario, Hadlari et al. (2014, 2018) and Shephard et al. 

(2016) interpreted the area as a broad, long-lived, intra-continental rift zone in a distal back-arc 

setting, related to eastward subduction beneath Pangea during the Triassic. 

Renewed subsidence and transgression in the earliest Cenomanian (Fig. 2, base Late 

Cretaceous, Phase 7 of Embry & Beauchamp, 2019), contemporaneous with cessation of seafloor 

spreading in the Amerasia Basin to the north, saw deposition of shallow marine to delta plain 

deposits and renewed eruption of tholeiitic continental basalt in the Sverdrup Basin: the Strand 

Fiord Formation (105-90 Ma, Embry & Osadetz, 1988; Evenchick et al., 2015; Dostal & 

MacRae, 2018; Kingsbury et al., 2018; Embry & Beauchamp, 2019). Coeval with the second 

tholeiitic pulse, transitional-alkaline to alkaline basaltic lavas of the Hassel Formation and mafic 

alkaline intrusions were being emplaced in north-eastern and central Ellesmere Island and 

southern Axel Heiberg Island (Fig. 1, Osadetz & Moore, 1988; Estrada, 2015; Dockman et al., 

2018). We will propose that the regional-scale inland swarm of alkaline dykes and sills 

previously recognized by Dockman et al. (2018) and the Hassel Formation volcanics are related, 

and we group them into a newly-defined Fulmar Suite. 
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Younger Cretaceous (83-73 Ma) occurrences of alkaline bimodal volcanic complexes along 

the northern coast of Ellesmere Island have previously been referred to as the Hansen Point 

Volcanics (Fig. 1, Trettin and Parrish, 1987; Embry & Osadetz, 1988; Estrada et al., 2006, 2016 

(Trettin & Parrish, 1987; Trettin, 1996a; Dewing & Embry, 2007; Tegner et al., 2011; Estrada & 

Henjes-Kunst, 2004, 2013; Dockman et al., 2018; Naber et al., 2021). However, basalts at the 

Hansen Point stratotype section are tholeiitic and correlate geochemically and temporally (97-93 

Ma) with tholeiitic basalts of the Strand Fiord Formation (HPTS in Fig. 2, Naber et al., 2021; 

Saumur et al., 2021; Bédard et al., 2021). This led Naber et al. (2021) to propose that the 

younger HALIP alkaline volcanics and correlative intrusions be referred to as the Audhild Bay 

Alkaline Suite instead, with a stratotype at Audhild Bay (A.B. on Fig. 1c). As some of the felsic 

rocks from this site are sub-alkaline (Estrada et al., 2016), we will refer informally to this 

broader (alkaline and sub-alkaline) magmatic association as the Audhild Bay Suite (ABS) in this 

paper. The roughly coeval, more deeply eroded Wootton Intrusive Complex (WIC, 92.2-92.7 

Ma: Trettin & Parrish, 1987; Estrada & Henjes-Kunst, 2013) ranges from peridotite to granite in 

composition, but its alkaline mafic rocks show a geochemical spectrum and trace element 

signatures akin to rocks of the ABS (see below). After alkaline magmatism ended, horizontal 

shortening and thrusting of Paleozoic and Mesozoic strata (the Eurekan Orogeny) began in the 

earliest Paleocene and ended in the Oligocene (Thorsteinsson & Tozer 1970; Piepjohn et al., 

2007, 2016; Ruppel et al., 2018). 

 

HALIP ALKALINE MAGMATIC ROCKS 

Methods and data sources 
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In this study, new major element (XRF and ICP-AES) and trace element (ICPMS) data have 

been collected for 57 samples of HALIP alkaline rocks, with new Sr-Nd isotope data for 2 

samples. Data were generated on 13 samples collected as part of the GEM2 Program of the 

Geological Survey of Canada between 2013 and 2017 (analysed at the Ontario Geological 

Survey Geolabs, OGS), 16 samples collected during the 2017 CASE expedition (analysed at 

Acme Laboratories), and 28 samples recovered from the archives of the Geological Survey of 

Canada and Dalhousie University in Halifax (Saumur, 2015; Saumur et al., 2015, Saumur & 

Williamson, 2016; analyzed at OGS and Institut National de la Recherche Scientifique – Eau, 

Terre et Environnement in Québec City). Additional geochemical and isotopic data were 

compiled from the literature (Osadetz & Moore, 1988, N=24; Trettin, 1996a, N=38; Kontak et 

al., 2001, N=8; Estrada & Henjes-Kunst 2004, 2013, N=33; Ernst & Buchan, 2010 and Jowitt et 

al., 2014, N=17; Estrada, 2015, N=9; Estrada et al., 2016, N=110; Estrada et al., 2018, N=5; 

Dockman et al., 2018, N=34; Naber et al., 2021, N=1). Table 1 provides representative new 

analyses; Table 2 shows averages of the different suites; E-Appendix 1 describes analytical 

methods for new and compiled data; E-Appendix 2 contains all new alkaline HALIP data; the 

complete HALIP dataset and selected metadata are available in Bédard et al. (2020). 

 

Approach and classification 

Mafic rocks were classified using the Zr/Ti vs Nb/Y plot (Fig. 3, Pearce, 2014, after 

Winchester & Floyd, 1977) and the TAS diagram (Fig. 4, Na2O+K2O vs SiO2, after LeBas et al., 

1986), which yield generally consistent results with rare misfits likely reflecting post-magmatic 

remobilization of alkalies and silica (cf. Pearce, 2008, 2014). Sub-alkaline (tholeiitic) rocks are 

discussed in detail by Saumur et al. (2021) and Bédard et al. (2021).  Strongly fractionated 
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magmatic rocks (MgO<2%) are only considered where their position in the overall geochemical 

distribution sheds light on HALIP petrogenesis. As most of the felsic rock analyses are from 

Estrada et al. (2016), the reader is referred to that paper for a more complete discussion of felsic 

HALIP magmatism. 

Individual mafic alkaline HALIP rock analyses, both new and old, were grouped into 

self-consistent empirical suites and variants by iterative comparison of Harker plots and 

normalized trace element diagrams. Extrusive rock data provide stratigraphic age control (Fig. 

2), and geochemical similarities allow many undated sills and dykes to be correlated to either: 

the older alkaline (or tholeiitic) volcanics; or to the younger, distinctly more alkaline lavas of the 

Audhild Bay Suite. As shown in the following, our independently-defined natural geochemical 

groupings correspond to distinct geographic distributions (Fig. 1b), which have important 

implications for the petrogenesis of these magmatic rocks. 

We do not discuss the near-ubiquitous positive Pb-anomalies shown by HALIP basalts on 

the normalized plots (see below), because none of our data are from leached samples. Although 

HALIP rocks are generally quite fresh, minor low degree alteration is common, the intrusive 

rocks were commonly emplaced into Pb-rich sedimentary hosts, and it is well known that Pb is 

mobile at low temperatures. We emphasize the distribution of P2O5 throughout, because the 

HALIP data reveal widespread decoupling of this element from other, similarly-incompatible 

immobile elements, which we believe indicates the presence of modal apatite in the mantle 

sources of many and perhaps most HALIP alkaline magmatic rocks. There is considerable 

ongoing discussion about the role of subordinate lithologies in the genesis of OIB magmas (e.g. 

Larsen et al., 2003; Sobolev et al., 2005; Lambart et al., 2013; Herzberg et al., 2016), and we 

will argue that evidence for modal apatite in the sources of HALIP alkaline magmas likely also 
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signifies the presence of fertile pyroxenitic source components. We now present the main 

geochemical characteristics of the HALIP alkaline magmatic suites together with salient age and 

stratigraphic constraints, proceeding from oldest to youngest. 

Hassel Formation volcanics 

The Albian to upper Cenomanian Hassel Formation (Fig. 2) is a siliciclastic unit found across the 

Sverdrup Basin, with minor volcanic rocks occurring at several stratigraphic levels on northern 

Axel Heiberg and Ellesmere Islands (Osadetz & Moore, 1988; Estrada, 2015; Evenchick et al., 

2015; Embry & Beauchamp, 2019). Near Lake Hazen (Fig. 1d), the Hassel Formation 

conformably overlies Christopher Formation shales and siltstones (Embry, 1991), and is 

composed of non-marine sandstone, mudstone and coal deposited in a delta-plain environment 

(Osadetz & Moore, 1988; Trettin, 1991), with sparsely plagioclase-phyric basaltic lavas 

occurring as erosional remnants (1 or 2 flows, 2.5-13 m thick; Fig. 1, Osadetz & Moore, 1988; 

Estrada, 2015). Petrographically similar hypabyssal intrusions commonly occur in the section 

beneath. The Hassel Formation basalts near Lake Hazen, dated at 96.4 ± 1.6 Ma (40Ar-39Ar) by 

Estrada (2015), range from stratigraphically beneath to equivalent with Strand Fiord Formation 

tholeiites. 

Osadetz & Moore (1988) divided the Hassel Formation lavas into a High-P2O5 population 

(1.1-1.5 wt% P2O5, 3.6-3.9 % MgO) and a Low-P2O5 population (0.3-0.5 wt% P2O5, 4.6-5.2% 

MgO, Fig. 4a). The TAS diagram (Fig. 4) suggests both are transitional-alkaline whereas the 

Zr/Ti vs Nb/Y discriminant (Fig. 3a) implies High-P2O5 Hassel lavas are transitional-alkaline (av. 

Nb/Y = 0.66), as they straddle the basalt / alkali basalt threshold (Nb/Y = 0.7), whereas Low-

P2O5 Hassel lavas are more clearly alkaline (Fig. 3a, av. Nb/Y = 0.93). Contents of compatible 
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elements (Cr, Ni) and MgO are low, indicating all Hassel Formation magmas experienced 

considerable fractionation after separation from the mantle, and crystallized olivine gabbro 

assemblages in the crust (Osadetz & Moore, 1988). Osadetz & Moore (1988) and Estrada (2015) 

argued that the large P2O5-gap precludes a direct fractional crystallization link between Low-

P2O5 and High-P2O5 Hassel Formation magmas. The representative liquid-line of descent paths 

shown in Figure 5a further demonstrate that the wide P2O5 gap between the two populations 

cannot be bridged by normal fractional crystallization processes. Although they are very 

different in terms of P2O5 content, the two Hassel populations overlap in terms of most major 

(Fig. 6) and many trace elements (Fig. 7). Low-P2O5 Hassel basaltic lavas resemble OIB (Fig. 

7b), being enriched in LREE (Light Rare Earth Elements, av. La/SmPM = 2.4; normalized to 

Primitive Mantle); with steep M-HREE (Middle to Heavy REE) profiles (av. Sm/YbPM = 3.5). 

High-P2O5 Hassel basaltic lavas differ in having strong negative Nb-Ta-Zr-Hf anomalies, 

positive P-Pb-Rb-Ba-Eu anomalies (Fig. 7), and steeper HREE profiles (av. La/SmPM = 2.2 & 

Sm/YbPM = 4.5; cf. figure 9 in Estrada, 2015). Given that phosphorous has about the same 

incompatibility in common mantle minerals as Ce or Nd, then the very large variations of P2O5 

and their decoupling from the REE are problematic. 

Osadetz & Moore (1988) interpreted dykes and sills located near exposures of Hassel 

Formation lavas (Fig. 1), and those located near Ekblaw Lake (45 km west of Lake Hazen), as 

possible cogenetic feeders. Although Osadetz & Moore (1988) only analyzed major and minor 

elements, we divided these potentially correlative dyke and sill analyses into High-P2O5 and 

Low-P2O5 variants for direct comparison with Hassel Formation lavas. Low-P2O5 intrusions 

(Osadetz & Moore, 1988; green ‘+’ symbols, Figs 3-6) are almost indistinguishable from Low-

P2O5 Hassel Formation lavas (green ‘X’ symbols), and so may indeed be direct feeders. 
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However,  High-P2O5 intrusions (open ‘O’ symbols) have higher TiO2 contents (at higher MgO, 

Fig. 6b) than High-P2O5 Hassel Formation lavas (green ‘O’ symbols) and so cannot represent the 

plumbing system that fed these specific lava flows, although we will argue in the next section 

that they do belong to a common magmatic suite. 

 

Fulmar Suite 

A geographically widespread (Fig. 1) population of alkaline (with rare transitional alkaline) 

basaltic to trachy-basaltic sills and dykes (MgO 2-8%, Figs 3-6), which we call the Fulmar Suite 

(after Fulmar Channel, F.C. on Fig. 1e), is located along an inland SW-NE trend on Axel 

Heiberg and Ellesmere Islands. At the northeastern end of the study area, the samples we 

attribute to the Fulmar Suite are interspersed among the Hassel Formation volcanics and the 

intrusions Osadetz & Moore (1988) previously interpreted as hybabyssal equivalents of the 

Hassel lavas (Fig. 1d). In the central and southern parts of the area, the rocks we assign to the 

Fulmar Suite scatter across Eureka Sound (E.S. on Fig. 1e) and to either side of Fulmar Channel 

along the trace of the Surprise Fiord circumferential dyke swarm (Fig. 1e), extending the 

geographic distribution of the alkaline dyke swarm shown by Dockman et al. (2018). Fulmar 

Suite intrusions occur along and around the traces of a series of major faults (Fig. 1) which, 

although reactivated by younger Eurekan deformation, likely reflect deep-seated and older 

geotectonic crustal/lithospheric discontinuities at depth (Schaeffer & Lebedev, 2014; Schiffer & 

Stephenson, 2017). 

Fulmar Suite intrusions have major and trace element signatures identical to those of the 

Hassel Formation volcanics in most respects (Figs 3b, 5, 6, 8, 9). Although Fulmar Suite rocks 
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have a slightly wider MgO range (2.8-8.1 wt%) than the Hassel Formation lavas (3.6-6.2 wt%), 

we argue that rocks of the Fulmar Suite and Hassel Formation likely represent a common 

magmatic suite. In other words, Hassel Formation lavas are a restricted subset of a broader 

Fulmar Suite. Significantly, Fulmar Suite rocks fill the P2O5 gap that separates the two Hassel 

Formation basalt populations (Fig. 5b). To facilitate discussion, we now divide Fulmar Suite 

rocks into High-P2O5 and Low-P2O5 variants, with an Intermediate-P2O5 group in between 

corresponding approximatively to the gap in Hassel Formation data. The Low- / Intermediate-

P2O5 discriminant applied to Fulmar rocks (Fig. 5b) corresponds approximately to the High- / 

Low-P2O5 discriminant that will subsequently be applied to the Audhild Bay Suite  (Fig. 5c), 

whereas the Fulmar High- / Intermediate-P2O5 discriminant is parallel to it but at slightly higher 

P2O5. 

Similarly to the High-P2O5 Hassel Formation basalt population, many High-P2O5 Fulmar 

rocks are transitional-alkaline basalts (Fig. 3b), whereas the lower SiO2 and higher Nb-content of 

Low-P2O5 Fulmar and Hassel rocks classes them as alkaline basalts (Figs 3b, 4b). Low-P2O5 

Fulmar Suite rocks have smooth, strongly fractionated, OIB-like incompatible trace element 

profiles (Fig. 8b; av. La/SmPM = 2.4; Sm/YbPM = 3.5) that are almost indistinguishable from 

those of the Low-P2O5 Hassel Formation basalts (Fig. 9b). Although the High- and Low-P2O5 

Fulmar Suite rocks are generally similar, High-P2O5 Fulmar variants (av. La/SmPM = 2.2; 

Sm/YbPM = 3.8) commonly show positive P-Eu-anomalies and higher Ba-contents (Fig. 8a). 

However, the extreme Ba-Th-U-LREE-Eu enrichment of the Hassel Formation High-P2O5 

basalts is not evident in other Fulmar High-P2O5 rocks (Fig. 9a). We will argue that this is 

because the Hassel Formation High-P2O5 basalts tapped an unusual or spatially restricted mantle 

component that few other Fulmar magmas sampled. 
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Two of the rocks we class as Fulmar Suite intrusions have been dated. Sample DMD173 

from Dockman et al. (2018, an intermediate-P2O5 variant) yielded a U-Pb TIMS age of 91.7 ± 1 

Ma, while Villeneuve & Williamson (2006) determined an age of 94.4 ± 2.2 Ma with the Ar–Ar 

isochron method for sample EL84-218 (a High-P2O5 variant). These ages overlap with, or are 

only slightly younger than the mean 40Ar/39Ar whole-rock age determined on the Hassel 

Formation lavas near Lake Hazen (96.4 Ma ± 1.6 Ma, Estrada, 2015), consistent with our 

proposed geochemical correlation (Fig. 2). 

Most Fulmar Suite intrusions (and the Hassel Formation lavas) are located along a NE-

SW band distal to the continent’s northern edge, but three samples from an undated sill cutting 

Pearya terrane rocks on Ellesmere Island (‘Z’ symbol on Fig. 1b, samples GQA17-19-4 to -6) 

show a close resemblance to the Fulmar Low-P2O5 rocks in all respects except for slightly flatter 

HREE segments (av. Sm/YbPM = 3.2; Fig. 8c, Table 1). These samples are labelled Fulmar-Z or 

Fulmar Type Z because they are remote from other Fulmar Suite intrusions. 

Alkali basalt dykes in Peary Land in Northern Greenland (Kontak et al., 2001; 

Thorarinsson et al., 2015; red square marked ‘PLD’ on Fig.1a), are also very similar to the 

Fulmar / Hassel rocks (Figs 3b, 4b, 5b, 6, 9a, Table 2), as previously noted by Estrada (2015), 

although the Peary Land dykes (like the Hassel Formation High-P2O5 rocks) range to higher Ba, 

Eu and Th (Fig. 9a). Despite this geochemical similarity, the Peary Land dykes are markedly 

younger (40Ar/39Ar age of 85.7 ± 4.4 to 81.9 ± 1 Ma, Kontak et al., 2001; U-Pb concordia ages of 

82.1 ± 1.5 and 80.8 ± 0.6 Ma, Thorarinsson et al., 2015) than Fulmar and Hassel rocks (Fig. 2). 

Fulmar Type Z intrusions of the Pearya terrane may be correlative with the Peary Land dykes of 

Greenland, and represent a younger alkaline magmatic pulse, but geochronological data are 

required to test this hypothesis. 
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The Audhild Bay Suite and possible correlatives 

Lavas of the Audhild Bay Suite (ABS) cap the fourth, Late Cenomanian to Maastrichtian 

cycle of the Sverdrup Basin succession, and are considered correlative to the dominantly 

siliciclastic Kanguk Formation (Fig. 2; Naber et al., 2021), which contains felsic alkaline 

bentonites that yielded U-Pb SIMS zircon ages between 91.3 and 83.1 Ma (Pointon et al., 2019).  

The ABS volcanic rocks were deposited upon an eroded and faulted pavement of Pearya 

composite terrane basement at many places along the northern coast of Ellesmere Island, 

including: Audhild Bay (stratotype, A.B. in Fig. 1c), Emma Fiord and Phillips Inlet, with lesser 

accumulations in the Yelverton Bay area (Balkwill, 1978; Trettin, 1987, 1994; Trettin & Parrish, 

1987; Embry & Osadetz, 1988; Estrada et al., 2016, 2018; Hadlari et al. 2014; Naber et al., 

2021). These bimodal volcanic complexes expose up to 1 km of mafic to felsic volcanogenic 

breccia and flows with subordinate terrigenous interbeds (Embry & Osadetz, 1988), which are 

locally cut by syenitic intrusions (Trettin, 1996b; Naber et al., 2021). Felsic ABS lavas and 

intrusions vary from trachyte (comendite) or syenite to dacite and subalkaline rhyolite (Estrada et 

al., 2016; Naber et al., 2021). Although only the mafic part of the spectrum is formally addressed 

here, radiogenic isotope data, trace elements and inherited zircons indicate that some of the more 

siliceous lavas and intrusions, especially the sub-alkaline ones, contain substantial contributions 

from crustally-derived anatectic materials (Estrada et al., 2016; Naber et al., 2021). The U-Pb 

chronology shows a range of ages for the felsic rocks, but is hampered by ubiquitous inheritance 

(Trettin & Parrish, 1987; Estrada et al., 2016; Naber et al., 2021). The Ar-Ar and U-Pb data 

suggest emplacement ages between 83 and 73 Ma (Estrada & Henjes-Kunst, 2004; Dockman et 

al., 2018; Naber et al., 2021). In this paper, undated mafic dykes and sills that occur in spatial 

association with the ABS volcanics, and which resemble them geochemically, are correlated with 



18 
 

the ABS (Fig. 10). The hypabyssal intrusive rocks we attribute to the Audhild Bay Suite have 

distributions on variation and normalized extended incompatible element plots that are almost 

indistinguishable from those of the ABS extrusives (Figs 3c, 5c, 10). 

To facilitate comparison with the Fulmar Suite and Hassel Formation rocks, we divide 

mafic ABS rocks and inferred correlative intrusions into High- and Low-P2O5 variants (Fig. 5c, 

10). The threshold (Fig. 5c) was defined iteratively to ensure that all High-P2O5 rocks have steep 

HREE segments, with all Low-P2O5 rocks having shallower HREE segments (Fig. 11). Rocks 

analyzed in older studies (Osadetz & Moore, 1988; Trettin, 1996a; Estrada & Henjes-Kunst, 

2004) were classified as High-P2O5 or Low-P2O5 variants based on incomplete normalized 

extended incompatible element plots and the MgO vs P2O5 plot (Figs 5c, 11). These 

classifications are tentative as older XRF data on La, Ce, Y and Yb have low accuracies. This 

exercise indicates that while there are roughly sub-equal proportions of High-P2O5 and Low-

P2O5 ABS extrusive rocks (N= 18 High-P2O5 vs 25 Low-P2O5), the vast majority of potentially 

correlative intrusive rocks are High-P2O5 variants (N=30 High-P2O5 vs 4 Low-P2O5). Six 

strongly porphyritic ABS rocks (some intrusive) with MgO contents >14%, are enriched in Ni 

and Cr, and have lower total incompatible element abundances. They are considered cumulates 

and will not be discussed further. 

Mafic Audhild Bay Suite rocks range from primitive basanites (possibly nephelinite), to 

alkaline basalts, trachy-basalts and trachy-andesites (av. SiO2 = 46.5 wt%; Figs 3c, 4c). They 

have distinctly higher Nb/Y and Zr/Ti ratios than Hassel Formation and Fulmar Suite rocks, and 

range to more strongly alkaline compositions (Figs 3c, 4c). Phenocrysts of olivine and especially 

clinopyroxene are commonly reported in High-P2O5 ABS variants. In contrast, Low-P2O5 ABS 

variants are richer in SiO2 (av. = 48.9 wt%), are mostly transitional-alkaline (Figs 3c, 4c), and 
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may contain feldspar phenocrysts. Mafic lavas and intrusions of the Audhild Bay Suite show a 

wide range of P2O5 at a given MgO content (Fig. 5c), and like the Fulmar Suite, must also be 

composite in this respect, representing ascent and co-eruption of multiple independent magmatic 

liquid lines of descent with a range of initial P2O5 contents. High-P2O5 ABS rocks show a wide 

range of MgO and TiO2, and tend to have lower FeO* than Fulmar Suite rocks (Fig. 6). Low-

P2O5 ABS lavas and intrusions, in contrast, have a more restricted MgO range (3-7 wt%, Figs 5, 

6), and scatter towards lower FeO* and TiO2 than the High-P2O5 ABS rocks. 

The High-P2O5 and Low-P2O5 variants of the Audhild Bay Suite are also discriminated 

on the basis of their normalized trace element patterns (Fig. 10d). High-P2O5 ABS rocks are 

strongly LREE-enriched with steep HREE segments (av. Sm/YbPM = 3.9); most are enriched in 

Nb, with weak to absent negative Nb anomalies; they have large positive P-Eu anomalies; and 

show high abundances of HFSE (High Field Strength Elements) and REE (Figs 10, 11a). Profiles 

resemble typical OIB (Fig. 11a). In contrast, Low-P2O5 ABS rocks have more prominent 

negative Nb anomalies (Figs 10, 11a); show generally smaller positive P-Eu anomalies (the 

lowest-P2O5 rocks lack positive P-anomalies entirely); and have flatter HREE segments (av. 

Sm/YbPM = 2.7). In contrast to the marked differences in HFSE and REE contents, the 

normalized LILE (Large Ion Lithophile) and LREE segments of Low- and High-P2O5 ABS 

variants show much overlap, and similar shapes (Figs 10, 11a). 

Potentially-correlative alkaline lavas from the Svartveeg Cliffs of NE Axel Heiberg 

Island (‘5’ symbol on all figures, Dockman et al. (2018) samples DMD153a,b) are low-MgO 

alkaline basalt and trachy-andesite (Figs 3a, 4) with unique normalized extended incompatible 

element profiles (Fig. 11a). Svartveeg Cliffs lavas have only weak positive P spikes, with low 

P2O5 abundances typical of Low-P2O5 ABS rocks (Fig. 5d), but have HREE segments that are 
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steeper than those of High-P2O5 ABS rocks (av. Sm/YbPM = 5.2; Fig. 11a). Apart from the 

HREE, Svartveeg Cliffs lavas have normalized incompatible element profile shapes that are very 

similar to those of High-P2O5 variants of the ABS (Fig. 11a), but are at the lower end of the ABS 

range, with only moderate LREE enrichment (av. La/SmPM = 2.8). Given their geographic 

proximity (Fig. 1) and strongly alkaline compositions (Figs 3d, 4d), we interpret the Svartveeg 

Cliffs lavas to be a strongly fractionated facies of the Audhild Bay Suite. 

Widely dispersed intrusive samples from the Pearya terrane of northern Ellesmere Island, 

and from the Rannes Peninsula of southern Ellesmere Island, are grouped as Type 9 alkaline 

intrusions (‘9’ symbols on figures; samples DMD134,135 Dockman et al., 2018; SE 45/01, 

53/01 Estrada et al., 2016; SE 69/08 Estrada et al., 2018). They are mostly alkaline basalts (Figs 

3d, 4d), with one sub-alkaline basaltic andesite (DMD135). They have low P2O5 abundances 

(Fig. 5d) but show positive P anomalies and have trace element contents most similar to those of 

the Low-P2O5 ABS (Fig. 11b). They differ from Low-P2O5 Fulmar Suite rocks in having lower 

trace element abundances with only moderate LREE enrichment (av. La/SmPM = 2.5) and 

shallower HREE segments (av. Sm/YbPM = 2.7; Fig. 11b). The samples from Dockman et al. 

(2018) are unusual in having large positive Zr-Hf-Ti anomalies. Type 9 rocks are problematic as 

the ones in the south are geographically separated from the rocks they most closely resemble, the 

Low-P2O5 Audhild Bay Suite. 

Kaersutite-phyric lamprophyric dykes from the Pearya terrane yielded a Triassic (pre-

HALIP) 40Ar/39Ar whole rock age of 203.3 ± 3 Ma (Estrada et al., 2018). These lamprophyres 

have geochemical signatures that are very similar to typical High-P2O5 ABS rocks with weak 

positive P anomalies (Fig. 11a). It is, therefore, possible that some of the undated intrusives we 

attributed to the High-P2O5 ABS may in fact be of Triassic age. 
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The Wootton Intrusive Complex 

The Wootton Intrusive Complex (WIC) also crops out within the Pearya terrane at the northern 

edge of Ellesmere Island (red ‘+’ symbols in Fig. 1). The WIC includes peridotite cumulate, 

hornblendite, hornblende gabbro to diorite, monzonite and granite; and has finer-grained dykes 

of felsic to mafic composition (Trettin & Parrish, 1987; Estrada et al., 2016). The WIC yielded 

U-Pb zircon and titanite ages between 92.7 ± 0.3 and 92.2 ± 0.2 Ma (Trettin & Parrish, 1987; 

Estrada & Henjes-Kunst, 2013). Radiogenic isotope data show that WIC granites contain an 

important crustal component (Estrada et al., 2016). 

We divide Wootton Intrusive Complex mafic rock analyses into High- and Low-P2O5 

populations, with the same thresholds and criteria as were applied to the ABS (Fig. 5d). Only 

three WIC samples have High P2O5 and moderately steep HREE segments (Fig. 12a). 

Compositionally, these High-P2O5 WIC rocks plot as strongly alkaline tephrites and trachy-

basalts (av. SiO2 = 43.6 wt%; Figs 3d, 4d), with strongly enriched and fractionated trace element 

profiles (av. La/SmPM = 6.3), no negative Nb anomalies, positive P-Eu anomalies, and steep 

HREE segments (av. Sm/YbPM = 4.4; Fig. 12a). The incompatible trace element abundances of 

High-P2O5 WIC rocks are similar to the upper part of the High-P2O5 ABS range and are more 

enriched than many OIB (Fig. 12a). 

The dominant Wootton Intrusive Complex hornblende-rich gabbros and diorites, on the other 

hand, all belong to the Low-P2O5 WIC population. They plot as transitional alkaline to alkaline 

basalts (Figs 3d, 4d) with higher SiO2 (av = 51.6 wt%), and lower P2O5, FeO*, TiO2, LREE (av. 

La/SmPM = 2.8), and LILE than High-P2O5 WIC rocks (Figs 5d, 6, 12b). Low-P2O5 WIC rocks 

have normalized extended incompatible element profiles that overlap the Low-P2O5 ABS range 
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for LILE and very incompatible elements, with near-identical profile shapes and common 

negative Nb anomalies, but differ in having slightly higher HREE abundances and shallower 

HREE slopes (av. Sm/YbPM = 2.8; Fig. 12b). Wootton Intrusive Complex peridotite cumulates 

are not considered here. 

RADIOGENIC ISOTOPES 

Two new Sr and Nd isotopic analysis pairs (Table 1) are combined with published HALIP data 

in a plot of εNd90 vs 87Sr/ 86Sri (Fig. 13). Rocks of the Audhild Bay Suite, Wootton Intrusive 

Complex, and Fulmar Suite (including Low-P2O5 Hassel Formation rocks), overlap or approach 

the mantle array at ƐNd90 between +4 and +6 (Fig. 13), well below DMM (depleted MORB 

mantle) values (ƐNd90>8). Most HALIP tholeiites, many Fulmar Suite rocks and most felsic 

rocks from the ABS and WIC, scatter along mixing curve #2 of Estrada et al. (2016), that trends 

towards a fertile upper crustal composition similar to Pearya terrane orthogneisses or 

alternatively, towards a high Rb/Sr EM-Type mantle component. There is no apparent link 

between P2O5 content and isotopic signatures for Fulmar Suite rocks. A felsic rock and two Low-

P2O5 rocks from the WIC, a felsic rock from the ABS, and the High-P2O5 Hassel Formation 

lavas, plot along a steeper path (curve #1 of Fig. 13), which was interpreted by Estrada et al. 

(2016) to reflect contamination of OIB-like mantle melts with granulite facies, lower crustal 

rocks depleted in LILE and incompatible elements (DePaolo & Wasserburg, 1979; Weaver & 

Tarney, 1983; Guernina & Sawyer, 2003); though this trend could also indicate low-ƐNd 

subcontinental lithospheric mantle components (DePaolo, 1988). 

 

DISCUSSION 
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For the mafic HALIP alkaline rocks, Estrada (2015) and Estrada et al. (2016) identified 

several mantle end-members. These include a primitive mantle component, a subordinate OIB-

like component they interpreted as recycled oceanic crust, and possibly an enriched component 

they interpreted as sub-continental lithospheric mantle (SCLM) metasomatized by ancient 

subduction. Kingsbury et al. (2016) accepted the idea of common crustal assimilation in HALIP 

tholeiites and argued for a dominant plume head source for them, but attributed LILE-enrichment 

in tholeiitic basalts to intra-mantle contamination by an æsthenospheric domain polluted by 

ancient subducted sediment. Dostal & MacRae (2018) and Shephard et al. (2016) also favoured 

melting a mantle metasomatically enriched by ancient subduction processes to generate HALIP 

tholeiites, but argued that the enriched component resided in the SCLM, which they inferred was 

the main HALIP CFB source. In contrast, Dockman et al. (2018) rejected a role for melting of 

fertile veins in the SCLM, and because of complexities with timing and spatial distribution, 

questioned the role of a plume in the younger HALIP magmatism. Dockman et al. (2018) instead 

posited variable degrees of polybaric melting of ambient æsthenospheric mantle affected by 

edge-driven convection to explain both tholeiitic and alkaline HALIP melts (King & Anderson, 

1998; Kaislaniemi & van Hunen, 2014). Because they appear to be low-degree mantle melts, 

HALIP alkaline rocks are likely to better preserve the enriched intra-mantle fertile signatures, 

and are key to resolving the debate about the origin, location and possible participation of fertile 

components in the mantle sources of HALIP basalts generally. 

 

Crustal contamination 

In contrast to HALIP tholeiites, which show evidence for ubiquitous crustal contamination 

(Bédard et al., 2021; Naber et al., 2021), trace element and isotopic data imply that crustal 
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contamination played a less important role for the HALIP mafic alkaline rocks; being most 

significant in magmas processed within larger, central-complex chambers, which provide 

opportunities for mixing between anatectic felsic melts and mantle-derived mafic magmas 

(Estrada et al., 2016). We now discuss trace element ratio plots (Figs 14, 15) which, when 

considered in tandem with radiogenic isotope data (Fig. 13), allow us to constrain the extent to 

which crustal contamination affected the geochemistry of HALIP alkaline magmas. 

In the Th/Yb vs Nb/Yb plot (Fig. 14), basalts from modern ocean ridges (MORB) and 

ocean islands (OIB) define an oblique band with a slope defined by melt/mantle residue partition 

coefficients. The position of any given liquid located in this band reflects the integrated melting 

and refertilization history of the mantle from which it was extracted. Basalts enriched in 

incompatible elements like OIB come from the enriched end (high Th/Yb and Nb/Yb) because 

they generally reflect low-degree melts of fertile source mantle, whereas incompatible element 

depleted basalts (N-MORB) require higher melting degrees and separate from more refractory 

mantle. It is difficult to generate basaltic compositions outside of this band by normal mantle 

melting processes, but easy to do so by adding a component such as continental crust or 

sedimentary rock, which have very different Th/Yb and Nb/Yb. 

Consistent with radiogenic isotope data indicating a large crustal contribution (Fig. 13), 

most sub-alkaline felsic intrusions and lavas from the ABS and WIC have high Th/Yb and plot 

well above the mantle array (Fig. 14b), scattering towards the compositions of continental crust 

and crustally-derived Sverdrup Basin siliciclastic rocks. Assimilation of crustal material is 

supported locally by the presence of inherited zircons yielding Mesoproterozoic Nd model ages 

in ABS rhyodacites (Trettin & Parrish, 1987; Estrada et al., 2016). 
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In contrast to the felsic rocks, mafic High-P2O5 ABS and WIC rocks that show few signs 

of contamination isotopically (Fig. 13) fall within the OIB-MORB array at the enriched end of 

the mantle spectrum on the Th/Yb vs Nb/Yb plot (Fig. 14b). Most Low-P2O5 ABS mafic rocks 

also plot entirely within the OIB-MORB array in the Th/Yb vs Nb/Yb plot (Fig. 14b), and in the 

mantle Nd-Sr isotopic array as well (Fig. 13). Consequently, extensive mixing with a continental 

crustal reservoir cannot be the main explanation for the transitional alkaline character, higher 

SiO2 and lower P2O5-content of the Low-P2O5 ABS rocks. If the geochemical variations are 

assumed to reflect mantle processes instead, comparison with model primitive mantle melting 

curves from Tegner et al. (2019) suggests the Low-P2O5 ABS melts reflect slightly higher 

extents of mantle melting (~4-8%; Fig. 14b) than do High-P2O5 ABS melts (~2-4%). Low-P2O5 

WIC and ABS rocks have a similar range of Nb/Yb, consistent with similar degrees of melting 

(Fig. 14b); but most Low-P2O5 WIC rocks scatter to high Th/Yb, indicating a strong crustal 

input, consistent with radiogenic isotope data (Fig. 13, Estrada et al., 2016). Nonetheless, there 

are a few Low-P2O5 WIC rocks with low Th/Yb that plot within the mantle arrays (Figs 13, 14), 

implying the High/Low-P2O5 dichotomy for WIC rocks cannot itself be the result of crustal 

contamination. 

Fulmar Suite and Hassel Formation rocks have Nb/Yb similar to those of Low-P2O5 WIC 

and ABS rocks (Fig. 14a), with most data straddling the top of the MORB-OIB mantle domain. 

The low Th/Yb implies that most Fulmar Suite melts experienced relatively low degrees of 

crustal contamination. The rare Fulmar samples that have high Th/Yb also show elevated 87Sr/ 

86Sri
 and lower ƐNd90 (Fig. 13), supporting a contamination scenario. On the other hand, two 

low-Th/Yb samples also have high 87Sr/ 86Sri
 (# DMD-133M = 0.7075; 15WJA-B52A1 = 

0.7056), which may record contributions from a high Rb/Sr EM-Type OIB component, or 



26 
 

alternatively, a Th-poor crustal contaminant. The main cluster of Fulmar Suite rocks (Fig. 14a) 

grade from Low-P2O5 variants that would originate from the least depleted mantle sources (or by 

lower degrees of melting, ~4-6%), to High-P2O5 variants that would originate from slightly more 

depleted sources (or by higher degrees of melting, ~5-7%), but there is no link between the P2O5-

content and the apparent extent of crustal influence as measured by Th/Yb or 87Sr/ 86Sri
 (Figs 13, 

14a). High-P2O5 Hassel Formation basalts have markedly higher Th/Yb than most Fulmar Suite 

rocks, suggesting they are more strongly contaminated (Fig. 14a), consistent with radiogenic 

isotope data (av. 87Sr/ 86Sri
 for High-P2O5 Hassel = 0.7071); whereas Low-P2O5 Hassel Formation 

lavas (av. 87Sr/ 86Sri
 = 0.7039) are indistinguishable from uncontaminated Fulmar intrusions. 

Additional constraints on the possible extents of shallow crustal contamination with 

continental crust (CC) or host sedimentary rocks of the Sverdrup Basin (SBS) are provided by 

plots of Ba/Nb, Th/Nb and Rb/Nb vs Nb/La (Fig. 15). The Nb/La ratio is generally low in 

continental crustal rocks and sediments; so addition of significant amounts of crustal 

contaminants should lead to dispersion towards the upper left of these diagrams (Wang et al., 

(2016). The felsic WIC and ABS rocks, which have strong crustal isotopic signatures, do indeed 

scatter towards such contaminants, as do the ubiquitously-contaminated HALIP tholeiites (grey 

field on Fig.15). The arrowed black lines show the effect of adding SBS contaminant to the 

average Low-P2O5 Fulmar melt. Although HALIP alkaline rocks show considerable scatter to 

fairly high Ba/Nb (see below), most have very low Th/Nb and Rb/Nb, and so cannot contain 

appreciable proportions of continental components in their source mantle. 

 

Fossil subducted sediment signatures in the HALIP mantle source? 
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Kingsbury et al. (2016) proposed that LILE-enrichment, high Ba/Th and high Ba/Nb in 

HALIP tholeiites reflects addition of a subducted sediment component to a rising plume head. A 

distal subduction-mediated sediment signature is also inherent in the models of Shephard et al. 

(2016), Dostal & MacRae (2018), and Hadlari et al. (2018); and Richter et al. (2020) claim to 

have detected a subduction signature as far afield as the Gakkel Ridge. 

HALIP tholeiites show correlated increases of Ba/Th vs Ba/Nb (Fig.16a), as noted by 

Kingsbury et al. (2016), but the alkaline rocks have systematically higher Ba/Th and lower 

Th/La ratios than the tholeiites (Fig. 16b). The black arrow shows the effect of adding crustal 

sediments, which have high Ba/Nb and Th/La. The offset of the HALIP tholeiites (and rare 

contaminated alkaline rocks) towards higher Ba/Nb and Th/La is consistent with their generally 

more contaminated nature, as demonstrated quantitatively by AFC modeling (Bédard et al., 

2021). Conversely, the higher Ba/Th and lower Th/La ratios (Fig. 16) and low Th/Nb and Rb/Nb 

(Fig. 15) of the HALIP alkaline rocks, seems inconsistent with a sediment-enriched mantle 

source for them. 

Preferential melting of sources containing typical subducted pericontinental clastic rocks 

and many types of pelagic sediments generate strongly potassic hydrous alkaline melts (e.g. 

Beccaluva et al., 1991; Foley, 1992a; Gibson et al., 1995; Conticelli et al., 2009; Prelević et al., 

2012). As HALIP alkaline rocks represent low-degree melts, they should show very strong 

evidence of this type of enriched mantle component, yet few HALIP alkaline rocks are strongly 

potassic, tending rather towards strongly sodic to calcic silica-undersaturated CO2-rich alkaline 

species. The isotopic and trace element data (Figs 13-16) show that most HALIP mafic alkaline 

rocks are only weakly contaminated with continental crust. If only the HALIP alkaline rocks that 

appear uncontaminated on isotopic grounds are considered, then there is little evidence for a 
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sediment-enriched mantle source for this suite. Conversely, the HALIP data do show evidence 

for decoupling of Ba from other LILE (Fig. 16), a subject to which we return below. 

Depth of melting and comparison with model melting paths 

Previous workers concluded that most HALIP alkaline rocks record garnet-facies melting 

because of their fractionated HREE profiles and high Sm/Yb (Figs 7-12, Estrada, 2015; 

Dockman et al., 2018). Although the residual assemblage is important, the trace element 

abundances and ratios of mantle partial melts also reflect the inherent fertility of the source 

material, and may also be impacted by melting and aggregation processes. We now examine the 

distribution of HALIP data on trace element ratio diagrams and compare them with model partial 

melting paths, to help clarify the relative effects of depth of melting, degree of melting, and 

source fertility. 

On a Sm/YbPM vs La/SmPM plot (PM = Primitive Mantle, Fig. 17), HALIP tholeiites 

define a series of horizontal arrays modeled as the result of AFC processes superimposed on a 

spectrum of primary basalts generated at different depths in the mantle, with Low-Sm/Yb Series 

a-b-c basalts representing very shallow spinel-field melting of peridotitic mantle (cf blue and 

green melting paths), whereas tholeiites with higher Sm/Yb would contain higher proportions of 

garnet-field melt increments (Dockman et al., 2018; Bédard et al., 2021). The very high-Sm/Yb 

HALIP tholeiites (Fig. 17: Types w, x, p; 6-8% melting) and Low-P2O5 Fulmar Suite rocks (3-

4% melting) both fall on the melting path of a fertile garnet lherzolite source for a pressure 

corresponding to 2% source garnet. High-P2O5 ABS and  High-P2O5 WIC rocks fall on the same 

path (Fig. 17).  If all these HALIP alkaline magmas emerged from the same source, then High-

P2O5 ABS and WIC rocks would correspond to <2% and often <1% melting. Estimates of % 



29 
 

melting differ slightly between Figs 14 and 17 because these published model melting paths 

reflect different assumptions with respect to source composition and melting dynamics. 

The Low-P2O5 ABS and WIC rocks have higher SiO2 (Figs 4c, 4d, Table 1) and flatter 

HREE profiles (Figs 10-12) than High-P2O5 ABS and WIC rocks, yielding correspondingly 

lower Sm/YbPM (Fig. 17). This shift towards higher SiO2, lower P2O5 and shallower HREE 

profiles, suggests that the difference between High- and Low-P2O5 rocks of the ABS and WIC 

could represent a shift from low-degree garnet field melting to slightly higher-degree spinel field 

melting. One explanation that is consistent with the position of the Low-P2O5 ABS and WIC 

rocks on the Sm/YbPM vs La/SmPM plot (Fig. 17), is that they record melting of the same plume 

source as the High-P2O5 ABS and WIC, but ascended along cooler decompression paths and 

only intersected the solidus at shallower levels. We do not favour this hypothesis, because if true, 

then the very high La/SmPM and Sm/YbPM of melts derived from a spinel peridotite source would 

imply an extremely fertile source that should have been easily fusible, and that should have 

melted early, in the garnet field. Another hypothesis that could be entertained is that Low-P2O5 

ABS and WIC rocks are mixes (labelled mix ? in Fig.17) between high-pressure melt increments 

similar to High-P2O5 ABS and WIC rocks, and lower-pressure melt increments (1-2% melting) 

derived from a normal mantle spinel-lherzolite source (blue melting path in Figure 17). 

However, the data show a narrow range of Sm/YbPM for a wide range of La/SmPM, orthogonal to 

the predicted mixing lines. We will propose a third alternative below, involving reworking of a 

fossil SCLM metasome at various depths above and below the garnet/spinel threshold. 

As previously pointed out (e.g. Jourdan et al., 2009), a fundamental ambiguity surrounds 

interpretations of all such trace element model melting curves, because it is very difficult to 

untangle the effects of depth, degree of melting, source composition and melting dynamics. 
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Fulmar Suite rocks provide key insights in this respect, because although their High- and 

LowP2O5 variants are otherwise geochemically very similar (Figs 8, 9), they plot along different 

model trace element melting curves (Fig. 17). Comparison with the melting models of Jourdan et 

al. (2007, 2009) suggests High-P2O5 Fulmar Suite melts represent slightly deeper (4% garnet 

melting path) and more extensive (~4-5%) melting than the Low-P2O5 Fulmar Suite melts (~2-

3% melting, Fig.17); consistent with relationships in the Th/Yb vs Nb/Yb plot (Fig.14). A 

possible alternative explanation of the offset in Figure 17 is that the source of the High-P2O5 

Fulmar Suite had an inherently higher garnet content. Thus, the REE and most highly 

incompatible element data could be interpreted in two ways. Either: (a) the gradation from Low- 

to High-P2O5 Fulmar melts reflects a slight increase in melting degree of a similar mantle with 

evolving garnet contents; or (b) the High-P2O5 Fulmar melts tapped a more fertile, more 

garnetiferous part of the mantle (Figs 14, 17). In the next section we explain why we favour the 

second hypothesis. 

The HALIP source: nature of enriched components 

Estrada (2015) argued that the positive P-Ba-Eu peaks of High-P2O5 Hassel Formation 

basalts (Fig. 7) cannot be explained by magma interaction with continental crust, which has low 

P2O5 and Eu. The High-P2O5 Hassel Formation rocks show no evidence for major plagioclase 

accumulation, which could explain positive Eu anomalies. Similar positive Eu anomalies are 

reported from Hawaiian basalts (West et al., 1992) and are interpreted as having been inherited 

from the heterogeneous Hawaiian mantle plume, possibly reflecting a fossil subducted feldspar-

cumulate lower-crust signature (e.g. Sobolev et al., 2000; Yaxley & Sobolev, 2007). Estrada 

(2015) concluded that the P-Ba-Eu enrichment seen in High-P2O5 Hassel Formation basalts (Fig. 

7) was related to an OIB-like mantle source, but Estrada et al. (2016) admitted the possibility of 
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a minor SCLM component. Kontak et al. (2001) interpreted the P-Ba-Eu enrichment and Zr-Hf 

depletion of High-P2O5 (their Type 2) alkaline basalt dykes from Peary Land in Greenland (Fig. 

9a) as a mantle source signature, possibly caused by melting of phlogopite and apatite-bearing 

metasomatic veins within the SCLM, but rejected a subduction origin for these veins because 

there are no associated negative Nb-Ta anomalies (Fig. 9a). Estrada (2015) later pointed out that 

K and Rb are not enriched together with Ba in the High-P2O5 dykes from Greenland (Fig. 9a), 

and so argued against phlogopite as a source of Ba. 

The Fulmar Suite is especially significant because it forms a coherent population (Figs 

3b, 4b, 5b, 8, 14a-17) that shows systematic incompatible trace element variations that suggest a 

common mantle source that experienced a narrow range in melting degree. The model melting 

trajectories based on REE, Th and Nb (Figs 14, 17) suggest an increase in degree of melting 

from the Low-P2O5 (F~2-3%) to the High-P2O5 (F~4-5%) Fulmar melts. Phosphorous has an 

incompatibility similar to Ce or Nd during mantle melting. Assuming a fertile lherzolite source 

with 95 pmm P (Sun and McDonough, 1989), application of equilibrium melting equations 

(Hansen, 1980), with Ds from Pagé et al. (2009, and assuming garnet/liquidDP = clinopyroxene/liquidDP), 

yields a melt P content (2074 ppm = ug/g) similar to that of the average Low-P2O5 Fulmar rock 

(2068 ug/g) at ~2.8% melting. More extensive melting (F = 4-5%) of a similar PM-like source 

should yield melts with lower P-contents (1440-1670 ug/g), but the opposite is observed, as the 

average High-P2O5 Fulmar rock has very high P-contents (4200 ug/g). As the observed change in 

P2O5 is the complete opposite of what is predicted for a uniform source model, with vastly higher 

P2O5 in higher-degree melts that should have had lower P2O5 concentrations, we argue in the 

following that subordinate P2O5-rich lithologies, likely also enriched in garnet and pyroxene, 
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were present in much of the source mantle that yielded the HALIP alkaline melts, and that High-

P2O5 Fulmar melts tapped more garnetiferous parts of the mantle. 

Fulmar suite rocks show a very clear pattern of strongly increasing P2O5 at near-constant 

Ba (Fig. 18b), Zr (Fig. 19a), and K2O (Fig. 19b), and slightly increasing TiO2 (Fig. 20); trends 

which are almost perpendicular to predicted fractionation- or melting-related variations of 

incompatible elements. This suggests to us that the Fulmar Suite compositional spectrum could 

best be explained by the presence of a widespread, but heterogeneously distributed, apatite-

bearing source component we call P1 (cf. O’Reilly & Griffin, 2000; Rogers et al., 2019), that 

was only modestly different from the ambient mantle in terms of highly incompatible elements 

(Ba-K-Zr), but had a TiO2 content of ~4%, far above typical peridotite values. A mass balance 

calculation suggests that the full range of Fulmar Suite variation in P2O5 (0.34 to 1.21 wt %) is 

the equivalent of ~2% apatite. As fertile primitive mantle contains only 95 ppm phosphorus (Sun 

& McDonough, 1989), bulk æsthenospheric mantle peridotite cannot have contained 2% modal 

apatite. Thus, we argue that the most plausible explanation for the anomalous P2O5 enrichment 

pattern seen in the High-P2O5 Fulmar Suite is that heterogeneously-distributed fertile apatite-

bearing domains or lithologies were preferentially sampled, whereas normal garnet-facies 

melting of bulk peridotite mantle (with few apatite-bearing domains) yielded Low-P2O5 Fulmar 

Suite melts with much smaller (or no) positive P-anomalies (Fig. 17). We suggest that 

phosphorous anomalies on normalized trace element diagrams may be a useful tool in the 

investigation of source mantle composition from other alkali basalt suites. 

The fluxing effect of an embedded volatile-rich phase or fertile lithology may thus 

explain the apparent paradox that Fulmar magmas with the highest proportion of apatite in their 

make-up (High-P2O5) appear to come from mantle domains that are more depleted than those 
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which generated the Low-P2O5 Fulmar magmas (Fig. 14a). A minor phase enriched in 

incompatible elements and volatiles could have triggered earlier and more extensive melting at 

greater depths, or alternatively, could have changed the composition of the melts being generated 

at the same pressure, such that they do not plot along the same model melting paths (Fig. 17). 

The geographically widespread ocurrence of the High-P2O5 Fulmar rocks suggests the apatite-

bearing P1 component was present on a regional scale in the mantle that generated HALIP 

magmas. Apatite from the SCLM occurs in metasomatized peridotite or as high-pressure 

magmatic crystallization products, typically clinopyroxene-rich (e.g. O’Reilly & Griffin, 2000), 

suggesting that discrete pyroxenitic mantle lithologies (±apatite) contributed preferentially to 

High-P2O5 Fulmar melts. 

We argue that High-P2O5 Hassel Formation basalts differ from most High-P2O5 Fulmar 

Suite rocks (Fig. 9a) because they exhibit the effects of a different, high-P-Ba-Eu fertile mantle 

component that we call P2 (Fig. 18). This P-Ba-Eu-enrichment is also manifest in the Peary Land 

dykes (Figs 5b, 9a, 18b), and in some High-P2O5 ABS and WIC rocks (Figs 5c, 10-12, 18b). 

Three Fulmar Suite intrusions also scatter towards higher Ba (Fig. 18), and might also record 

contributions from a P2 component. However, the P2O5 contents of these three Fulmar rocks are 

only moderate (Fig. 18), and the only example (DMD-172, 1719 ppm or ug/g Ba) with 

accompanying radiogenic isotope data, appears strongly contaminated with continental crust or 

with Ba-rich Sverdrup Basin sedimentary rock (87Sr/86Sri = 0.7084: Dockman et al., 2018). As it 

is rich in P2O5, P2 probably also contains apatite, but apatite typically holds negligible Ba and 

has negative Eu anomalies (Belousova et al., 2002), and so other trace phases must be involved 

to explain this coupled Ba-Eu-enrichment. Candidate phases in the SCLM include Ba-rich 

carbonates (cf. Upton et al., 1984; LeRoex & Lanyon, 1998; Jones, 2000; Tappe et al., 2017; 
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Larsen et al., 2003), and hawthorneite (Ba[Ti3Cr4Fe4Mg]O19), one of the metasomatic 

lindsleyite–mathiasite group minerals (LIMA, Haggerty et al., 1989; Giuliani et al., 2018). 

Notably, Larsen et al. (2003) argued that carbonates and hawthorneite were both present in the 

lithospheric mantle source of West Greenland alkaline basalts. 

Correlations among P2O5, Zr, TiO2 and K2O are extremely poor among the strongly 

alkaline High-P2O5 rocks of the ABS and WIC (e.g. Figs 19, 20). Some of these rocks have high 

P2O5 and moderate Ba-Zr-K-Ti, suggesting P1 was involved, whereas others scatter towards 

high-P-Ba-Eu, suggesting that P2 was involved (Figs 18). As most ABS and WIC rocks have 

positive P-anomalies (Figs 10, 11), we argue that traces of P1 and/or P2 were widespread in their 

sources. Other ABS rocks trend towards high P2O5+Zr (Fig. 19a, PZr-component?), a signal not 

seen in the Fulmar Suite or Peary Land dykes of Greenland, but which is present in Triassic 

lamprophyres from the Pearya exotic terrane. The very high Zr-contents suggest that there may 

originally have been zircon in their sources. Still other ABS rocks trend towards high P2O5+K2O 

(Fig. 19b, PK-component?), suggesting mica or richterite may have occasionally accompanied 

apatite in the sources of those melts. We argue that poor inter-correlations of P2O5, Zr, TiO2 and 

K2O (which are essential structural constituents of common trace minerals), and the strong and 

commonly anomalous enrichments of these elements in some HALIP alkaline rocks, suggests 

that small-degree melting events preferentially sampled mineralogically heterogeneous fertile 

veins, schlieren or metasomes (e.g. Foley, 1992b; Bédard, 1994), possibly pyroxenitic, and 

containing various proportions of trace phases like apatite (or whitlockite), rutile (or ilmenite), 

LIMA species, zircon and phlogopite (or richterite) and carbonates. The variety of enriched 

components preserved in the geographically restricted ABS and WIC, and the poor correlations 
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among P2O5, Zr, TiO2 and K2O, seem most compatible with a dominantly SCLM origin for these 

enriched components (P2, PK, PZr). 

The High-P2O5 Hassel Formation basalts from the vicinity of Lake Hazen (Fig. 1) differ 

from most Fulmar Suite rocks in recording unusually extensive contamination with a distinct, 

depleted, lower crustal isotopic component that also appears in some ABS and WIC rocks (Fig. 

13, curve #1, cf. Estrada, 2015). Such depleted lower crustal signatures are typically associated 

with ancient granulite-grade metamorphism and ancient melt depletion (e.g. Weaver & Tarney, 

1983; Guernina & Sawyer, 2003) and similar signatures are reported from Greenlandic magmatic 

rocks (eg. Hansen & Nielsen, 1999). Consequently, it can be suggested that the depleted lower 

crustal signature in HALIP rocks from NE Ellesmere Island might also indicate the presence of 

underlying SCLM roots. 

Dockman et al. (2018) rejected a role for melting of fertile veins in the SCLM because: a) 

their modeling reproduced REE profiles of HALIP alkaline rocks without need of phases like 

mica or amphibole; b) Ba is decoupled from K-Rb, a feature they attributed to overprinting 

alteration; and c) progressive melting of the SCLM over the life of the HALIP should have 

exhausted any existing fertile SCLM components, precluding such a source for the late alkaline 

magmas. However, if fertile trace phases melted out entirely, they could not have retained trace 

elements, negating point ‘a’. Overprinting alteration is generally weak in the HALIP rocks we 

have examined, and the Rb-K-Ba signatures seem little affected overall by secondary low-

temperature processes (with some important exceptions). More significantly, we showed above 

that involvement of the P2O5-rich P1 component is common among Fulmar Suite intrusions, 

which make up most of the alkaline rocks examined by Dockman et al. (2018). As P1 does not 

show co-enrichment of Ba and K or Rb (Figs 18b, 19b), this explains why Ba is decoupled from 
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K-Rb in the alkaline rocks Dockman et al. (2018) studied. Finally, while their third argument (c) 

has merit, alkalic HALIP magma volumes are small, so it could be argued that portions of the 

SCLM reservoir remained undepleted and were available to contaminate later magma pulses. It 

could even be suggested that fertile components derived from the first HALIP pulse (P1?) could 

have metasomatized the SCLM, leaving geochemical signatures capable of being remobilized 

during the second HALIP magmatic pulse. 

 

Diversity of HALIP alkaline magmatic affinity: Composite plume or selective reactivation 

of heterogeneous sub-continental lithospheric mantle? 

It has been proposed that uncontaminated Low-P2O5 Hassel and Fulmar magmas sampled the 

same ambient, dominantly sub-lithospheric, mantle reservoir that yielded the bulk of tholeiitic 

HALIP magmas (Estrada, 2015; Dockman et al., 2018). Crustally uncontaminated Low-P2O5 

Hassel Formation and Fulmar Suite rocks grade compositionally into the HALIP tholeiites (Figs 

3-7, 9b, 14a-20) and follow common trace element melting trajectories (Fig. 17). Near-constant 

P2O5/Zr and P2O5/TiO2 ratios (Figs 19a, 20) are also consistent with a compositionally similar 

and possibly common source for the Fulmar Suite and HALIP tholeiites. Variation of Sm/Yb 

among HALIP tholeiites was interpreted by Dockman et al. (2018) and Bédard et al. (2021) to be 

the result of polybaric melting, with high-Sm/Yb melts resulting when the early garnet-field melt 

increments were preferentially sampled. Dockman et al. (2018) assumed a homogeneous 

peridotite source for their inversion trace element modeling of HALIP melt generation; with the 

range of Sm/Yb in their model melts primarily reflecting variations of total F (degree of 

melting), as controlled by potential temperature and the limiting depth of the lithosphere-

æsthenosphere boundary. Our interpretation of HALIP alkaline rock geochemical variations, 
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however, suggests that fusible subordinate lithologies were widespread in their mantle sources. 

Moreover, some of the high-Sm/Yb HALIP tholeiites (e.g. Type w, Bédard et al., 2021) that 

record the smallest degrees of melting among the subalkaline HALIP basalts, also have positive 

P-anomalies (Fig. 9b), suggesting that apatite-bearing pyroxenitic streaks contributed to HALIP 

tholeiites. Melt modeling strategies involving multiple source lithologies with different solidus 

temperatures will be needed if the contributions of subordinate lithologies to HALIP magmas are 

to be further clarified. 

Fulmar Suite rocks are tightly clustered on a Zr/Nb vs Nb/Th diagram (Fig. 21, after 

Condie, 2005), overlapping the compositions of EM1 and EM2 Type OIB (Willbold & Stracke, 

2006). The Fulmar Suite has Primitive Mantle-normalized trace element profiles that resemble 

EM-Type OIB (Fig 9b), but the proportion of the apatite-bearing mantle P1 component has no 

apparent effect on the Zr/Nb or Nb/Th ratios for Fulmar Suite rocks (Fig. 21), indicating that the 

EM signature of the Fulmar Suite is not solely housed in the P1 component, but probably also 

resides in the dominant host peridotite. Since all Fulmar Suite rocks share the same EM-Type 

OIB signatures irrespective of the inferred proportion of P1 (Fig. 21), then this is consistent with 

P1 being a fertile streak in a rising lithologically-heterogeneous EM-type plume or 

æsthenospheric current. However, we cannot exclude the equally viable alternative hypothesis, 

whereby æsthenospheric Low-P2O5 EM-like Fulmar Suite melts (and tholeiites) acquired the P1 

signature as they traversed the SCLM, by assimilating widespread apatite-bearing P1 veins or 

metasomes that were produced by older EM-like magmatic events (cf. Jones, 2000; O’Reilly & 

Griffin, 2000; Larsen et al., 2003; Tappe et al., 2017; Ashwall et al., 2021). 

Crustally-uncontaminated Audhild Bay Suite (ABS) and Wootton Intrusive Complex 

(WIC) rocks, on the other hand, scatter towards much higher Nb/Th and lower Zr/Nb (Fig. 21). 
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Clearly, the younger HALIP alkaline suites (ABS and WIC) came from a different mantle source 

than the one that generated the HALIP tholeiites and the EM-like Fulmar Suite. Both High- and 

Low-P2O5 variants of the ABS and WIC rocks overlap the composition of HIMU OIB in this plot 

(blue diamonds on Fig. 21, HIMU = high-μ = high U/Pb). Definitive confirmination of a HIMU 

parentage will require multi-isotope studies (on leached samples for lead), but the existing data is 

suggestive. The primitive mantle-normalized trace element profiles of High-P2O5 ABS and WIC 

rocks show resemblances to HIMU-Type OIB (Figs 11a, 12a) with very high Nb and low 87Sr/ 

86Sri
 (Fig. 21), indicating a low Rb/Sr source. The HALIP ABS and WIC rocks differ from 

typical HIMU OIB in having elevated Ba and Pb (Figs 11, 12, 22), however, which are features 

more commonly attributed to EM type OIB (Willbold & Stracke, 2006). 

Several geodynamic scenarios are possible to explain this apparent diversity of OIB 

signatures among HALIP alkaline rocks. One possible explanation for a composite alkaline suite 

containing two different lineages (EM and HIMU) is a heterogeneous multistranded or mixed 

plume (Weis et al., 2011), which would imply that there may be a related HIMU-like alkaline 

province in the area (e.g. Peate et al., 2003). HIMU signatures in OIB are typically attributed to 

entrainment into a plume of depleted, previously subducted oceanic lithosphere (Hofmann, 1997; 

Willbold & Stracke, 2006). A second plausible hypothesis is that the EM-like HALIP magmas 

(Fulmar Suite ± tholeiites) are plume-derived (or represent ambient æsthenosphere), whereas the 

younger HALIP alkaline melting events (ABS and WIC) represent melting of metasomatized and 

veined SCLM domains that acquired their HIMU signatures previously. In this second 

hypothesis, the HIMU signature of HALIP ABS and WIC rocks would perhaps record passage of 

an older HIMU plume. Alternatively, it has been proposed that HIMU-like, high-U/Pb 

metasomes and veins could have formed in the SCLM from ascending carbonatitic fluids and 
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melts (Weiss et al., 2016). As carbonatites are widespread in Greenland (Tappe et al., 2017), and 

HIMU signatures are reported from alkaline volcanic rocks there (Peate et al., 2003), it is 

plausible to suggest that the HIMU signature of the ABS and WIC was scavenged from the 

Greenlandic SCLM that underlies much of central Ellesmere Island (Schaeffer & Lebedev, 2014; 

Schiffer & Stephenson, 2017). HIMU-like components (of whatever source) residing in the 

SCLM could have been remobilized either as a result of distributed heterogenous melting of the 

basal lithosphere induced by hot upwelling æsthenosphere; or because ascendingHALIP melts 

intersected and incorporated existing, fusible, HIMU-like, enriched veins or schlieren in the 

SCLM (Fig. 22). This scenario also provides a simple explanation for the synchronous 

development of spatially associated High- and Low-P2O5 ABS and WIC magma variants, as the 

HIMU-like metasomes and vein networks could have developed over a range of depths, 

straddling the spinel/garnet transition in the SCLM. 

Bédard et al. (2021) suggested that HALIP tholeiitic basalts migrated inland from a rifted 

margin located to the northwest, with the compartmentalized plumbing system allowing pulses 

of basalt derived from different depths and degress of melting to interact with crustal rocks en 

route to their emplacement sites in the Sverdrup Basin. In contrast, alkaline HALIP magmas 

generated by low-degree melting are either focussed along an inland weakness (Fulmar Suite, 

Fig. 1) that may trace major basement structures (Schiffer & Stephenson, 2017), or occur in or 

around the fault-bound Pearya exotic terrane (ABS and WIC). This localization is consistent with 

HALIP alkaline magmas having been generated almost immediately beneath their site of 

emplacement as a result of thermal reactivation by the plume (or plume melts), or due to 

distributed tectonic extension and localized decompression melting (à la Bailey, 1974) during a 

plate reorganization (Tegner et al., 2011), or through slab rollback in the model of Hadlari et al. 
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(2018). As the alkaline melts would have been generated distally from the zone of maximum 

lithospheric extension that yielded the coeval tholeiites, the local SCLM would have remained 

fertile, allowing vertically ascending HALIP alkaline melts to interact with and sample fusible 

local SCLM lithologies. 

Thermal remobilization (or assimilation) of a vertically-extensive SCLM metasome-vein 

system provides a straightforward explanation for co-eruption of High- and Low-P2O5 ABS 

volcanic lineages. In this interpretation, the SCLM in the northeastern part of the study area 

would have had a dominant HIMU-like signature tempered by the presence of EM-Type nuggets 

(P1, P2). If all the enriched components were indeed located in the SCLM, then the apparent 

absence of the P2, PK and PZr components from the western Fulmar Suite rocks implies a 

difference in the nature of the SCLM across the study area. We cannot ascertain whether P1 was 

part of the ambient mantle, whether it was a ubiquitous SCLM subordinate lithology, or both; but 

the P2-PK-PZr enriched components seem to be restricted to a very heterogeneous Greenland-

type SCLM domain located near Pearya and Lake Hazen (Figs 1, 22), where geophysical data 

indicate a continuation of the Greenlandic craton (Schaeffer & Lebedev, 2014; Schiffer & 

Stephenson, 2017), and where isotopic data (Trend #1, Fig. 13) suggest the presence of ancient 

depleted cratonic lower crustal rocks. 

CONCLUSIONS 

Hassel Formation volcanics and a geochemically similar, coeval, regional-scale inland 

swarm of EM-OIB-like alkaline dykes and sills are grouped together as the newly-defined 

Fulmar Suite. Crustally uncontaminated Low-P2O5 members of the Fulmar Suite overlap trace 

element compositions of high-Sm/Yb HALIP tholeiites and fall on common melting trajectories 

with them, suggesting a common, dominantly æsthenospheric mantle source. However, the 
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geographically widespread Fulmar Suite shows a pattern of increasing P2O5 at near-constant Ba-

K-Zr-Ti that is orthogonal to fractionation- or melting-related variations. We interpret this to be 

the result of melting a heterogeneously-distributed, fertile, apatite-rich mantle component (P1) 

that was either embedded in a rising mantle plume or æsthenospheric current, or which was 

scavenged from the overlying continental lithospheric mantle. High-P2O5 Hassel magmas are 

unusual in being strongly contaminated with depleted lower crust, unlike most HALIP alkaline 

magmas, but also differ in recording the presence of a high-P2O5-Ba-Eu mantle component (P2) 

similar to that seen in alkaline dykes from Peary Land in Northern Greenland. We suggest the P2 

component contained hawthorneite and carbonate minerals as well as apatite and resided in 

ancient sub-continental lithospheric mantle similar to that of Greenland. 

Rocks of the younger Audhild Bay Suite, sampled from the environs of the Pearya exotic 

terrane of Ellesmere Island, have more HIMU-like OIB signatures, are more strongly alkaline 

than the Fulmar Suite rocks, and trace element data indicate they formed by smaller degrees of 

melting. The Wootton Intrusive Complex is slightly older than the Audhild Bay Suite but 

geochemical similarities suggest they may have had similar mantle sources. The High-P2O5 

Audhild Bay Suite and Wootton Intrusive Complex rocks have steep HREE profiles consistent 

with small melting increments generated in the garnet field, whereas Low-P2O5 variants have 

flatter HREE profiles that may reflect a larger contribution from shallower, spinel-field melting 

increments. Both Audhild Bay Suite and Wootton Intrusive Complex rocks can exhibit extreme 

trace element enrichments that suggest the involvement of multiple enriched mantle components. 

These include the P1 component of the Fulmar Suite and the P2 component of the High-P2O5 

Hassel Formation basalts, but also involve possible High-P2O5+Zr (PZr), and High-P2O5+K2O 

(PK) end-members. We argue that this diversity of enriched source signatures implies the 
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Audhild Bay Suite and Wootton Intrusive Complex melts sampled mineralogically 

heterogeneous veins or metasomes in the lithospheric mantle, which contained various 

proportions of different trace phases, and which were present at depths straddling the 

garnet/spinel peridotite transition. The wide variety of these components seems most compatible 

with a sub-continental lithospheric mantle origin. In contrast, Fulmar Suite rocks from the 

southwestern part of the study area contain only the P1 enriched component. This suggests that 

the P2, PK and PZr components were concentrated beneath geographically-restricted cratonic 

crustal blocks in the northeast, in the areas closest to Greenland and Pearya. Rare HALIP 

alkaline and tholeiitic rocks that exhibit very high K-Rb-U-Th fall on trace element and 

radiogenic isotope mixing paths that suggest strong contamination by Sverdrup Basin sediments 

or felsic upper crust; but we see little evidence for a widespread fossil subduction zone sediment 

component in the mantle source of HALIP alkaline rocks. 
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Tables  

Table 1. Representative HALIP alkaline rock analyses. Fe2O3* = all iron as Fe2O3. FeO* = all 

iron as FeO. Trace elements in ppm = ug/g. Major and trace element analyses were generated at 

Acme Laboratories (Vancouver, British Columbia, Canada); at the Ontario Geological Survey 

Geolabs (OGS, Sudbury, Ontario, Canada); or at the Institut National de la Recherche 

Scientifique (INRS-ETE, Québec, Canada). Radiogenic isotope data were generated at the 

Pacific Centre for Isotopic and Geochemical Research, University of British Columbia 

(Vancouver, Canada). Analytical procedures are detailed in electronic Appendix 1. The complete 

set of newly generated data, with coordinates, is in Electronic Appendix 2. New and compiled 

data are in Bédard et al. (2020). 

 

Table 2. Average HALIP alkaline Types. N = number of samples in average (note that not all 

elements were analyzed for every sample). The dash indicates no data. FeO* = all iron as FeO. 

Averages include new and compiled data.  
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Table 1 Representative HALIP whole rock analyses 
      

           
Suite 

 
Fulmar Fulmar Fulmar Fulmar Fulmar Fulmar? ABS ABS ABS 

Sub-Suite 
 

High-P2O5 High-P2O5 Intermediate-P2O5 Low-P2O5 Low-P2O5 Z Low-P2O5 Low-P2O5 High-P2O5 

Sample 
 

15WJA-B052-
A1 GQA14-169-1 15WJA-B054-A1 15WJA-M058-A1 EL84-240 GQA17-19-4 

85OE-10-
108r 17C91 17C92 

Major+Traces OGS Actlabs OGS OGS INRS-ETE Acme INRS-ETE Acme Acme 

Rock 
 

gabbroic 
dyke dyke gabbroic dyke leucogabbro sill sill flow dyke dyke 

Lat. 
 

78.26091 78.51743 78.29270 78.31591 81.41700 82.55163 81.78443 82.27532 82.27567 

Long. 
 

-91.30784 -86.03143 -91.47815 -91.32747 -76.75000 -75.07315 -85.16613 -84.29186 -84.28959 

SiO2 wt% 44.9 43.7 43.9 45.18 43.5 47.8 44.8 46.1 43.8 

TiO2 wt% 4.2 3.89 3.28 3.56 5.08 3.05 1.29 1.29 2.63 

Al2O3 wt% 13.1 13.3 13.6 14.6 12.8 13.4 14.2 15.3 14.3 

Fe2O3* wt% 16.1 15.3 13.9 14.7 16.4 13.9 11.4 12.3 10.5 

MnO wt% 0.24 0.21 0.15 0.22 0.20 0.21 0.17 0.17 0.15 

MgO wt% 4.95 3.2 5.4 4.47 4.71 6.16 11.3 7.33 8.67 

CaO wt% 8.49 8.39 8.61 8.79 7.85 8.47 10.7 9.56 9.11 

Na2O wt% 3.18 2.62 4.32 3.36 3.32 3.8 1.61 2.6 2.56 

K2O wt% 1.06 0.27 0.70 1.26 1.16 1.14 0.84 0.49 2.38 

P2O5 wt% 0.87 1.07 0.67 0.61 0.32 0.35 0.27 0.15 0.51 

LOI wt% 2.07 7.44 4.88 2.39 1.55 1.51 4.2 4.29 5.09 

SUM wt% 99.2 99.4 99.4 99.2 96.9 99.8 100.8 99.6 99.7 
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Table 1 Representative HALIP whole rock analyses (continued) 
Sample 

 15WJA-B052-A1 GQA14-169-1 15WJA-B054-A1 
15WJA-M058-

A1 EL84-240 GQA17-19-4 85OE-10-108r 17C91 17C92 

S 

ppm 
or 

ug/g 330 b.d.l b.d.l b.d.l 1710 b.d.l 180 b.d.l b.d.l 

Cs ppm 0.354 0.20 0.377 0.669 0.27 0.20 0.16 0.70 1.6 

Rb ppm 28.4 5 18.8 27.8 34.6 24.4 23.6 10.7 55.4 

Ba ppm 550 249 338 606 294 356 697 63 688 

Th ppm 3.25 2.97 2.74 2.74 2.5 2.5 3.23 1.2 4.6 

U ppm 0.85 0.91 0.75 0.77 0.78 0.7 0.64 0.3 1.3 

Nb ppm 29 25 20 22 26 22 38 10 66 

Ta ppm 1.85 1.71 1.31 1.38 2.14 1.5 1.75 0.5 3.6 

La ppm 31.5 32.5 23.2 23.4 23.2 23.5 23.6 9.8 46.9 

Ce ppm 70.9 76.3 52.1 52.4 50.8 49.8 45.5 21.1 89.6 

Pr ppm 9.42 10.3 6.88 6.92 6.59 6.47 4.95 2.69 10.6 

Sr  ppm 496 583 416 461 536 371 481 335 762 

Pb ppm 2.8 < 5 1.1 7.1 6.1 3.2 6.4 1.6 2 

Nd ppm 41.6 46.8 30.6 30.7 29.7 27.9 20.9 11.4 40.4 

Sm ppm 9.26 11.3 6.80 6.85 6.79 6.54 4.34 2.88 7.48 

Zr ppm 245 220 141 150 193 182 86 74 234 

Hf ppm 5.8 5.1 3.6 3.8 4.7 4.7 2.3 1.8 5.2 

Eu ppm 3.52 4.35 2.93 3.07 2.39 2.17 1.45 1.07 2.36 

Gd ppm 8.97 11 6.80 7.01 6.78 6.93 4.6 3.31 6.42 
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Table 1 Representative HALIP whole rock analyses (continued) 

Sample 
 

15WJA-B052-
A1 GQA14-169-1 15WJA-B054-A1 

15WJA-M058-
A1 EL84-240 GQA17-19-4 85OE-10-108r 17C91 17C92 

Tb 
ppm 1.24 1.59 0.97 0.99 1.08 1.01 0.60 0.52 0.86 

Dy ppm 7.08 8.56 5.67 5.78 5.76 5.7 3.82 3.35 4.87 

Y ppm 34.5 40.8 28.6 29.1 27.6 28.7 21.1 17.4 23.6 

Ho ppm 1.27 1.55 1.044 1.077 1.09 1.08 0.768 0.65 0.84 

Er ppm 3.31 3.97 2.80 2.89 2.67 2.93 2.15 1.83 2.19 

Tm ppm 0.430 0.503 0.369 0.390 0.325 0.37 0.306 0.24 0.29 

Yb ppm 2.57 2.93 2.21 2.32 2.13 2.33 1.88 1.51 1.67 

Lu ppm 0.363 0.442 0.324 0.346 0.273 0.34 0.288 0.22 0.26 

Ga ppm 22.8 25 20.4 22.5 24.1 20.6 26.7 17.2 16.6 

Cr ppm 27 30 71 34 < 4 67 508 202 336 

Ni ppm 25 30 26 21 14 51 280 99 134 

Cu ppm 26.7 30 16 25 19 109 72 81 43 

Zn ppm 148 150 77 141 138 53 72 67 64 

Co ppm 45 37 40 43 54 51 55 54 47 

Sc ppm 28 24 27 27 29 na 31 na na 

V ppm 355 270 331 383 441 349 231 237 245 
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Table 1 Representative HALIP whole rock analyses (continued) 

Sample 
15WJA-B052-
A1   

15WJA-M058-
A1      

147Sm/144Nd 0.134611   0.134760      

143/144 Nd 0.512720 
  

0.512713 
     

± 
 

0.0000073 
  

0.0000078 
     

εNd(90) chur 2.30654 
  

2.16537 
     

87Rb/86Sr 0.165609 
  

0.174425 
     

87/86 Sr 
 

0.705865 
  

0.707167 
     

 ± 
 

0.000007 
  

0.000008 
     

87/86 Sri (90) 0.705639 
  

0.706929 
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Table 2 HALIP Alkaline Rock Averages             

          Suite 
 

Hassel Hassel Fulmar Fulmar Fulmar Fulmar Peary Peary 

  
lavas lavas 

    
Land Land 

Sub-Suite 
 

High- Low- High- Interme- Low- Type High- Interm. 

  
P2O5 P2O5 P2O5 diate- P2O5 Z P2O5 & Low- 

     
P2O5 

 
 

 
P2O5 

N 
 

10 7 23 25 39 3 4 4 

SiO2 wt% 50.9 50.0 47.9 47.9 48.6 49.1 46.8 48.9 

TiO2 wt% 3.41 3.58 3.94 3.50 3.77 3.17 4.22 3.74 

Al2O3 wt% 13.0 14.4 14.0 14.8 14.0 13.6 14.2 14.9 

FeO* wt% 15.1 13.9 14.7 13.4 14.1 12.5 13.7 13.8 

MnO wt% 0.30 0.21 0.24 0.21 0.22 0.19 0.23 0.22 

MgO wt% 3.76 4.93 5.06 5.92 4.92 5.63 5.38 5.46 

CaO wt% 7.98 8.80 9.18 9.21 9.73 7.51 9.86 8.25 

Na2O wt% 2.80 2.93 3.02 3.24 3.16 3.67 3.27 2.99 

K2O wt% 1.49 0.91 0.96 1.15 1.05 1.11 1.15 0.93 

P2O5 wt% 1.23 0.41 1.00 0.65 0.49 0.38 1.19 0.72 

CO2 wt% 0.3 0.9 1.6 0.5 1.0 - 2.8 0.3 

S 
ppm or 
ug/g 501 - 1755 1882 1474 - - - 

Cs ppm 0.800 0.460 0.685 2.61 0.989 0.333 0.475 1.5 

K ppm 12167 7427 7730 9271 8510 9242 9111 7637 

Rb ppm 38.0 23.5 21.6 25.5 26.8 26.9 30.8 33.5 

Ba ppm 928 371 486 626 380 320 1824 563 

Th ppm 4.56 2.85 2.79 2.97 3.18 3.53 2.40 3.75 

U ppm 1.05 0.84 0.84 0.88 0.90 0.93 0.70 0.85 

Nb ppm 24.2 30.3 25.8 23.5 30.1 26.7 27.3 26.0 

Ta ppm 1.70 2.30 1.77 1.68 2.07 1.70 1.95 1.83 

La ppm 36.0 28.8 29.7 25.2 28.3 28.3 29.8 30.1 

Ce ppm 83.1 66.5 66.2 56.3 60.4 59.8 67.3 69.2 
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Table 2 HALIP Alkaline Rock Averages (continued) 

Suite  Hassel Hassel Fulmar Fulmar Fulmar Fulmar Peary Peary 

  lavas lavas     Land Land 

Sub-Suite  High- Low- High- Interme- Low- Type High- Interm. 

     diate-    & Low- 

Pr ppm 10.7 7.98 8.78 7.26 7.78 7.59 9.18 8.99 

Sr  ppm 546 523 521 450 504 404 542 467 

Pb ppm 6.0 
 

5.1 4.2 4.1 2.7 2.8 11.0 

Nd ppm 48.1 34.5 39.9 32.3 34.2 31.7 41.5 38.2 

Sm ppm 10.8 7.82 9.04 7.22 7.67 7.20 9.14 8.56 

P ppm 5258 1772 4202 2702 2068 1644 4953 3131 

Zr ppm 196 211 208 174 204 212 184 198 

Hf ppm 4.33 5.24 4.54 4.16 4.80 5.43 4.18 4.48 

Ti ppm 20060 21091 22729 20155 22014 19044 24100 22226 

Eu ppm 5.66 2.80 3.80 2.82 2.69 2.31 5.23 3.01 

Gd ppm 10.01 7.68 8.84 7.07 7.58 7.50 9.14 8.06 

Tb ppm 1.448 1.238 1.289 1.032 1.129 1.100 1.213 1.163 

Dy ppm 7.53 6.66 7.10 5.81 6.33 6.25 6.85 6.67 

Y ppm 36.8 32.6 34.7 29.2 31.6 30.6 30.3 29.6 

Ho ppm 1.318 1.182 1.296 1.084 1.163 1.163 1.240 1.250 

Er ppm 3.29 3.14 3.29 2.73 2.92 3.17 3.21 3.18 

Tm ppm 0.442 0.423 0.435 0.401 0.409 0.403 0.423 0.445 

Yb ppm 2.68 2.51 2.60 2.28 2.41 2.49 2.45 2.57 

Lu ppm 0.391 0.347 0.385 0.334 0.347 0.360 0.363 0.368 

Ga ppm 21.5 22.4 24.3 22.9 23.6 21.5 12.5 13.5 

Cr ppm 21 24 54 63 39 90 29 60 

Ni ppm 23 43 37 42 36 36 6 38 

Cu ppm 15 36 26 33 40 69 29 91 

Zn ppm 153 132 131 115 129 64 94 123 

Co ppm 28 50 48 55 56 48 35 44 

Sc ppm 23 25 24 23 26 - 7 5 

V ppm 172 344 291 310 364 359 311 293 
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Table 2 HALIP Alkaline Rock Averages (continued) 

Suite  ABS ABS WIC WIC ABS? Type 

  
     

Svartveeg 
 Suib-Suite 

 
High- Low- High- Low- Cliffs 9 

  
 

P2O5 P2O5 P2O5 P2O5 member 
 N 

 
48 29 3 13 2 5 

SiO2 wt% 46.5 48.9 48.6 51.6 52.7 49.0 

TiO2 wt% 2.37 2.13 2.28 1.85 2.65 2.62 

Al2O3 wt% 15.3 16.1 16.3 16.9 14.7 15.4 

FeOT* wt% 10.0 11.1 9.51 9.70 11.0 12.5 

MnO wt% 0.20 0.19 0.21 0.17 0.14 0.21 

MgO wt% 7.33 6.73 6.55 5.20 4.14 5.78 

CaO wt% 10.3 10.3 9.45 9.29 8.35 10.9 

Na2O wt% 2.94 2.76 4.19 3.30 4.83 2.56 

K2O wt% 1.49 1.01 2.01 1.70 1.00 0.58 

P2O5 wt% 0.74 0.41 0.88 0.32 0.49 0.32 

CO2 wt% 3.1 0.9 - - - - 

S ppm 2031 125 240 334 - 200 

Cs ppm 1.080 0.644 0.791 1.47 0.915 0.48 

K ppm 11963 7902 16240 13765 8218 4730 

Rb ppm 35.1 31.4 63.7 62.0 13.4 12.9 

Ba ppm 904 534 1106 430 227 206 

Th ppm 5.59 4.16 5.55 6.36 3.05 1.66 

U ppm 1.44 0.96 1.51 1.45 0.82 0.72 

Nb ppm 74.4 39.1 129.1 29.2 36.6 19.5 

Ta ppm 3.67 1.32 6.04 2.00 2.08 1.05 

La ppm 55.2 44.04 104 34.7 30.1 15.0 

Ce ppm 138 58.0 172 62.6 62.4 36.7 

Pr ppm 10.0 4.83 16.9 8.83 7.72 4.45 

Sr  ppm 698 458 818 332 279 298 
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Table 2 HALIP Alkaline Rock Averages (continued) 

Suite  ABS ABS WIC WIC ABS? Type 

       Svartveeg  

Suib-Suite  High- Low- High- Low- Cliffs 9 

   P2O5 P2O5 P2O5 P2O5 member  

Pb ppm 5.1 6.4  -  - 2.8 4.2 

Nd ppm 40.5 22.0 61.7 35.4 33.2 19.7 

Sm ppm 7.83 4.53 10.7 7.93 7.06 4.76 

P ppm 3107 1709 3758 1344 2117 1353 

Zr ppm 203 146 222 198 218 154 

Hf ppm 5.34 2.70 7.21 5.88 4.92 4.08 

Ti ppm 14375 12344 13327 10794 15767 16207 

Eu ppm 2.46 1.36 3.19 2.34 2.21 1.55 

Gd ppm 7.21 4.26 8.73 7.79 6.62 4.63 

Tb ppm 0.934 0.643 1.264 1.328 0.910 0.755 

Dy ppm 5.15 3.86 6.17 7.12 4.70 4.36 

Y ppm 27.3 30.7 42.6 34.6 22.7 19.7 

Ho ppm 0.936 0.743 1.109 1.374 0.815 0.814 

Er ppm 2.44 2.10 3.16 4.14 1.96 2.21 

Tm ppm 0.342 0.296 0.422 0.601  0.363 

Yb ppm 2.23 1.86 2.70 3.65 1.51 1.95 

Lu ppm 0.297 0.272 0.380 0.546 0.215 0.278 

Ga ppm 20.1 18.4 21.7 22.6 17.5 19.6 

Cr ppm 218 208 213 100 329 121 

Ni ppm 113 90 118 37 176 60 

Cu ppm 41 33 27 39 55 52 

Zn ppm 98 91 92 96 102 108 

Co ppm 41 43 30 33 46 49 

Sc ppm 23 25 19 26 30 32 

V ppm 225 229 194 209 234 307 
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Figures 

 

Figure 1a) Polar projection of Arctic Ocean Basin adapted from Saumur et al. (2016). LR = 

Lomonosov Ridge, NR = Nansen Ridge, NP = North Pole. Red square marked PLD is the 

position of the Peary Land Dykes from Kontak et al. (2001). Red dashed box is outline of panel 

b. Subsequent panels use a NAD1983 UTM Zone 15N Lambert conformal conic projection. 
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b) Location map showing distribution of HALIP alkaline samples, and eastern limit of tholeiitic 

occurrences (dashed red line). Dashed black lines mark outline of detailed location maps c to e. 

LHFZ = Lake Hazen Fault Zone, ST = Stolz Thrust, VFT = Vesle Fiord – East Cape Thrust, PGT 

= Parrish Glacier Thrust. The legend shown pictorially here uses the same colour code as the rest 

of the paper (though the symbol shapes differ), with rocks from the Hassel Formation in green, 

Fulmar Suite in purple, Wootton Intrusive Complex in red, and the Audhild Bay Suite in black. 

Problematic samples are distinguished: Fulmar Type Z variant as orange-brown ‘Z’, Svartveeg 

Cliffs lavas as blue ‘5’, and Type 9 intrusions as blue ‘9’ symbols. The Triassic lamprophyres 

from Estrada et al. (2018) are not shown, but outcrop in the Pearya terrane, delimited by the 

dashed green line. 

c, d, e) Detailed location maps. E.I. = Ellesmere Island, A.H. = Axel Heiberg Island, A.B. = 

Auldhild Bay, T.F. = Tanqueray Fiord, F.C. = Fulmar Channel, E.S. = Eureka Straight. Hassel 

Formation lavas are marked with a red ‘v’; other green circles mark location of dykes and sills 

proposed to be related to Hassel Formation lavas by Osadetz & Moore (1988), but which we now 

attribute to the Fulmar Suite. The dashed green lines in panel e) marks the location and trend of 

the Surprise Fiord dyke swarm (SFDS), interpreted by Buchan & Ernst (2018) to represent part 

of a giant circumferential dyke swarm. 
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Figure 2. Stratigraphic column adapted from Dewing & Embry (2007), Pointon et al. (2019) and 

Naber et al. (2021). Depositional Phases as per Embry & Beauchamp (2019). WIC = Wootton 

Intrusive Complex. ABS = Audhild Bay Suite. HPTS= Hansen Point Tholeiitic Suite (Naber et 

al., 2021). BR = Bastion Ridge Formation (shale). 
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Figure 3.  Zr/Ti vs Nb/Y discriminant of Pearce (2014, after Winchester & Floyd, 1977) applied 

to alkaline HALIP rocks. t-a = trachy-andesite, t-p = tephro-phonolite, a-ba = andesite and 

basaltic andesite.  a) Hassel Formation lavas. The grey field shows the range of HALIP tholeiites 

from Bédard et al. (2021) and Saumur et al. (2021). b) Fulmar Suite and Peary Land dykes 

(Greenland). c) Audhild Bay Suite (ABS, low-MgO rocks not shown for clarity). The field 

marked ABS-V shows the range of Audhild Bay Suite volcanic rocks. d) Wootton Intrusive 

Complex (WIC, low-MgO rocks not shown for clarity), Svartveeg Cliffs lavas, Type 9 alkaline 

dykes, and Triassic lamprophyres.  
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Figure 4. Na2O+K2O vs SiO2 (TAS, LeBas et al., 1986) for alkaline HALIP rocks. 

Alkaline/subalkaline discriminants from MacDonald (1968, M68) and Irvine & Baragar (1971, 

IB71).  A= andesite, B= basalt, PB = picro-basalt, BA = basaltic andesite, Bas = basanite, TA = 

trachy-andesite, TB = trachy-basalt, Teph = tephrite, a) Hassel Formation lavas and intrusions 

considered potentially correlative by Osadetz & Moore (1988); b) Fulmar Suite and Peary Land 

dykes (Greenland). c) Audhild Bay Suite (ABS) compared to field of Fulmar Suite rocks 

(including Hassel Formation basalts). d) Wootton Intrusive Complex (low-MgO rocks not shown 

for clarity), Svartveeg Cliffs lavas, Type 9 alkaline dykes, and Triassic lamprophyres.  
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Figure 5. P2O5 vs MgO wt% for alkaline HALIP rocks. a) Hassel Formation volcanics, and 

hypabyssal intrusions thought correlative by Osadetz & Moore (1988). Pale grey field shows the 

distribution of all HALIP tholeiites, with the darker, smaller field showing the dominant tholeiite 
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population. Liquid lines of descent (LLD) for a representative primitive 7% MgO HALIP 

tholeiite crystallizing a dominantly olivine gabbro assemblage were executed using PELE 

(Boudreau, 1999, Bédard et al. 2021). The LLDs are labelled with the conditions of pressure in 

kb, water content, and fO2 relative to the QFM (quartz-fayalite-magnetite) buffer. Note the 

generally higher P2O5 contents of the alkaline rocks, and that Low- and High-P2O5 Hassel 

variants do not follow a unique closed system differentiation path.  b) Fulmar Suite intrusions 

and Peary Land dykes (Kontak et al., 2001). Dashed lines show thresholds used to classify into 

Low-, Intermediate, and High-P2O5 variants. Fulmar Suite intrusions show a continuous 

distribution that spans the compositional gap between Low-P2O5 and High-P2O5 Hassel rocks 

(green fields). c) Audhild Bay Suite (ABS). The line marked ABS-V envelops the range of 

volcanic samples from the Audhild Bay Suite. The low-MgO end of the dashed High- to Low-

P2O5 ABS threshold line is identical to the Fulmar Low- to Intermediate-P2O5 threshold. d) 

Wootton Intrusive Complex (WIC), Svartveeg Cliffs lavas, Type 9 alkaline dykes and Triassic 

lamprophyres. WIC ultramafic cumulate rocks plot offscale at higher MgO.  
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Figure 6. a) FeO*, b) TiO2 vs MgO wt%. Same legend as Fig. 4. The grey field encloses only 

the dominant population of HALIP tholeiites. Note that ABS and especially WIC Low-P2O5 

rocks show less Fe-Ti-enrichment than the High-P2O5 variants.  
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Figure 7. Incompatible trace element profile plots of the Hassel Formation lavas and potentially 

correlative intrusions. Modern analyses with complete spectra shown as lines, while older 

incomplete analyses are shown as lines + symbols. Pale green or yellow boxes show 

compositional ranges of intrusions considered potentially correlative by Osadetz & Moore 

(1988). Data normalized to N-MORB from Sun & McDonough (1989) except for Rb = 1.6 ppm 

and Nb = 2.8 ppm from Viereck et al. (1989), and K = 596 ppm from Jochum et al. (1983). Note 

that 1 ppm = 1 ug/g. These normalization factors apply to all N-MORB-normalized extended 

element plots in the paper.  

a) High-P2O5 lavas and potentially correlative intrusions, compared to OIB (Sun & McDonough, 

1989). Grey field shows range of Type f HALIP tholeiites (Bédard et al., 2021); which are 

among the most common HALIP continental basalts.  
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b) Low-P2O5 lavas and potentially correlative intrusions. Field of High-P2O5 lavas from panel ‘a’ 

in red. E-MORB from Sun & McDonough (1989). Grey field shows range of Type a HALIP 

tholeiites; the most magnesian and least enriched in incompatible trace elements of HALIP 

basalts (Bédard et al., 2021). 
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Figure 8. Normalized incompatible trace element profile plots of Fulmar Suite intrusions and 

possible correlatives. a) High-P2O5 intrusions, b) Low-P2O5 intrusions. Intermediate- P2O5 

intrusions (not shown) are intermediate between data shown in panels a and b. c) Fulmar Type Z 
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intrusions. These three analyses (GQA17-19-4, -5 & -6) come from a sill located in north 

Ellesmere Island (Fig.1) that is distal to most Fulmar intrusions. Fulmar Type Z trace element 

profiles are similar to those of the Low-P2O5 Fulmar rocks (purple field), but differ in having a 

smaller positive P-anomaly and by their lack of a negative Zr-Hf anomaly.  

 

Figure 9. Normalized incompatible trace element profile plots comparing average Hassel 

Formation basalt lavas with average Fulmar Suite intrusions for a) High-P2O5 and b) Low-P2O5 

variants. In a) High-P2O5 Peary Land Dykes (Kontak et al., 2001) are generally similar to High-

P2O5 Fulmar Suite rocks, but have large positive P-Ba-Eu spikes similar to those manifested by 

High-P2O5 Hassel Formation lavas. OIB from Sun & McDonough (1989). In b) Note close 

similarity of Low-P2O5 Hassel Formation and Fulmar Suite averages. Average Pitcairn EM1-
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Type OIB computed from data in Willbold & Stracke (2006). Grey field shows Type w tholeiites 

which were generated mostly in the garnet field (Dockman et al., 2018, Bédard et al., 2021). The 

similarity of the Type w tholeiite profile shapes to those of Low-P2O5 Fulmar rocks is consistent 

with a similar mantle source and suggests Type w tholeiitic basalts may be transitional to the 

Fulmar suite. 

 

Figure 10. Normalized incompatible trace element profile plots of rocks from the Audhild Bay 

Suite. Samples with complete spectra shown as lines, while older incomplete analyses are shown 

as lines with circle symbols.  a) High-P2O5 Audhild Bay Suite lavas (ABS-V) compared to field 

of High-P2O5 Fulmar Suite intrusions (excluding Hassel Formation). Note the large positive P-

anomalies, and that the HREE profiles of ABS-V rocks are as steep, or steeper than, those of 

Fulmar rocks; whereas LREE and highly incompatible elements are typically more enriched. b) 

High-P2O5 intrusive rocks we correlate with the ABS High-P2O5 lavas, which are shown as a 

field labelled ABS-V. c) Low-P2O5 Audhild Bay Suite lavas (ABS-V) compared to field of 

High-P2O5 ABS lavas. Note the shallower HREE slopes of Low-P2O5 variants and their generally 
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lower LREE and incompatible element enrichment. d) Low-P2O5 intrusive rocks we correlate 

with the ABS Low-P2O5 lavas.  

 

Figure 11.  Normalized incompatible trace element profile plots comparing Audhild Bay Suite 

(ABS) averages to potentially correlative or analogous rocks. a) Compares average ABS High- 

and Low- P2O5 variants. These ABS averages include both volcanic and intrusive rocks. Dashed 

green line is the average St.Helena Himu OIB computed from data in Willbold & Stracke (2006). 

Dashed blue line shows the average (N=2) lava from the Svartveeg Cliffs of Dockman et al. 

(2018). Svartveeg Cliffs rocks are unique in that while they have steep HREE profiles similar to 

those of the ABS High-P2O5 average, they have very small positive P anomalies, and have LREE 

and highly incompatible element abundances more similar to those of the ABS Low-P2O5 
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average. Blue curve shows profile of 203 Ma lamprophyres from the Pearya terrane from Estrada 

et al. (2018)., which are similar to the ABS High-P2O5 average, suggesting that a similar mantle 

source may have existed in the Triassic. b) Compares average ABS Low-P2O5 variants to Type 9 

intrusions, which have shallow HREE profiles similar to the ABS Low-P2O5 average, but show 

less enrichment in LREE and highly incompatible elements. 

 

Figure 12. Normalized incompatible trace element profile plots of rocks from Wootton Intrusive 

Complex (WIC). Samples with complete spectra shown as lines, while older incomplete analyses 

are shown as lines + circles.  a) Mafic High-P2O5 WIC rocks compared to the field of ABS High-
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P2O5 rocks and the average St.Helena Himu OIB computed from data in Willbold & Stracke 

(2006). b) Mafic low-P2O5WIC rocks have shallower HREE slopes than Low-P2O5 ABS rocks, 

but otherwise have very similar highly incompatible elements profiles. Low-P2O5WIC rocks are 

much less enriched in highly incompatible elements than the High-P2O5WIC rocks. 

 

Figure 13. Radiogenic isotope data for HALIP rocks. εNd and 87Sr /86Sr initial ratios values 

calculated for reference age of 90 Ma for all samples. New analyses indicated by small arrows. 

Other data are from Estrada (2015), Estrada et al. (2016, 2018), Estrada & Henjes-Kunst (2004) 

and Dockman et al. (2018). Arrow trends from Estrada et al. (2016, their Fig.14) with #1 = 

mixing between an OIB-like source mantle and a contaminant similar to depleted granulite facies 

lower crustal rocks; and #2 = mixing with a fertile upper crustal composition similar to Pearya 
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succession 1 orthogneisses.  Grey fields show range of HALIP tholeiites from Bédard et al. 

(2021). 

 

Figure 14. Th/Yb vs Log Nb/Yb plot of HALIP alkaline rocks, adapted from Pearce (2008). OIB 

and EMORB from Sun & McDonough (1989). CC is average continental crust from Rudnick 

(1995). Oblique pink field envelops modern OIB-MORB. SBS = field of 50 Sverdrup Basin 
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Sedimentary Rocks (unpublished data). Grey field encloses all HALIP tholeiites from Bédard et 

al. (2021). Dark blue line with tics at each % melting is result of a forward melting model using 

the REEBOX PRO simulation (Brown & Lesher, 2016), for incremental batch melting (i.e. near-

fractional) of upwelling Primitive Mantle (PM), pooling melt increments from a triangular 

melting region, and assuming a high potential temperature of 1430oC (from Tegner et al., 2019).  

a) Fulmar Suite and Hassel Formation rocks. Fields of High-P2O5 ABS (blue) and ABS+WIC 

low-MgO rocks (yellow) from panel b. Note that High-P2O5 Hassel Formation rocks are offset 

towards continental crust (CC).  b) Audhild Bay Suite, Wootton Intrusive Complex and possible 

correlatives. Note how low-MgO HALIP rocks scatter towards and beyond CC, requiring large 

crustal contributions. Purple Fulmar (and Hassel) field from panel (a). WIC cumulate rocks are 

not plotted here or in subsequent diagrams. 
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Figure 15 a ) Ba/Nb, b) Th/Nb c) Rb/Nb vs Nb/La. These figures constrain the possible 

involvement of sedimentary contaminants as an explanation for LILE enrichment in HALIP 

magmas. Sverdrup Basin fine-grained siliciclastic rocks (SBS) all have very low Nb/La, but most 

have Rb/Nb>8 and high Th/Nb. Although many HALIP rocks have high Ba/Nb, most have low 

Th/Nb and Rb/Nb, precluding extensive contributions from continental crust or Sverdrup Basin 

sediments. Diagrams originally proposed by Wang et al. (2016). 
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Figure 16 a) Ba/Th vs Ba/Nb, b) Ba/Th vs Th/La. Th/La is a useful first order discriminant in the 

level of crustal involvement because the Th/La ratio in oceanic rocks is <0.1, whereas 

continental crust and sediments have much higher values.  OIB,  E-MORB and N-MORB from 

Sun & McDonough (1989). CC is average continental crust from Rudnick (1995). WIC & ABS 
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low-MgO rock field (pale yellow) is partly anatectic (granites) and tracks upper crustal 

contributions. Other felsic low-MgO rocks that overlap compositions of uncontaminated HALIP 

basalts include comenditic lavas and syenites derived by near-closed system fractionation of 

alkaline basalt parents. Red box marked ‘SBS’ is average Sverdrup Basin fine-grained 

siliciclastic rock (Table S2 in Bédard et al., 2021), with range shown by pale brown fields.  

Black arrowed line shows effect of mixing SBS to average low-P2O5 Fulmar basalt. The same 

mixing path is shown in subsequent figures.  

 

Figure 17. Sm/YbPM vs La/SmPM, normalized to primitive mantle of Sun & McDonough (1989). 

Red squares mark compositions of: E-MORB (Sun & McDonough, 1989), average continental 

crust from Rudnick (CC, 1995), and average Sverdrup Basin f/g siliciclastics (SBS, Bédard et 

al., 2021, also shown as brown field). Translucent tholeiite fields from Bédard et al. (2021). 

Tholeiite Series a-b-c (grey field) are the least enriched. There is gradual enrichment of highly 

incompatible elements and a steepening of HREE profiles among HALIP tholeiites, with Series 
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d-e-f-g (orange) and k-l-m (pale blue) representing the main HALIP tholeiite populations. Grey 

arrow in the Series d-e-f-g field show a representative AFC (assimilation-fractional 

crystallization) path (Saumur et al., 2021; Bédard et al., 2021) involving incorporation of 

average continental crust. Tholeiitic to transitional alkaline basalt Series p-q-r, w-u and x (pale 

brown fields) have the steepest HREE profiles and the most enriched signatures of HALIP 

tholeiites, formed largely by melting in the garnet field, and mark a gradation to the alkaline 

suites presented here. Dashed field labelled HTK = High-TiO2 Karoo tholeiites from Jourdan et 

al. (2009, cf. Ashwall et al., 2021), which represent low-degree high-pressure mantle melts. 

Melting paths from Jourdan et al. (2007, 2009), which they computed using the equilibrium non-

modal melting equation of Shaw (1967), with partition coefficients from McKenzie & O'Nions 

(1991). Melting paths of spinel lherzolite from Jourdan et al. (2009) used a low-TiO2 Karoo best-

fit peridotite source composition (La = 1.10, Sm = 0.67, and Yb = 0.55 ppm), with initial mode 

(olivine:orthopyroxene:clinopyroxene:spinel) of 55:15:28:2, and a 20:20:55:5 melting mode. The 

PODS (Proterozoic Okavango dyke swarm) melting paths were computed the same way, but 

with a more enriched source (La = 1.80, Sm = 0.75, and Yb = 0.55 ppm). Garnet lherzolite 

melting paths from Jourdan et al. (2007), with the source (La = 1.35, Sm = 0.62, and Yb = 0.45 

ppm) and melting mode (olivine:orthopyroxene:clinopyroxene:garnet = 16:12:81:15) modified 

from Walter (1998); and a range of source modal compositions 

(olivine:orthopyroxene:clinopyroxene:garnet = 69-64:20:9:2-7). The % initial garnet of the 

melting paths shown increase as a function of melting pressure (Jourdan et al., 2007, 2009). 

Sample EL87-188 is unusual, plotting along the 7% garnet path. The dashed black line marked 

‘mix ?’ links low-degree melts from the Karoo lherzolite source to typical High-P2O5 ABS and 

WIC rocks.  
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Figure 18a) Rb vs Ba (ppm or ug/g). A few data scatter to higher Ba, a trend clearly unrelated to 

assimilation of high-Rb continental crust (CC) or average Sverdrup Basin fine-grained 
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sedimentary rock (SBS). Fulmar High-P2O5 vs Low-P2O5 rocks show no obvious trend 

difference save for the anomalously Ba-enriched High-P2O5 Hassel Formation rocks. The high-

P-Ba component in the Peary Land dykes (Greenland) and High-P2O5 Hassel Formation rocks is 

not Rb-rich, which is inconsistent with a sedimentary source. The WIC Low-P2O5 rocks are more 

enriched in Rb and Th (cf. Fig. 11), and may be more contaminated than most HALIP rocks.    

b) P2O5 wt% vs Ba (ppm). Some groups are outlined for emphasis, and putative mantle 

components (P1 & P2) are shown schematically. Ticked line shows mixing path between SBS 

and the average Low-P2O5 Fulmar rock. The gradual shift from OIB-like Low-P2O5 Fulmar 

rocks to High-P2O5 Fulmar rocks (trending towards P1) is unrelated to Ba enrichment, whereas 

Peary Land dykes and High-P2O5 Hassel Formation basalts trend towards coupled Ba-P2O5 

enrichment (P2). Some High-P2O5 ABS and WIC rocks trend towards the same High-P2O5 

component as the Fulmar rocks (P1), but others show coupled P2O5-Ba enrichment (P2). Neither 

P1 nor P2 can be the result of assimilating sedimentary rock or CC, which both have low P2O5 

contents. Field of low-MgO rocks excluded for clarity. 
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Figure 19a) P2O5 wt% vs Zr ppm (or ug/g), b) P2O5 vs K2O wt%. Legend is split between the 

two panels. Low-MgO rocks excluded from panel a) for clarity. The intrusive samples that 

Osadetz & Moore (1988) correlated with Hassel Formation basaltic lavas are shown as Fulmar 

Suite rocks in these and following figures. A few outliers were not included in the enveloping 

Fulmar + Hassel field (purple line). Low-P2O5 Hassel and Fulmar rocks overlap the field of 

tholeiites and fall in main E-MORB-OIB continuum. Fulmar and Hassel alkaline rocks define a 

trend towards increasing P2O5 at near constant Zr and K2O. Low-P2O5 WIC (red X symbols) 

scatter towards a low-P2O5 / high-Zr-K2O pole strongly suggestive of crustal contamination, in 

accord with their high Th/Yb (Fig. 13). Some ABS low-MgO rocks (black ‘+’ symbols) show 

coupled enrichment more consistent with an origin by fractional crystallization, although most 

scatter towards a granitic pole at low P2O5. Dashed black lines labelled ‘FX trend’ show 

expected fractional crystallization trends, with 1:1 increases of these incompatible elements 

projected from the origin. Note that the difference between High-P2O5 and Low-P2O5 Fulmar 
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variants is clearly unrelated to fractional crystallization, or to assimilation of either continental 

crust (CC) or Sverdrup Basin sedimentary rocks (SBS), and most likely requires addition of a 

high-P2O5 source component (P1 or P2). Coupled P2O5 + K2O enrichment may reflect a PK 

source component, whereas coupled P2O5 + Zr enrichment may reflect a PZr source component.  
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Figure 20. TiO2 vs P2O5 wt%. a) Fulmar and Hassel Formation alkaline rocks. Low-P2O5 Hassel 

Formation and Fulmar rocks overlap the field of Type w and Type x tholeiites that formed by 

low-degree melting largely in the garnet field (Bédard et al., 2021). The High-P2O5 Hassel 
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Formation and Fulmar variants trend towards a component with slightly higher TiO2 and much 

higher P2O5 (P1). Contaminated High-P2O5 Hassel Formation rocks are offset towards a low-P-

Ti crustal component. Dashed lines show PELE LLDs (Boudreau, 1999) for HALIP tholeiites for 

different pressures, water content and delta fO2 relative to the quartz fayalite magnetite buffer 

(QFM). Cotectic crystallization reproduces trend of, e.g. Series a-b-c HALIP tholeiites, which 

are the least enriched in the province. Note inflection points marking FeTi-oxide saturation. 

Fulmar rocks show few signs of having fractionated abundant ilmenite or apatite. 

b) Audhild Bay Suite, Wootton Intrusive Complex and other HALIP alkaline rocks. The Fulmar 

+ Hassel fields from panel a) are outlined. Some High-P2O5 ABS and WIC rocks trend towards 

the same component as the Fulmar rocks (P1), but others trend towards a high-P2O5 / low-TiO2 

component (PK and PZr?).  Overall, the ABS and WIC mafic rocks show a very wide range of 

Ti, P and Ti/P, indicating source heterogeneity compounded by extensive fractional 

crystallization and locally AFC.  
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Figure 21.  Zr/Nb vs Nb/Th. Tectonic fields from Condie (2005). Red squares and dashed fields 

show average and compositional range (respectively) of OPB = oceanic plateau basalts (in 

green), UC = upper crust, PM = primitive mantle, and DEP = depleted mantle component 

(prominent in Iceland). A few crustally contaminated Fulmar Suite rocks and some Low-P2O5 

ABS and WIC rocks scatter to higher Zr/Nb at low Nb/Th, as do Low-MgO ABS and WIC rocks 

(not shown), which overlap upper crust compositions. Some HALIP data are annotated with 87Sr/ 

86Sri
 values. Where there is isotopic data, the higher-Zr/Nb rocks show enrichment in 87Sr/86Sr i, 

implying that the strong increase in Zr/Nb is commonly the result of crustal contamination. 

Diamonds show average OIBs computed from data in Willbold & Stracke (2006). For EM1: t = 

Tristan, g = Gough, p = Pitcairn; for EM2: m = Marquesas, s = Samoa, e = Society, k = 
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Kerguelen; for HIMU (high-μ = high 238U/204Pb): h = St.Helena, r = Rurutu, t = Tubuaii, m = 

Mangaia.    

 

Figure 22. Schematic representation of conceptual model of HALIP magmatism. Low-Sm/Yb 

tholeiites are generated where continental crust has been strongly thinned, and migrate inland 

through the crustal plumbing system to feed the Strand Fiord Formation lavas and associated 

non-cumulate dykes and sills. OL is olceanic lithosphere. Higher-Sm/Yb tholeiites are generated 

beneath the continent where melts separated at greater depths. Dark green layer with ‘v’ symbol 

embedded in Sverdrup Basin represents older Isachsen Formation basalts. Dashed line separates 

spinel (sp) from garnet (gt) peridotite mantle. Low melting degree high-Sm/Yb tholeiites, and the 

Hassel and Fulmar Suite parental melts, segregated at greater depth (garnet field) from an EM-

Type mantle plume and ascended along favourable structures, scavenging P1 veins (yellow lines) 

from North American sub continental lithospheric mantle (NA SCLM), and P2 veins from 

Greenlandic SCLM (GL). Alternatively, P1 may be located in the plume itself. The root of the 

Greenlandic SCLM has a fossil HIMU-like signature but also contains EM-Type fertile nuggets 
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(e.g. P2, PK). The ascending plume heats this deep root (dashed red line shows the thermal 

reactivation halo) and triggers low degree melting at different pressures, yielding the contrasting 

High- and Low-P2O5 Audhild Bay Suite (ABS) and WIC magmas.  

 


