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Abstract
The Yermak Plateau (YP) north of Svalbard is a prominent bathymetric feature in the Eurasia Basin of the Arctic Ocean, 
forming the northwesternmost margin of the Eurasian plate. Seismic data indicate that the YP comprises continental base-
ment; however, little is known about its geology. New petrographic, geochemical, Sr–Nd isotopic, and Ar–Ar geochrono-
logical data were obtained on rock fragments, which were previously recovered from basement highs of the northeastern 
and southwestern YP and are dominantly of magmatic origin. These new data combined with available literature data, and 
comparisons with volcanic and sedimentary rocks from onshore and offshore areas adjacent to the YP indicate that the 
northeastern YP and the southwestern YP are different regarding their geological evolution. The southwestern YP comprises 
an alkaline basaltic suite for which an Ar–Ar biotite age of 51 Ma was previously reported. The suite was formed in a con-
tinental extensional regime offshore northern Svalbard. Associated sedimentary rocks (sandstone, several limestones) show 
petrographic similarity with rocks of the Devonian Old Red Sandstone on Svalbard. From the northeastern YP, in contrast, 
we recovered mildly alkaline basaltic rocks with mid-Cretaceous Ar–Ar ages (102 ± 3 and 98 ± 3 Ma). The rocks show certain 
geochemical characteristics (partial enrichments of P, Ba, and Eu), which overlap with similar-aged Cretaceous basaltic rocks 
from northern Ellesmere Island of Canada and North Greenland. We suggest that the northeastern YP is a continental frag-
ment derived from the North American plate, which was separated from the conjugate Morris Jesup Rise and juxtaposed to 
the geologically distinct southwestern YP by the propagation of the Gakkel Ridge spreading center since the early Oligocene.
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Introduction

The submarine Yermak Plateau (YP) north of Svalbard is 
a prominent bathymetric feature of the Eurasia Basin at a 
water depth of about 500 to 1000 m (Fig. 1). It is situated 
at the northwesternmost margin of the Eurasian Plate near 
two active, ultra-slow spreading ridges, the Gakkel Ridge in 

the north and the Lena Trough, the central part of the Fram 
Strait, in the west. The boomerang-shaped YP is divided 
into the NNW–SSE trending part south of 82° N bordered 
by the Lena Trough, hereinafter referred to as southwestern 
YP, and the SW–NE trending part north of 82° N adjacent 
to the Gakkel Ridge, hereinafter referred to as northeastern 
YP (Fig. 2).

Our knowledge of the structure of the still mostly sea-ice 
covered YP results mainly from geophysical studies, com-
prising seismic, gravity, magnetic, and heat flow measure-
ments (e.g., Feden et al. 1979; Crane et al. 1982; Jackson 
et al. 1984; Okay and Crane 1993; Jokat et al. 1995, 2008; 
Brozena et al. 2003; Ritzmann and Jokat 2003; Geissler et al. 
2011; Berglar et al. 2016). High-amplitude positive magnetic 
anomalies of the northeastern YP (Fig. 2) and the conjugate 
Morris Jesup Rise have been interpreted as a volcanic center 
(“Yermak hotspot”) formed during the breakup of these pla-
teaus at about 35 Ma (Feden et al. 1979). Based on seismic 
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velocity data, the northeastern YP has been interpreted to be 
of oceanic crust and the southwestern YP to be thinned con-
tinental crust (Jackson et al. 1984). More recently, the base-
ment of the entire YP is interpreted to consist of stretched 
continental crust characterized by magmatic intrusions 
(Ritzmann and Jokat 2003; Jokat et al. 2008, 2016; Berglar 
et al. 2016).

Rock samples from the acoustic basement of the YP, 
which can verify the geophysical models, are rare (Fig. 2). 
A single gneiss sample dredged from the southwestern YP 
(Fig. 2) was interpreted as an equivalent of the basement of 
northern Svalbard (Jackson et al. 1984). During the expe-
dition ARK-XX/3 of the German RV Polarstern in 2004, 
several rock samples were obtained (Stein 2005) and studied 

Fig. 1  Bathymetric overview map of the Arctic Ocean and surround-
ing continental areas based on the International Bathymetric Chart of 
the Arctic Ocean (IBCAO; Jakobsson et al. 2020) showing the posi-
tion of our study area, the Yermak Plateau (white dashed outline). 
See Fig.  2 for details. The extent of large magmatic provinces, the 
Cretaceous High Arctic Large Igneous Province including the High 
Arctic Magnetic High Domain (encircled in yellow), and the Pale-
ocene–Eocene North Atlantic Volcanic Province (translucent orange 
covered areas) are compiled from the literature (Storey et  al. 1998, 
2007; Drachev and Saunders 2006; Buchan and Ernst 2006; Tegner 

et  al. 2008, 2011; Shipilov and Karyakin 2011; Senger et  al. 2014; 
Shipilov 2015; Estrada et  al. 2016; Oakey and Saltus 2016; Polteau 
et al. 2016). The areas affected by the Eurekan deformation (encircled 
in pink) are based on Piepjohn et al. (2016). The positions of offshore 
rock sampling sites referred to in this study are indicated as shown in 
the legend. The area enclosed by the black dashed outline is shown in 
detail as Fig. 3. AHI Axel Heiberg Island, DLI DeLong Islands, FJL 
Franz Josef Land, FS Fram Strait, HAMH High Arctic Magnetic High 
Domain, LS Lincoln Sea, MJR Morris Jesup Rise, NSI New Siberian 
Islands, YP Yermak Plateau



557International Journal of Earth Sciences (2024) 113:555–581 

Fig. 2  a Bathymetric map of the YP based on the IBCAO v4 dataset 
(Jakobsson et al. 2020) including onshore geology of northern Sval-
bard (Dallmann et  al. 2002) and offshore geophysical observations 
(dip of acoustic basement and magnetic anomaly > 300  nT; Jokat 
et  al. 2008). The location of seismic profile lines (AWI-200400005, 
AWI-20040030, AWI-99300, abbreviated to the last three numbers), 
the NBH and SB dredge positions, and the dredge locations of Jack-
son et al. (1984) and Kristoffersen et al. (2020) are shown. The yel-

low frame shows the location of b. b Detailed bathymetric map of 
the northern Sverdrup Bank with the positions of the basement rock 
sampling stations SB-GC and SB-GBC as well as two unsuccessful 
stations, based on the multibeam echosounder system onboard RV 
Polarstern (Stein 2005). BF Breibogen Fault, BFZ Billefjorden Fault 
Zone, DB Danskøya Basin, GBC Giant box corer, GC Gravity corer, 
MS Mosby Seamount, NBH northern basement highs, RF Raudf-
jorden Fault, SB Sverdrup Bank, SPFZ Spitsbergen Fracture Zone



558 International Journal of Earth Sciences (2024) 113:555–581

for their petrography, geochemistry, and geochronology by 
Riefstahl et al. (2013). More recently, rock samples have 
been dredged from the southwestern and northeastern parts 
of the plateau (Kristoffersen and Hall 2014; Kristoffersen 
et al. 2020). Traditionally, the geological evolution of the 
southwestern and northeastern parts of the YP was believed 
to be closely related to Svalbard, based on lithological simi-
larities and the results of, e.g., velocity modeling (Ritzmann 
and Jokat 2003; Riefstahl et al. 2013; Kristoffersen et al. 
2020).

Here, we present new data, which suggest a different 
evolution of the northeastern YP as compared to the south-
western YP. Our study is based on mineralogical and whole 

rock geochemical analyses, Ar–Ar dating as well as Rb–Sr 
and Sm–Nd isotope analyses of dredged and cored rocks, 
mainly of magmatic origin. Igneous rocks are most likely 
an important component of the basement of the YP, as is 
also indicated by the magnetic anomalies of the northeastern 
YP. With this new data, we characterize two in situ alkali 
basaltic suites from the northeastern and southwestern YP, 
which differ in age, geochemical signatures, and associated 
non-magmatic rocks. We compare these alkali basaltic suites 
with offshore and onshore basaltic rocks in the Arctic realm, 
including a sample from the Alpha Ridge (Fig. 1). These 
results allow a new plate-tectonic interpretation of the acous-
tic basement of the YP.

Fig. 3  Geological overview map of the northeastern Canadian Arc-
tic and North Greenland (modified from Piepjohn et  al. 2016). The 
locations of Cretaceous to Paleocene magmatic events referred to in 
this study as well as the seismic refraction line BGR18-1R1 off North 

Greenland (Brotzer et al. 2022) and the N–S trending crustal transect 
through Ellesmere Island compiled from deep seismological data 
(Schiffer and Stephenson 2017) are shown (black-yellow lines)
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Geological setting

The Amerasia Basin and the HALIP

The Arctic Ocean comprises the Mesozoic Amerasia Basin 
and the Cenozoic Eurasia Basin, which are separated by a 
sliver of continental crust, the Lomonosov Ridge (Fig. 1). 
Prior to the opening of the Eurasia Basin, the YP and the 
conjugate Morris Jesup Rise (including Morris Jesup Spur) 
were part of a contiguous continental land mass at the pas-
sive margin of the Amerasia Basin (Glebovsky et al. 2006). 
The multistage opening of the Amerasia Basin since the 
Early Cretaceous was accompanied by intense, dominantly 
mafic igneous activity referred to as the High Arctic Large 
Igneous Province (HALIP) (e.g., Buchan and Ernst 2006, 
2018, and references therein). The HALIP includes conti-
nental flood basalts, sills and dykes emplaced in the Bar-
ents Shelf region (Svalbard, Franz Josef Land), the De Long 
Islands, the Canadian Arctic islands, and North Greenland 
(Fig. 1). HALIP-related magmatism took place between 
ca. 135 and 75 Ma, with major pulses at ca. 128–120 Ma, 
ca. 100–92 Ma, and around 84–78 Ma (Buchan and Ernst 
2018 and references therein). The flood basalt magmatism 
on Franz Josef Land started already in the Early Jurassic, 
followed by Late Jurassic to Early Cretaceous episodes peak-
ing at around 157, 132, and 115 Ma, supported by biostrati-
graphic investigations (Karyakin et al. 2021; Karyakin and 
Aleksandrova 2022). The first magmatic pulses were tholei-
itic, whereas transitional to alkaline magmatism became 
more important after ca. 100 Ma in the Canadian Arctic 
and was dominant in North Greenland (e.g., Estrada and 
Henjes-Kunst 2004; Tegner et al. 2011; Senger et al. 2014; 
Estrada 2015; Estrada et al. 2016; Buchan and Ernst 2018; 
Naber et al. 2021; Bédard et al. 2021a, b). The large High 
Arctic Magnetic High (HAMH) that covers the submarine 
Alpha–Mendeleev Ridge as well as neighboring areas shows 

magnetic patterns typical for plume-related global Large 
Igneous Provinces and is interpreted as part of the HALIP 
(Saltus et al. 2011; Oakey and Saltus 2016). However, the 
age of igneous rocks from the Alpha–Mendeleev Ridge is 
widely unknown. Basement samples dredged from the cen-
tral Alpha Ridge comprise highly altered pyroclastic rocks, 
which show alkaline basaltic and within-plate signatures, 
but are undated (Van Wagoner and Robinson 1985; Van 
Wagoner et al. 1986). The first dated basalt sample from the 
central Alpha–Mendeleev Ridge, a tholeiitic basalt, yielded 
an Ar–Ar age on plagioclase of 89 ± 1 Ma (Jokat 1999; Jokat 
et al. 1999, 2013). Previously unpublished geochemical data 
of this basalt sample (Mühe and Jokat 2004) are used for 
comparison to our own data. An Ar–Ar age of 90 Ma was 
obtained on alkaline basaltic tuff dredged from the Alpha 
Ridge (Williamson et al. 2019).

A new plate-tectonic configuration in the Arctic devel-
oped since the Late Cretaceous, starting with the onset of 
seafloor spreading in the Labrador Sea and rifting in the 
Baffin Bay, as well as contemporaneous rifting in the Nor-
wegian-Greenland Sea and the future Eurasia Basin (Kristof-
fersen and Talwani 1977; Srivastava 1978; Vogt et al. 1979; 
Gerlings et al. 2009 and references therein). An expression 
of these extensional processes is probably the latest stage of 
alkaline HALIP-related magmatism with the mafic Peary 
Land dykes in North Greenland, emplaced between ca. 85 
and 81 Ma (Kontak et al. 2001; Thórarinsson et al. 2015), 
followed by the bimodal, alkaline volcanism of the Kap 
Washington Group at ca. 71–61 Ma (Tegner et al. 2011; 
Thórarinsson et al. 2011) (Fig. 3).

The Eurasia Basin and Eurekan deformation events

In the earliest Eocene, rifting turned into seafloor spread-
ing in the Eurasia Basin, Baffin Bay, and the Norwe-
gian–Greenland Sea (Talwani and Eldholm 1977; Vogt 

Table 1  Lithology of dredge and core samples from the Yermak Plateau

Number of samples in brackets
*Without geochemical analyses; lithologies in italics: ice-rafted debris or unclear origin

Southwestern YP, Northern Sverdrup Bank Northeastern YP

SB dredge SB-GC SB-GBC NBH dredge

Magmatic rocks Alkali basalt and dolerite (11)
Basalt, altered, undiff. (4*)
Thol. dolerite (1)
Trachyte (1)

Alkali basalt (3)
Alkali basalt, 

altered (3*)

Alkali basalt (4)
Alkali basalt, altered (3*)

Alkali basalt (7)
Thol. dolerite (1)
Rhyolite (1*)

Sedimentary rocks Multicolored sandstone (7)
Limestone (1)

Red sandstone and 
mudstone (2)

Limestone (3)

Oolithic limestone (1)

Metamorphic rocks Gneiss (2) Gneiss (1)
Quartzite (4)
Hornfels (1)



560 International Journal of Earth Sciences (2024) 113:555–581



561International Journal of Earth Sciences (2024) 113:555–581 

et al. 1979; Brozena et al. 2003; Glebovsky et al. 2006; 
Gaina et al. 2009, 2017; Gernigon et al. 2012, 2020; Ber-
glar et al. 2016; Lutz et al. 2018). At that time, Green-
land was surrounded by active oceanic spreading centers 
in the north (Eurasia Basin), east (Norwegian–Greenland 
Sea), south and west (Labrador Sea–Baffin Bay) as well 
as by several transform faults. Due to this tectonic situ-
ation, Greenland moved northwards causing the Eure-
kan deformation on Ellesmere Island, along the western 
Svalbard margin, and in northernmost North Greenland 
between ca. 53 and 34 Ma (Piepjohn et al. 2016). During 
the Eurekan Stage 1 (anomaly 24–21, ca. 53–47 Ma), the 
northeastern directed drift of Greenland led to shorten-
ing along the west coast of Svalbard and the formation 
of the intra-continental West Spitsbergen Fold-and-Thrust 
Belt, as well as sinistral strike-slip along the Nares Strait 
(Piepjohn et al. 2016; Schneider et al. 2019). During the 
Eurekan Stage 2 (anomaly 21–13, ca. 47–34 Ma), Green-
land moved toward the northwest causing (i) shortening 
across the Nares Strait and dextral strike-slip faulting on 
Ellesmere Island as well as (ii) dextral transpression along 
the major fault zones of Svalbard and the transition from 
oblique convergence to oblique divergence along the west 
Svalbard continental margin (Piepjohn et al. 2016; Klein-
spehn and Teyssier 2016). At the end of Stage 2, spreading 
in the Labrador Sea and Baffin Bay ceased and Greenland 
became part of the North American plate (e.g., Srivastava 

and Tapscott 1986; Tessensohn and Piepjohn 2000; Piep-
john et al. 2016).

Formation and structure of the Yermak Plateau

During Eurekan Stages 1 and 2, seafloor spreading along the 
Gakkel Ridge terminated at the northern margin of an area 
that comprised the future Morris Jesup and Yermak plateaus 
(Engen et al. 2008). The propagation of the Gakkel Ridge 
toward Greenland led to the separation of the YP from the 
conjugate Morris Jesup Rise during the Oligocene, between 
ca. 33 Ma (anomaly 13) and ca. 25 Ma (anomaly 7) (Feden 
et al. 1979; Brozena et al. 2003; Engen et al. 2008; Ehlers 
and Jokat 2013).

In the Miocene, the onset of oblique rifting led to seafloor 
spreading along the Lena Trough propagating from north to 
south between ca. 21 Ma and 10 Ma (Snow et al. 2011; Jokat 
et al. 2016). Since about 17.5 Ma, the Fram Strait between 
the YP and eastern North Greenland developed into the only 
deep-water gateway between the Arctic Ocean and the global 
oceans (Jakobsson et al. 2007; Ehlers and Jokat 2013). The 
YP became part of the Eurasian Plate and drifted together 
with Svalbard apart from Greenland.

Seismic data of the YP have revealed an acoustic base-
ment with narrow graben and horst structures, which is 
covered by 2 to 4 km thick Cenozoic sedimentary strata. 
The oldest deposits in the deeper basins may have an age 
of about 34 Ma (Geissler and Jokat 2004; Jokat et al. 2008; 
Geissler et al. 2011). The northeastern YP (Fig. 2) is char-
acterized by positive magnetic anomalies with amplitudes 
up to 1000 nT following the SW–NE trend defined by the 
outline of the northeastern YP (Feden et al. 1979; Jackson 
et al. 1984; Brozena et al. 2003; Jokat et al. 2008). A seismic 
profile crossing the northeastern YP (line AWI-20040005; 
Fig. 2) revealed three basement highs, herein referred to as 
the northern basement highs, which are separated by grabens 
(Jokat et al. 2008). The northernmost and the central base-
ment highs are associated with positive magnetic anomalies 
of about 750 nT and 250 nT, respectively. Only the cen-
tral basement high is exposed at the seafloor. Multichan-
nel reflection seismic data of a section along the transition 
from the northeasternmost margin of the YP into the oceanic 
Nansen Basin (line BGR13-207; Fig. 2) reveal structures 
typical of a rifted continental margin without any indications 
of subduction (Berglar et al. 2016).

The southwestern YP is magnetically quiet. A pronounced 
structure is the Sverdrup Bank, a flat-topped N–S trending 
horst structure that narrows to the north, with steep flanks to 
the east and west (Jokat et al. 2008; Geissler et al. 2011). Its 
uppermost part is composed of sedimentary and/or volcanic 
rocks, as indicated by p-wave velocities of about 4.5 km/s 
(Geissler et al. 2011). The Sverdrup Bank was interpreted 

Fig. 4  Photomicrographs of alkali basalt samples from SB-GC (a–d) 
and SB-GBC (e–h) as well as dated samples from the NBH dredge 
(i–l). a, b Hypocrystalline, seriate textured alkali basalt consisting of 
plagioclase, clinopyroxene (light gray-brownish), opaque minerals 
(Fe-Ti oxides, pyrite) and small amounts of kaersutite and biotite in a 
devitrified matrix. c Magnification of the very fine-grained matrix of 
the same sample to show fine-grained kaersutite and biotite crystals. 
d Amygdales filled with carbonate (rim) and greenish, spherulitic 
chlorite (center) in fine-grained alkali basalt. e, f Fine-grained, inter-
sertal alkali basalt consisting of plagioclase, gray-brownish clino-
pyroxene, red-brown kaersutite, and opaque Fe–Ti minerals (black). 
PPL (e) and XPL (f). Interstices are filled with brown volcanic glass, 
isotropic under XPL (f). g, h Fine-grained, porphyritic alkali basalt 
composed of plagioclase, clinopyroxene (gray), and altered grains 
completely replaced by brownish minerals (probably former olivine) 
in a devitrified matrix. An ellipsoidal, ocellus-like structure (upper 
left corner) consists of very fine-grained clinopyroxene crystals in the 
center surrounded by coarser grained clinopyroxene and plagioclase. 
PPL (g) and XPL (h). i, j Porphyritic basalt with plagioclase phe-
nocrysts in a fine-grained matrix of plagioclase laths, sparse clino-
pyroxene, and opaque and semi-opaque minerals. The latter replace 
mafic minerals (clinopyroxene) and volcanic glass. PPL (i) and XPL 
(j). k, l Very fine-grained basalt formed of plagioclase, sporadic fresh 
clinopyroxene and opaque and semi-opaque minerals. Phenocrysts 
of plagioclase and clinopyroxene (light greenish-gray) form a single 
glomerophyric aggregate. PPL (k) and XPL (l). Bt biotite, Cb carbon-
ate minerals, Chl chlorite, Cpx clinopyroxene, Krs kaersutite, Ol oli-
vine, Pl plagioclase. Mineral abbreviations from Whitney and Evans 
(2010). PPL plane polarized light, XPL crossed polarizers

◂
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Fig. 4  (continued)

as part of a larger continental block; presumably a continu-
ation of structures and basement rocks exposed on northern 
Svalbard (Ritzmann and Jokat 2003).

Samples and methods

Sampling sites and recovered materials

Sampling of basement rocks is only successful where the 
basement of the YP is exposed close to or at the seafloor and 
thus shows no (or only little) sedimentary cover. Such sites 
on the northern part of Sverdrup Bank (SB) and the central 
northern basement high (NBH) were identified by shipborne 
multibeam and sediment echosounder system (Stein 2005) 
and for each location one dredge (the SB and NBH dredges) 
was carried out. Beside the dredges, basement sampling 
on the northern part of Sverdrup Bank was also performed 
using (i) a gravity corer (SB-GC) on its western flank close 
to the SB dredge and (ii) a giant box corer (SB-GBC) on 
the flat top of the Sverdrup Bank around 5 km east of the 
SB dredge track (Fig. 2; Supplementary file 1). Cores of 
32 cm and 16 cm in length were recovered from the SB-GC 
and SB-GBC, respectively (Supplementary file 2). From 
the SB-GC core, we selected eleven samples consisting of 

individual pebbles, of which six are basaltic and five are 
sedimentary. From the SB-GBC core, seven basalt samples 
and one sedimentary rock were collected (Table 1, Supple-
mentary file 3). At two stations on the eastern part of the 
northern Sverdrup Bank (Fig. 2), no penetration with the 
gravity corer was possible due to the hard basement rocks 
at the seafloor.

Hereinafter, if the term “SB samples” is used, we refer 
to both, core and dredge samples from the Sverdrup Bank. 
If further differentiation between SB core and SB dredge is 
necessary, it is noted in the text.

Analytical methods

A complete list of all core and dredge samples from the YP 
and the applied analytical methods is given as Supplemen-
tary file 3. For this study, magmatic rock samples from the 
YP were analyzed using the following methods: whole-rock 
qualitative X-ray diffraction (XRD), whole-rock quantita-
tive analyses of major and trace elements detected by X-ray 
fluorescence (XRF) and inductively coupled plasma-mass 
spectrometry (ICP-MS), Rb–Sr and Sm–Nd isotope analy-
sis and 40Ar/39Ar whole-rock geochronology. For analyti-
cal details see Supplementary file 4. The XRF and ICP-MS 
whole-rock analytical data of the magmatic rock samples 
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recovered by coring (SB-GC and SB-GBC) as well as of a 
sample from the Alpha Ridge (PS051-041-1cc; Mühe and 
Jokat 2004) used for comparisons in this study can be found 
in the Supplementary file 5. The XRF and ICP-MS data for 
the SB and NBH dredge samples are given in Riefstahl et al. 
(2013). For graphic presentation and comparison, the major 
element oxides were recalculated to a loss-on-ignition (LOI) 
free basis. Short petrographic descriptions of samples from 
the NBH and SB dredges can be found in Riefstahl et al. 
(2013). Selected lithologies, which are important for this 
study, were newly examined by thin sections.

Results

Petrography

Magmatic rocks

The SB-GC and SB-GBC basaltic rock samples vary in 
grain size, texture, vesicularity, and degree of alteration 
(Fig. 4a–h). The basalts are aphyric to porphyritic, partially 
amygdaloidal (Fig. 4d), mostly hypocrystalline, with a fine-
crystalline groundmass and partly devitrified volcanic glass 
in interstices (Fig. 4e, f). In some SB-GC samples, the basal-
tic matrix is cut by a finer-grained, few mm-thick veinlet 
of the same mineralogical composition as the surrounding 
rock. We assume that most, if not all, basaltic samples come 
from lava flows, which are characterized by varying tex-
tural features even in the same flow. However, it cannot be 
decided with certainty, whether an individual, isolated basalt 
pebble originated from a flow or from a small sill or dyke. 
Despite their textural variability, the basaltic rock samples 
of both cores are very similar in their mineralogical com-
position. Euhedral to subhedral plagioclase in the ground-
mass is the major mineral phase. Minor mineral phases are 
clinopyroxene, opaque phases, and alkali feldspar as well as 
dark red–brown biotite and red–brown amphibole (probably 
kaersutite) in some samples (Fig. 4a–c, e, f). Apatite is an 
accessory phase. Slightly parallel alignment of plagioclase 
laths in the groundmass of sample SB-GC04 is interpreted 
as a flow texture. Phenocrysts (up to 2 mm in size, mostly 
< 1 mm) are slightly altered plagioclase, clinopyroxene, and 
pervasively altered olivine (Fig. 4g, h). Secondary phases 
are carbonate minerals (calcite, dolomite, traces of magne-
site), chlorite, rarely pumpellyite as well as clay minerals 
formed from alteration of glass. The fine-grained clay miner-
als are muscovite or illite, which are hard to distinguish by 
XRD on simple powder specimens. Additionally, corrensite 
was detected in all samples, traces of pyrite in almost all 
samples and quartz, analcime and anatase in some samples 
(Supplementary file 6). The composition of the SB-GC and 
SB-GBC basalt samples shows that they have experienced 

hydrothermal alteration that has mainly affected olivine and 
interstitial volcanic glass.

The basaltic rocks are petrographically very similar to 
the alkali-basalt samples of the SB dredge studied by Rief-
stahl et al. (2013). Some coarser-grained and less altered 
SB dredge samples consist of plagioclase, clinopyroxene, 
± alkali feldspar, ± biotite, ± dark red–brown amphibole, and 
± olivine (replaced by secondary minerals). Biotite was used 
for Ar–Ar dating on two medium-grained samples (Riefstahl 
et al. 2013).

The petrographic description of the NBH alkali-basalt 
samples is only based on two thin sections of samples 
NBH-02 and NBH-05. These samples are fine-grained and 
strongly (NBH-02) or weakly porphyritic (NBH-05) with 
phenocrysts of mainly plagioclase and rare clinopyroxene. 
The groundmass is formed of plagioclase laths, minor clino-
pyroxene, abundantly dispersed opaque minerals, and rarely 
completely altered olivine (Fig. 4i–l). XRD measurements 
(Supplementary file 6) confirm a similar mineralogical 
composition for the other five alkali-basalt samples without 
thin sections, which show macroscopically a very strongly 
altered appearance (Riefstahl et al. 2013). In sample NBH-
11, olivine was confirmed. Additionally, traces of fluorapa-
tite were detected in in two samples. Minerals indicating 
alteration are only present in traces: corrensite in three sam-
ples, muscovite (or illite), and calcite in one sample each. 
Thus, the NBH alkali-basalt samples are only little affected 
by alteration, despite their altered appearance. In contrast 
to the SB alkali-basalt samples, the NBH basalt samples do 
not contain minerals as biotite and red–brown amphibole.

Non‑magmatic rocks

The SB-GC and SB-GBC samples contain only a small num-
ber of sedimentary rocks represented by sandstone and lime-
stone (Table 1). The reddish sandstone sample SB-GC03 
is fine-grained, well sorted, and calcareous (Fig. 5a, b). It 
consists mainly of angular to subangular grains of quartz 
and sericitized feldspar, few green grains (mostly chlorite, 
also pumpellyite), detrital muscovite, rarely tourmaline, 
and few lithoclasts of polycrystalline quartz, sericite schist, 
and chlorite schist. Opaque Fe oxides and hydroxides partly 
form coatings of the clastic grains. Calcite commonly fills 
the voids. Another reddish pebble is a poorly sorted, sandy 
mudstone (Fig. 5c, d). Sand-sized grains are mostly angular 
quartz, volcanic lithoclasts, few muscovite, and rare calcite. 
The sample is rich in opaque, limonitic matter of probably 
biogenic origin. The mudstone part of the sample is rich in 
felted brownish fine fibers and contains some coalified plant 
fragments (Fig. 5e).

We consider these two samples to be associated with a 
prominent group of sandstone samples of the SB dredge. 
These medium-grained, partly silty sandstone samples are 
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Fig. 5  Photomicrographs of non-magmatic rock samples from 
SB-GC (a–f), SB-GBC (g), and NBH dredge (h). a, b Fine-grained 
sandstone dominated by quartz clasts, sparse feldspar, chlorite, and 
lithoclasts. Opaque grains and coatings are mostly Fe oxides and 
hydroxides, minor grains of Ti minerals. Interspaces are filled with 
carbonate. PPL and XPL. c–e Layered sandy siltstone to claystone 
rich in limonitic opaque matter  of probably biogenic origin. Sand-
sized clasts are quartz and volcanic lithoclasts, minor muscovite; car-
bonate is sporadic (c and d; PPL and XPL). The claystone (e; PPL) is 
rich in felted fine fibers (brownish) and contains some coalified plant 
fragments (center, red arrows). f Limestone with fragments of echi-
noderms, gastropods, and shells in a micritic matrix (PPL). g Oolit-
hic limestone (PPL). h Cataclastic meta-chert from the NBH dredge 
(XPL). The different directions of foliation of the chert fragments 
indicate that the ductile deformation (foliation) took place before the 
brittle deformation (brecciation). Cb carbonate minerals, Chl chlorite, 
Ms muscovite, Qz quartz, V volcanic lithoclast. Mineral abbreviations 
from Whitney and Evans (2010). PPL plane polarized light, XPL 
crossed polarizers

◂

petrographically very similar to each other, despite their 
varying colors (dark brown, dark gray, reddish brown to red, 
and light gray/red–brown). The mostly angular to subangu-
lar clasts are dominantly quartz and feldspar minerals. Car-
bonate, mostly calcite, is always present as filling of voids, 
in veins, and as clastic grains. A minor, but characteristic 
component is represented by small green to brownish green 
grains, mostly formed of chlorite, sometimes pumpellyite, 
and glauconite. Other minor clastic components are musco-
vite, few lithoclasts of polycrystalline quartz, chlorite-seric-
ite schist, volcanic rocks, as well as accessory tourmaline, 
zircon, and titanite. Opaque minerals, mostly iron oxides 
and hydroxides, form coatings of the clasts, but also appear 
as clastic grains. Black, round, concentric aggregates up to 
1.5 mm in diameter in few samples are interpreted to be of 
biogenic origin.

The four SB-GC and SB-GBC limestone samples dif-
fer from each other. One of them (SB-GC05.3) is rich 
in fossils, such as foraminifers, gastropods, echinoderm 
fragments, and shale fragments, and contains abundant 
opaque Fe oxides and hydroxides and ca. 10% quartz in 
a calcareous micritic groundmass (Fig. 5f). SB-GBC06.3 
is a fine to medium-grained calcareous oolithic limestone 
(Fig. 5g). Calcite forms the ooids and fills the voids. Fur-
thermore, fine quartz veins, opaque minerals, and mud are 
present. The other limestone samples are fine-grained and 
rich in coarse-grained veins and lenses mainly formed of 
calcite and minor quartz. They also contain few opaque 
minerals and traces of chlorite.

The NBH dredge does not contain sedimentary rocks, 
but a group of quartzite samples (Table 1). The quartzites 
comprise two dark-banded, foliated samples (NBH-03, 
-09) and two light gray, cataclastic samples (NBH-07, 
-08). The foliation is defined by fine-grained elongated 
quartz aggregates and thin aligned muscovite flakes. 
Sample NBH-03 is a strongly foliated rock with rare 

porphyroclasts and a simple shear flow pattern indicat-
ing a mylonitic deformation (see Fig. 5A in Riefstahl 
et al. 2013). The cataclastic quartzites contain angular 
fragments with an internal foliation, showing that the 
ductile deformation took place before the brittle defor-
mation (Fig. 5h). Despite their different appearance and 
textures, the mineralogical and geochemical composi-
tion of the mylonitic and cataclastic quartzites is very 
similar. They are mainly formed of recrystallized quartz 
with only small amounts of muscovite, few opaque and 
zircon grains. Their major element composition is domi-
nated by 96–99 wt%  SiO2, with up to 2.2 wt%  Al2O3, 
1.6 wt%  Fe2O3, 0.6 wt%  K2O, while the other major ele-
ment oxides are < 0.2 wt% (Riefstahl et al. 2013). Such 
pure quartzites originate most likely from chert formed by 
biogenic or chemical processes with only a small amount 
of clastic input (for comparison see analytical data, e.g., 
from Cressman 1962 and Wang et al. 2012). In the follow-
ing, these samples are referred to as meta-chert.

40Ar/39Ar geochronology of alkali‑basalt samples 
from the NBH dredge

Basalt samples NBH-02 and NBH-05 were selected for 
Ar–Ar whole-rock geochronology (Fig. 6, Supplementary 
file 8). Sample NBH-02 yielded an age spectrum with a four-
step plateau (in total 9 temperature steps), which is charac-
terized by 51.0% of the released 39Ar and an age value of 
92.5 ± 1.8 Ma (2σ). Sample NBH-05 also yields an age spec-
trum with a four-step plateau (in total 8 temperature steps) 
characterized by 59.6% of the released 39Ar and an age value 
of 104.5 ± 2.2 Ma (2σ). The Ca/K ratios of both samples are 
relatively constant through the spectrum, and increase only 
in the highest temperature step in each sample (NBH-02: 
3.92–19.61; NBH-05: 3.4–9.31). Both samples show linear 
trends on the inverse isochron plots (Fig. 6) with age values 
of 98.2 ± 5.8 Ma (2σ) for NBH-02 and 102.4 ± 5.8 Ma (2σ) 
for NBH-05. The initial 40Ar/36Ar ratios of both samples 
overlap or are close to the modern atmospheric ratio of 295.5 
within 2σ uncertainty. The plateau age, the inverse isochron 
age, and the total fusion age of each sample overlap within 2σ 
uncertainty and can be considered geologically meaningful.

Since the inverse isochron ages of both samples have 
lower MSWDs, are closer together, and overlap within 2σ 
uncertainty, we prefer these ages (with an average of around 
100 Ma) for further interpretation. The overlapping age 
interval of ca. 104 to 97 Ma is interpreted to be the best 
estimate for the NBH alkaline basalts.

Obtaining whole-rock Ar–Ar ages from basaltic sam-
ples with indications of alteration is difficult. However, 
the obtained ages correspond to the middle Cretaceous 
(late Albian to Turonian) and are clearly different from the 
ca. 51 Ma age of the alkaline basalts from the SB dredge 
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(Riefstahl et al. 2013). They also differ from the Early Cre-
taceous Ar–Ar ages (144–133 Ma) of the tholeiitic doler-
ite samples from the SB and NBH dredges (Riefstahl et al. 
2013). The age interval of 104 to 97 Ma indicates that the 
area of the northeastern YP was affected by basaltic volcan-
ism during the second main pulse of HALIP volcanism.

Whole‑rock geochemistry of the basaltic samples

Alkaline basalt samples

In all sample localities, alkaline basaltic rocks are present 
(Table 1). The core samples have relatively high LOI val-
ues (4.0–11.6 wt%; Supplementary file 5). The LOI-free 
calculated major element concentrations of the SB-GC 
and SB-GBC samples vary in a relatively narrow range: 
47.1–52.3 wt%  SiO2, 1.8–2.3 wt%  TiO2, 16.9–20.1 wt% 

 Al2O3, 6.2–9.0  wt% total  Fe2O3, 3.6–8.8  wt% MgO, 
7.5–15.0  wt% CaO, 2.1–3.2  wt%  Na2O, 1.9–4.0  wt% 
 K2O, and 0.49–0.88 wt%  P2O5. Sample SB-GC07 shows 
the highest  SiO2,  Al2O3,  K2O, as well as lowest MgO and 
total  Fe2O3 concentrations of the suite, probably an effect 
of magma differentiation (Supplementary file 7).

With this major-element composition, the SB-GC 
and SB-GBC samples are in the range of the alkali-
basalt samples from the SB dredge: 39.8–51.4 wt%  SiO2, 
1.7–2.2 wt%  TiO2, 15.6–20.2 wt%  Al2O3, 5.8–9.7 wt% 
total  Fe2O3, 3.6–9.2  wt% MgO, 6.6–21.1  wt% CaO, 
2.2–5.0 wt%  Na2O, 1.6–4.2 wt%  K2O, and 0.40–0.85 wt% 
 P2O5 (Supplementary file 7). Some of the SB dredge sam-
ples have higher CaO and LOI contents than the core sam-
ples due to carbonate filling of vesicles and spilitization.

The NBH alkali-basalt samples differ from the SB sam-
ples mainly by higher  TiO2 and total  Fe2O3 concentrations 

Fig. 6  40Ar/39Ar age plots for whole-rock basalt samples NBH-02 
(left) and NBH-05 (right). Errors in ages and initial Ar isotope ratios 
are reported as 1σ values (including error in J value). MSWD mean 

standard weighted deviation, TFA total fusion age, WMPA weighted 
mean plateau age
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(Supplementary file 7). Sample NBH-13 plots into the tra-
chyandesite field of the TAS diagram (Supplementary file 
7). The sample with the highest MgO (5.1 wt%), NBH-02, 
also has the highest  Fe2O3 (17.3 wt%) and  P2O5 (1.73 wt%) 
concentrations.

To minimize the influence of alteration effects, the mag-
matic samples are characterized using trace elements, which 
are relatively immobile during such processes. The SB-GC 

and SB-GBC samples can be characterized as alkaline 
within-plate basalts using the diagrams from Pearce (1996) 
and Meschede (1986) (Fig. 7a, b). The high Nb/Y ratios 
of the SB-GC and SB-GBC samples (2.48–5.18) and SB 
dredge samples (1.58–4.78) are typical for alkaline basalts 
(Nb/Y > 0.67; Winchester and Floyd 1977). The NBH sam-
ples with lower Nb/Y ratios of 0.68–1.23 can be character-
ized as mildly alkaline basalts (Fig. 7a).

Fig. 7  Geochemical variation diagrams for magmatic rock samples 
from SB-GC core, SB-GBC core, SB dredge, and NBH dredge of the 
YP as well as a basalt sample from the Alpha Ridge. Data sources: 
SB-GC and SB-GBC—this study (Supplementary file 5), SB and 
NBH dredge samples (triangle-shaped symbols—Riefstahl et  al. 
2013), Alpha Ridge sample—unpublished data from Mühe and Jokat 
(2004) (see Supplementary file 5). a Zr/Ti versus Nb/Y classification 
diagram from Pearce (1996). b 2*Nb-Y-Zr/4 geotectonic discrimina-
tion diagram (Meschede 1986). Fields: within-plate alkali basalt—AI, 

AII; within-plate tholeiite basalt—AII, C; P-type MORB—B; N-type 
MORB—D; Volcanic arc basalt—C, D. c Th/Yb versus Nb/Yb dia-
gram from Pearce (2008). Values for N-MORB, E-MORB, OIB are 
from Sun and McDonough (1989). Crustal input is indicated for sam-
ples plotting above the MORB–OIB array. d V versus Ti diagram 
from Shervais (1982). ARC  Island arc tholeiite basalts, MORB Mid-
ocean ridge basalts, N-MORB normal MORB, E-MORB enriched 
MORB, BAB Back-arc basalts, OIB Ocean island basalts
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Geochemical affinity of the SB-GC and SB-GBC sam-
ples to oceanic-island basalts (OIB) and alkaline basalts, 
including continental rift-related, is shown in the Nb/Yb 
vs. Th/Yb diagram from Pearce (2008) and the Ti–V dia-
gram from Shervais (1982) (Fig. 7c, d). In all diagrams, 
the SB-GC, SB-GBC, and the SB dredge samples overlap. 
The mildly alkaline NBH samples also show within-plate 
and OIB characteristics; however, their data points are 
clearly separated from the SB samples and follow different 
trends (Fig. 7). Most NBH samples (apart from NBH-02) 

plot above the MORB–OIB array at higher Th/Yb ratios 
indicating contamination by continental crust (Fig. 7c).

On a chondrite-normalized rare-earth element (REE) 
diagram, the SB-GC and SB-GBC samples show mostly 
parallel, OIB-like patterns with a negative slope  (Lan/
Lun = 12.7–27.8) and flattening in the range of the heavy 
REE  (Dyn/Ybn = 1.39–1.58) relatively to the OIB pattern 
 (Dyn/Ybn = 1.74). They overlap the field of SB dredge 
alkali basalts  (Lan/Lun = 11.2–23.6;  Dyn/Ybn = 1.36–1.53) 
(Fig. 8a). Only samples SB-GBC02.1 and SB-GBC02.2 

Fig. 8  a Chondrite-normalized 
rare-earth element (REE) 
plot and b primitive-mantle 
(PM) normalized incompat-
ible trace element plot for 
magmatic samples from the 
YP and a basalt sample from 
the Alpha Ridge. Data sources 
as Fig. 7. C1-chondrite, OIB, 
and E-MORB from Sun and 
McDonough (1989), PM from 
McDonough and Sun (1995)
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are more enriched in the light REEs (La–Pr). In contrast, 
the field of the NBH alkali basalts has a flatter negative 
slope  (Lan/Lun = 6.6–13.2) but steeper heavy REEs  (Dyn/
Ybn = 1.60–2.28). The chondrite-normalized REE values of 
the NBH basalts are generally higher than OIB and are also 
higher than the Sm to Lu values of the SB samples.

On a primitive-mantle-normalized trace element dia-
gram, the SB-GC and SB-GBC samples show mostly 
parallel patterns, which overlap with the field of the SB 
dredge alkaline basalts and follow the OIB trend (Fig. 8b). 
The SB samples show a pronounced positive Nb–Ta anom-
aly (relative to La and U) typical for OIB, and a small 
negative Zr peak. In contrast, the NBH alkali basalts, 
which also show OIB-like patterns and partly overlap 
with the SB samples, are more enriched in the range of 
Zr to Lu and have a negative Nb–Ta anomaly (relative 
to La and U). Consequently, the Zr/Nb ratios of the SB 
samples (Zr/Nb = 2.01–3.64) and of the NBH samples (Zr/
Nb = 5.76–10.83) are very different.

Tholeiitic basalt samples

Our dataset comprises three tholeiitic basalt samples: one 
dolerite sample each from the SB dredge (SB-07) and the 
NBH dredge (NBH-01), (Riefstahl et al. 2013), as well as the 
basalt sample from the Alpha Ridge (Jokat et al. 2013). All 
these samples have low Nb/Y ratios (Fig. 7a), plot within or 
close to the fields of within-plate tholeiites and continental 
flood basalts (Fig. 7b, d), and show affinity to E-MORB with 
indications of crustal contamination (Fig. 7c). The tendency 
toward E-MORB is supported by the chondrite-normalized 
REE patterns of the two YP dolerite samples with a very flat 
negative slope  (Lan/Lun = 1.93–2.15), whereas the pattern of 
the Alpha Ridge sample is steeper  (Lan/Lun = 6.8) and its 
strongly fractionated heavy REE  (Dyn/Ybn = 1.58) show a 
tendency to OIB (Fig. 8a). The primitive-mantle normalized 
patterns of the tholeiitic samples are relatively flat, however 
with distinct negative Nb–Ta anomalies indicating involve-
ment of a continental crustal component (Fig. 8b). The pro-
nounced positive U peak of the Alpha Ridge sample together 
with the negative Ce anomaly (Fig. 8a) can be a result of low-
temperature seafloor alteration (e.g., Staudigel et al. 1996; 
Beier et al. 2011). A similar behavior of Ce and U is reported 
from a basalt sample dredged from the Mosby Seamount in 
the Sophia Basin (Fig. 2; Geissler et al. 2019). The strong 
alteration has also affected the major-element composition 
of the Alpha Ridge sample showing very low concentra-
tions of MgO (0.96 wt%) and  Fe2O3 (5.21 wt%), but a very 
high  Al2O3 content (26.04 wt%) indicating decomposition 
of mafic minerals and their replacement by clay minerals.

Sr and Nd isotope data

The samples analyzed for Sr and Nd isotope data represent 
the major types of magmatic rocks from the dredges: the 
alkaline basalt group of the SB dredge with an age of 51 Ma, 
the mildly alkaline basalts from the NBH dredge with an age 
of ca. 100 Ma, and the two tholeiitic dolerite samples (one 
from each dredge) with Early Cretaceous ages of 144 and 
133 Ma. These ages are used to calculate the initial Sr and 
Nd isotope ratios (Fig. 9, Supplementary file 9).

The differences in the geochemical signatures and the 
age between the alkaline basalts from the SB dredge and 
the mildly alkaline basalts from the NBH dredge are also 
manifested in the different Nd isotope ratios and potentially 
also in the Sr isotope data (only one analysis for each group 
available). The alkaline basalts from the SB dredge have 
relatively high initial εNd(t) values in the range of + 4.9 
to + 3.1 and a low initial (87Sr/86Sr)t ratio of 0.7037 (from 
sample SB-04 with εNd(51 Ma) = 4.5). The mildly alkaline 
NBH basalts show mostly lower initial εNd(t) values in the 
range of + 3.7 to + 0.1 and a higher initial (87Sr/86Sr)t ratio 
of 0.7054 (from sample NBH-02 with εNd(100 Ma) = 2.3). 
Both tholeiitic dolerite samples (SB-07, NBH-01) have rela-
tively primitive initial εNd(t) values (4.1 and 5.5) and initial 
(87Sr/86Sr)t ratios of 0.7046 and 0.7049.

The Nd model ages (tDM) of the three basalt groups are 
also different. The alkaline basalts from the SB dredge have 
the lowest model ages of 0.32 to 0.49 Ga, whereas the tDM 
values of the mildly alkaline NBH basalts range between 
0.59 and 0.85 Ga and overlap in parts with the values of the 
two tholeiitic dolerites of 0.76 and 1.02 Ga. These higher 
tDM ages indicate contamination with old continental crust.

Discussion

In‑situ rocks versus ice‑rafted debris

During the late Quaternary glaciations, large parts of North 
America, northern Europe, and Asia were covered by ice 
(e.g., Jakobsson et al. 2010, and references therein). The 
Eurasian ice sheet reached the northern margin of the Bar-
ents Shelf and also covered the YP during the Saalian gla-
ciation (e.g., Svendsen et al. 2004; Spielhagen et al. 2004). 
Glaciogenic features, such as mega-scale lineations and ice-
berg plow marks, were identified on almost the entire YP 
(e.g., Vogt et al. 1994; Dowdeswell et al. 2010; Gebhardt 
et al. 2011; Jakobsson et al. 2014). The Transpolar Drift, the 
major oceanic current in the Eurasia Basin, transports sur-
face water, sea ice, and icebergs including ice-rafted debris 
of clay to boulder size from the East Siberian Sea, Laptev 
Sea, and Kara Sea and passes the YP on its way toward 
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the Fram Strait (Phillips and Grantz 2001; Spielhagen et al. 
2004). Middle Pliocene sediments of the YP are sourced 
from the Laptev Sea and Kara Sea with some input from the 
Barents Sea as detected by heavy mineral studies (Strand 
et al. 2008).

Thus, the presence of ice-rafted clasts in dredges and 
cores from the YP cannot be excluded, even if these rocks 
were recovered on basement highs without significant sedi-
mentary cover. Riefstahl et al. (2013) tried to distinguish 
between ice-transported rocks and in situ basement rocks in 
the samples dredged from the YP. A trachyte sample from 
the SB dredge dated at 249 Ma by apatite (U-Th-Sm)/He 
thermochronology was identified to be ice-rafted from the 
Siberian trap province. The two tholeiitic dolerites with 
Early Cretaceous Ar–Ar ages, one each from the SB and 
NBH dredge, were interpreted to originate from Franz Josef 
Land (Riefstahl et al. 2013). However, most of the dredge 

samples were interpreted as in situ rocks from the basement 
of the YP (Table 1). This is supported by the results of this 
study. The alkali-basalt samples from the SB-GC and SB-
GBC cores and the SB dredge of the Sverdrup Bank are very 
similar in their mineralogical composition and geochemical 
signatures permitting all samples to be related to the same 
volcanic suite. The Ar–Ar biotite age of 51 Ma, obtained 
on SB dredge samples (Riefstahl et al. 2013), is hence pre-
sumably representative for the whole suite. The alkali-basalt 
samples from the NBH dredge with a mid-Cretaceous Ar–Ar 
whole-rock age of ca. 100 Ma (Fig. 6) differ clearly from the 
alkali-basalt suite of the Sverdrup Bank also in the mineral-
ogy, geochemistry, and Sr–Nd isotopy (Figs. 7, 8, 9).

The alkali basaltic samples of both localities are associ-
ated with specific non-magmatic lithologies. The dredge and 
core samples of the Sverdrup Bank comprise red and gray 
sandstones, which are petrographically very similar, as well 

Fig. 9  Sr–Nd isotope variation diagram for basalt samples dredged 
from the YP. The blue and red vertical bars show the range of the 
εNd(t) values without (87Sr/86Sr)t data. Reference data of geochemi-
cally and/or chronologically similar basaltic rocks from surround-
ing areas are shown for comparison (see Figs. 1 and 3 for location): 
basalts from Franz Josef Land, Ellesmere Island (Hassel Forma-
tion high and low phosphorus basalts, Wootton Intrusive Complex, 
Hansen Point tholeiitic suite, Audhild Bay alkaline suite, Nares Strait 
volcanic suite), Axel Heiberg Island (Fulmar high and low phospho-
rus dykes), and North Greenland (Kap Washington Group). Yellow 
symbols and field indicate age of magmatism > 120  Ma, blue sym-
bols are for ages of ca. 100–90 Ma, and reddish symbols and fields 

are for ca. 80–50  Ma. Samples from the Mosby Seamount (Sophia 
Basin) and from the easternmost Gakkel Ridge are also shown (black 
symbols). Data sources are given in brackets: (1) Ntaflos and Rich-
ter (2003); (2) Estrada (2015); (3) Estrada et  al. (2016); (4) Bédard 
et al. (2021a); (5) Estrada et al. (2001); (6) Estrada et al. (2010); (7) 
Geissler et al. (2019); (8) Jokat et al. (2019). The global OIB array is 
from Hofmann (2003). The thick gray arrow (trend 1 from Estrada 
et  al. 2016) represents a mixing trend between an OIB-like mantle 
source and granulite-facies lower crust or a lithospheric mantle com-
ponent. BSE Bulk Silicate Earth, CHUR Chondritic uniform reser-
voir, OIB Ocean island basalt
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as several limestone samples. Such lithologies are not pre-
sent in the NBH dredge (Table 1). Instead, the NBH dredge 
contains a small group of meta-chert samples. All these 
alkali-basalt and non-magmatic samples are most probably 
in situ rocks from the basement of the YP. The systematic 
accumulation of rock fragments of specific lithologies by 
ice transport is highly unlikely. However, the ice-transported 
or in situ origin of a few gneiss samples recovered by both 
dredges, as well as the origin of a hornfels sample and a very 
small rhyolite sample from the NBH dredge (Table 1) stays 
unclear without additional analyses.

Plate‑tectonic constraints for the northeastern 
Yermak Plateau: a crustal fragment from North 
America?

The mildly alkaline NBH basalts with an estimated age of 
ca. 100 Ma are part of the magmatic rocks, which presum-
ably cause the positive magnetic anomalies of the north-
eastern YP (Fig. 2a). At the time of magmatism, the area 
of the future Yermak and Morris Jesup plateaus was a part 
of the passive continental margin of the developing Amer-
asia Basin with a position close to North Greenland, the 
northeastern Canadian Arctic, and Svalbard with a paleo-
geographic position northeast of Greenland. These areas 
were affected by Cretaceous HALIP-related magmatism. In 
Svalbard and Franz Josef Land, Early Cretaceous tholeiitic 
mafic magmatism related to the first pulse of the HALIP is 
dominant. U–Pb dating of a few sill and tuff samples yielded 
ages of ca. 125 to 122 Ma (Corfu et al. 2013). Despite the 
frequent occurrence of Early Cretaceous igneous intrusions 
on Svalbard, no clear description of a mid-Cretaceous alka-
line magmatic occurrence is available in the literature (cf. 
Senger et al. 2014; Senger and Galland 2022).

In the Lake Hazen area of northeast Ellesmere Island, 
Canadian Arctic, and North Greenland (Fig. 3), alkaline 
basaltic suites show common characteristic geochemi-
cal features. They comprise low-phosphorus and high-
phosphorus members, with the latter additionally showing 
positive anomalies of Ba and Eu, and a negative anomaly 
of Zr in primitive-mantle normalized plots (Fig. 10). This 
concerns basalts within the Cenomanian Hassel Formation 
with Ar–Ar ages of ca. 96 Ma (Osadetz and Moore 1988; 
Estrada 2015), and the northeastern part of a swarm of alka-
line dykes and sills of the recently defined Fulmar Suite 
(Bédard et al. 2021a) in the Lake Hazen area, as well as the 
younger Peary Land alkaline basaltic dykes in North Green-
land with U–Pb ages of ca. 81–82 Ma (Thórarinsson et al. 
2015) and Ar–Ar ages around 85 Ma (Kontak et al. 2001). 
The typical P–Ba–Eu enrichment is also present in basalts 
of the alkaline bimodal Kap Washington Group with U–Pb 
ages in the range of 71–61 Ma at the northernmost margin 
of North Greenland (figures in Thórarinsson et al. 2011).

Such geochemical features are present in the mildly alka-
line NBH basalt samples (Fig. 10). Sample NBH-02 is a 
high-phosphorus basalt (1.73 wt%  P2O5) with moderate Ba 
concentration (573 ppm) and a small positive Eu anomaly 
(Eu/Eu* = 1.17). Sample NBH-05 (together with the other 
NBH samples of this group) does not show the P–Ba–Eu 
enrichments und coincides well with the low-phosphorus 
members of the other basalt suites. The only differences are 
the higher Th, U, and Pb values of NBH-05, which can be 
explained by continental crustal contamination, which is 
also indicated from the Nb/Yb–Th/Yb diagram (Fig. 7c). 
Veins with apatite, carbonate minerals and Ba-Ti-oxides 
within the metasomatized subcontinental lithospheric man-
tle beneath the continental crust of North Greenland and 
northeastern Ellesmere Island are discussed as a possible 
source for the characteristic P–Ba–Eu enrichments (Bédard 
et al. 2021a). These basaltic suites were probably generated 
from a similar heterogeneous, metasomatically enriched 
lithospheric source. This could imply a possible common 
deeper crustal relationship of the areas of the northeastern 
YP, North Greenland, and northeastern Ellesmere Island at 
the time of magmatism.

Similarities in the crustal structure beneath northeast 
Ellesmere Island and the North Greenland shelf are also 
indicated by deep seismological data: a N–S trending crus-
tal transect crossing Ellesmere Island constructed from 
receiver function data (Schiffer et al. 2016; Schiffer and 
Stephenson 2017) and a ca. 100-km-long seismic refraction 
line (BGR18-1R1) running from north of Kap Washington 
toward the southwestern edge of the Morris Jesup Spur 
(Brotzer et al. 2022) (Fig. 3). On northeast Ellesmere Island, 
the crustal structure beneath the Lake Hazen area is charac-
terized by a ca. 15 km thick layer of metasedimentary rocks 
of the deep-water sequence of the Paleozoic Franklinian 
Basin. The seismic velocity model for the North Greenland 
shelf shows an offshore continuation of the deformed depos-
its of the Franklinian Basin up to the margin of Morris Jesup 
Spur. A high-velocity lower crustal layer at the boundary to 
the Moho was recorded in both profiles and interpreted as 
magmatic underplating or intrusion of sills (Schiffer and 
Stephenson 2017; Stephenson et al. 2017; Brotzer et al. 
2022). This lower crustal layer might have contributed to 
the metasomatism of the lower crust (the Archean to Prote-
rozoic Greenland–Canadian Shield) and the subcontinental 
lithospheric mantle, and thus led to the unusual elemental 
enrichments of the Cretaceous alkaline basaltic melts.

The similarity in the crustal structure beneath northeast 
Ellesmere Island and the North Greenland shelf allows prox-
imity of these crustal regions during the time of Cretaceous 
magmatism. Since the northeastern YP represents the con-
jugate margin of the Morris Jesup Spur, it can be speculated 
that this also applies to the YP. Therefore, we suggest that 
northeast Ellesmere Island, North Greenland, and probably 
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Fig. 10  Comparisons of 
primitive-mantle (PM) normal-
ized incompatible trace element 
concentrations of a high-phos-
phorus (NBH-02) and a low-
phosphorus (NBH-05) basalt 
sample from YP with similar 
basaltic rocks from Ellesmere/
Axel Heiberg islands and North 
Greenland. High-phosphorus 
(HPh) basaltic rocks are charac-
terized by positive P, Ba and Eu 
anomalies (above) in contrast to 
the associated low-phosphorus 
(LPh) basalts (below). Data 
of the NBH samples are from 
Riefstahl et al. (2013), of the 
Hassel Formation basalts 
exposed in the Lake Hazen area 
of northern Ellesmere Island 
are from Estrada (2015), of the 
Fulmar basalt dykes and sills in 
south to southeast Axel Heiberg 
Island and western to north-
eastern Ellesmere Island from 
Bédard et al. (2021a), and of 
the Peary Land dykes in North 
Greenland from Kontak et al. 
(2001). PM from McDonough 
and Sun (1995), OIB from Sun 
and McDonough (1989)
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the northeastern YP and the Morris Jesup Rise were under-
lain by continental crust of similar composition at the time 
of Cretaceous magmatism.

The presumed connection of the basement of the north-
eastern YP with northeast Ellesmere Island and North 
Greenland prior to its separation from the Morris Jesup Rise 
requires a new consideration of the metamorphic rock clasts 
in the NBH dredge (Table 1). Four samples of quartzite, 
now identified as meta-chert, and a single gneiss sample 
were previously interpreted as in situ rocks of the north-
eastern YP basement, which was considered as a continu-
ation of pre-Devonian units exposed on northern Svalbard 
(Riefstahl et al. 2013). The presence of meta-chert pebbles 
does not necessarily require a connection to Svalbard. In 
North Greenland, chert is present in the Cambrian to lower 
Silurian deep-water deposits of the Franklinian Basin and 
again as redeposited clasts in an upper Silurian conglom-
erate derived from uplifted and eroded Caledonian moun-
tains in the northeast (Hopper and Ineson 2021, and refer-
ences therein). However, the stratigraphic position of the 
meta-chert samples from the NBH dredge is unknown. The 
mid-Cretaceous age and special geochemical features of the 
mildly alkaline NBH basalts indicate a closer relationship 
of the northeastern YP to North America than to Svalbard 
at the time of magmatism.

Plate‑tectonic implications for the southwestern 
Yermak Plateau: offshore continuation of Svalbard?

The SB alkaline basalts of the northern Sverdrup Bank with 
an age of 51 Ma do not have contemporaneous magmatic 
equivalents neither on Svalbard nor in the wider Arctic sur-
roundings. At that time, the area of the future YP–Morris 
Jesup Rise was part of the continental margin of the young 
Eurasia Basin. In contrast to the mid-Cretaceous NBH 
mildly alkaline basalts, the early Eocene magmatism is not 
associated with significant high-amplitude positive magnetic 
anomalies. This implies that the Sverdrup Bank is not under-
lain by Cretaceous magmatic rocks and that this part of the 
future YP was originally located at greater distance from 
the area with the large positive magnetic anomalies. Thus, 
the southwestern YP was probably not directly connected 
with the Morris Jesup Rise and the northeastern YP, but was 
located closer to Svalbard.

The alkaline magmatism of the Sverdrup Bank was active 
during Stage 1 of the Eurekan deformation (53–47 Ma) that 
is characterized by compression along the west coast of 
Svalbard and the formation of the West Spitsbergen Fold-
and-Thrust Belt (Piepjohn et al. 2016). However, the alkaline 
volcanism required an extensional tectonic environment. We 
speculate that the continental margin of the young Eurasia 
Basin between the area of the Morris Jesup Rise/northeast-
ern YP (with the Cretaceous volcanic rocks) and offshore 

northwest Svalbard was affected by extension related to 
the formation of the Sophia Basin (Fig. 2a) and probably 
dextral strike-slip movements along deep-reaching faults, 
which gave rise to alkaline magmatism. Similar conditions 
were responsible for the volcanism of the Nares Strait alka-
line suite at the sinistral Wegener Fault about 10 Ma earlier 
(Estrada et al. 2010).

Seismic refraction data from a NNW–SSE directed, 
260 km long profile offshore along the northwestern Sval-
bard margin up to the southern end of the Sverdrup Bank 
(line AWI-99300; Fig. 2a) were interpreted as a northern 
continuation of the crustal structure of northwest Svalbard 
toward the YP and supposedly over the entire southwest-
ern YP (Ritzmann and Jokat 2003). Sedimentary rocks of 
assumed late Silurian/Devonian age, possible equivalents 
of the Old Red Sandstone of northern Svalbard, form an 
older, up to 8 km thick, basin below the Oligocene Dan-
skøya Basin (Fig. 2a) and represent the ca. 6 km thick upper 
section (below the Paleogene cover) north of the Danskøya 
Basin up to the northern end of the profile (Ritzmann and 
Jokat 2003).

The presence of partly reddish-colored sandstone samples 
in the SB dredge and in the SB-GC core recovered from the 
steep western slope of the northern Sverdrup Bank (Table 1) 
seems to support the interpretation of the seismic refraction 
data. In the SB-GBC core further east on the plateau, no 
sandstone was found (Fig. 2b). It is probably covered by the 
alkali basaltic lava.

The sandstone samples are petrographically very similar 
to sandstones of the Devonian Wood Bay Formation of the 
Andrée Land Group of Svalbard (Critelli and Reed 1999). 
The presence of plant fossils within the Devonian strata on 
Svalbard is described by Davies et al. (2021). However, the 
sandstone samples from the Sverdrup Bank are richer in 
carbonate than the typical Wood Bay sandstones. Together 
with the presence of limestones, this indicates shallow-water 
setting. Multi-colored sandstones and lithologically diverse 
limestones occur together within the Andrée Land Group 
(Dallmann 2015).

Red sandstones are infrequently present in dredges from the 
central part of Sverdrup Bank, which instead are dominated by 
pre-Devonian para- and orthogneisses as well as phyllites and 
schists (Kristoffersen et al. 2020). Two gneiss samples are also 
present in the SB dredge (Table 1). Such lithologies are known 
from northwest Svalbard. However, neither the metamorphic 
lithologies nor the sedimentary lithologies are exclusively pre-
sent on northwest Svalbard. Without further analytical studies on 
the recovered sedimentary and metamorphic rock samples, the 
interpretation of the southwestern YP as a northern continuation 
of the basement of Svalbard remains speculative at this stage.
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Origin of the dredged tholeiitic dolerite samples

The finding of HALIP-related volcanic rocks in the 
NBH dredge with ages of around 100 Ma begs the ques-
tion of whether the two tholeiitic dolerite samples with 
Ar–Ar whole-rock ages of 133 ± 4 Ma (NBH dredge) and 
144 ± 6 Ma (SB dredge) originate from intrusions into the 
YP basement during the first pulse of the HALIP magma-
tism, contrary to previous interpretations as ice-rafted debris 
(Riefstahl et al. 2013). The tholeiitic dolerite samples of the 
NBH and SB dredges coincide geochemically very well with 
the tholeiitic basalts from Franz Josef Land, as demonstrated 
by Riefstahl et al. (2013) using REE data from Ntaflos and 
Richter (2003). The Sr–Nd isotopic data of these samples 
also fit well to the field of the Franz Josef Land samples 
(Fig. 9). However, the Ar–Ar ages of the dredged tholeiitic 
basalts are somewhat older than the range of the first pulse of 
HALIP-related magmatism. Recently reported geochemical 
and Ar–Ar data show that the flood basalt magmatism on 
Franz Josef Land has a much longer age range with episodes 
from the Early Jurassic to the Early Cretaceous (Karyakin 
et al. 2021). Three samples from Alexandra Land, the west-
ernmost island of the archipelago, with Ar–Ar plagioclase 
ages between ca. 142 and 128 Ma were selected from the 
dataset of Karyakin et al. (2021) to demonstrate the strong 
geochemical similarity with the coeval tholeiitic dredge 
samples (Fig.  11). In contrast, tholeiitic dolerites from 
Svalbard (Nejbert et al. 2011) are more evolved in the REE 
compared to the tholeiitic basalts from Franz Josef Land 
and from the tholeiitic dolerite samples of the NBH and 
SB dredge (Fig. 8B in Riefstahl et al. 2013). It should be 
mentioned that no tholeiitic sills or dykes of the first pulse of 
HALIP are known in northeast Ellesmere Island and North 

Greenland, which were, following our interpretation, adja-
cent to the northeastern YP during the middle Cretaceous. 
In summary, we follow the interpretation of Riefstahl et al. 
(2013) that the NBH and SB tholeiitic dolerite samples are 
most likely ice-transported from Franz Josef Land.

Comparison between HALIP‑related alkaline 
and tholeiitic basalts and a link to the Alpha Ridge

Since we consider the mid-Cretaceous mildly alkaline NBH 
basalts as the cause for the strong positive magnetic anom-
alies of northeastern YP, we suggest that such magnetic 
anomalies over the conjugate Morris Jesup Rise (e.g., Jokat 
et al. 2016) are probably also caused by Cretaceous HALIP 
magmatic rocks. This anomaly pattern continues offshore 
toward northeastern Ellesmere Island and the Alpha Ridge 
(Jokat et al. 2016, and references therein). In the Yelver-
ton Bay area at the north coast of Ellesmere Island, the 
magnetic pattern that covers the Alpha–Mendeleev Ridge 
overlaps with onshore areas (Fig. 1). There, the Hansen 
Point tholeiitic suite comprises felsic volcanic rocks with 
zircon U–Pb ages of 104–95 Ma (Estrada et al. 2016; Naber 
et al. 2021) and intrusions of basaltic dykes with Ar–Ar 
ages between ca. 97 and 83 Ma (Estrada and Henjes-Kunst 
2013). The tholeiitic magmatism around Yelverton Bay was 
approximately coeval with the mildly alkaline volcanism of 
the Hassel Formation in the Lake Hazen area, the mildly 
alkaline volcanism of the northeastern YP, and the tholeiitic 
volcanism on the Alpha Ridge at ca. 89 Ma (sample PS051-
041-1cc; see Fig. 1). Tholeiitic basalt samples dredged from 
the Chukchi Borderland (Fig. 1), which all were generated 
in a continental setting with thinning lithosphere, com-
prise low-Ti tholeiites with Ar–Ar ages of 118–112 Ma and 

Fig. 11  Comparison of prim-
itive-mantle (PM) normalized 
trace element concentrations of 
the Early Cretaceous tholeiitic 
dolerite samples from the NBH 
and SB dredges (data from Rief-
stahl et al. 2013) with coeval 
low-K tholeiitic basalt samples 
from Alexandra Land of Franz 
Josef Land (data from Karyakin 
et al. 2021). PM from McDon-
ough and Sun (1995), E-MORB 
from Sun and McDonough 
(1989)



575International Journal of Earth Sciences (2024) 113:555–581 

105–100 Ma as well as high-Ti tholeiites of ca. 90–70 Ma 
(Mukasa et al. 2020).

We compare all these HALIP-related tholeiitic and alka-
line basalts in a diagram of chondrite-normalized ratios of 
Tb/Yb versus La/Sm that is indicative for the degree and 
depth of melting (Fig. 12). Most of the NBH samples are 
grouped close to OIB together with the high and low phos-
phorus basalts of the Hassel Formation from the Lake Hazen 
area and the slightly younger Peary Land dykes from North 
Greenland (see Fig. 10). The NBH samples have high (Tb/
Yb)N values with a wide range indicating melt generation 
in several depths in the garnet-bearing mantle as well as in 
the transition zone between the garnet and spinel stability 
fields of the mantle.

The position of the high-phosphorus NBH-02 sample in 
the diagram (Fig. 12) is almost identical with that of the 
tholeiitic Alpha Ridge basalt sample indicating similar 
conditions for melt generation. Comparable high (Tb/Yb)N 
values are recorded in HALIP-related continental tholei-
itic basalts of type w and type p from the Canadian Arctic 

(Bédard et al. 2021b). These tholeiite types show slightly 
lower (La/Sm)N values than the Alpha Ridge sample and 
thus were generated by larger degrees of melting. Samples 
of other tholeiitic suites, which plot partly close to the Alpha 
Ridge sample, belong to dykes of the Hansen Point tholeiitic 
suite and the high Ti basalts from Chukchi Borderland. The 
low-K tholeiite samples from Franz Josef Land and their 
ice-rafted equivalents from the YP dredges plot closer to 
E-MORB than the other tholeiites. They were generated by a 
high degree of melting beneath a strongly thinned continen-
tal crust. Even the most evolved alkaline basalt sample from 
the Siberian end of Gakkel Ridge (shown for comparison) 
plots closer to E-MORB than the Alpha Ridge sample. Due 
to the geochemical similarity of the Alpha Ridge basalt to 
continental tholeiitic basalts and transitional to mildly alka-
line basalts from the surrounding Arctic regions, it can be 
concluded, that this basalt was generated in a continental 
environment. Probably, the Alpha–Mendeleev Ridge was 
partly or completely formed on a continental basement.

Fig. 12  Chondrite-normalized Tb/Yb vs. La/Sm diagram for the mag-
matic rocks from the YP compared with HALIP-related tholeiitic and 
alkaline magmatic rocks from the Canadian Arctic, North Greenland, 
Chukchi Borderland, Franz Josef Land, and Alpha Ridge. An alka-

line basalt sample from the Siberian end of Gakkel Ridge (Jokat et al. 
2019) is also shown. Chondrite, OIB, and E-MORB from Sun and 
McDonough (1989)
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Fig. 13  Simplified stratigraphic chart showing the different composi-
tion and geologic development of the northeastern and southwestern 
YP interpreted from recovered basement rock samples. Cretaceous to 
recent tectonic and magmatic events in the Arctic are indicated for 
comparison (see text for references). Geologic time scale after Grad-
stein et  al (2012). ChB Chukchi Borderland, FJL Franz Josef Land, 
HALIP High Arctic Large Igneous Province, MJR Morris Jesup Rise

◂

The early Eocene alkali basalt samples from the Sver-
drup Bank of the southwestern YP, were integrated into the 
diagram (Fig. 12) to again demonstrate their geochemical 
difference from the mildly alkaline NBH basalts from the 
northeastern YP. The high (La/Sm)N values with a wide 
range of the SB samples indicate magma generation from 
very small but different degrees of melting, whereas the 
relatively low and uniform (Tb/Yb)N values (mostly lower 
than those of the NBH samples) point to melting within the 
garnet-spinel stability transition zone or even of garnet-free 
mantle. However, petrogenetic studies of the magmatic rocks 
of the YP are beyond the scope of this study.

Conclusions

In this study, we present new data from rock fragments and 
sediments, which were cored from the Sverdrup Bank of 
the southwestern YP, together with a careful re-evaluation 
and new data of samples dredged from the southwestern YP 
(SB dredge) and northeastern YP (NBH dredge) published 
in Riefstahl et al. (2013). These combined data, compared 
with onshore and offshore volcanic and sedimentary rocks, 
reveal that the geological development of the northeastern 
YP and the southwestern YP is spatially and temporally dif-
ferent (Fig. 13).

1) The basaltic rocks from the northeastern YP are mildly 
alkaline with an estimated Ar–Ar age of ca. 100 Ma, 
which connects them to the second pulse of the HALIP-
related alkaline and tholeiitic magmatism. Geochemi-
cally they resemble basaltic rocks of similar age of north-
eastern Ellesmere Island and North Greenland, which 
indicates a connection of these continental areas with the 
northeastern YP during the time of magmatism. There-
fore, we suggest that the basement of the northeastern 
YP is a crustal fragment that was separated from North 
America due to the southward propagation of ocean-floor 
spreading along the Gakkel Ridge.

2) All alkaline basalt samples recovered from the northern 
Sverdrup Bank of the southwestern YP are petrographi-
cally and geochemically very similar and belong to a 
common volcanic suite. The volcanism was active at 
51 Ma (Ar–Ar biotite ages; Riefstahl et al. 2013) in an 
extensional continental setting offshore northern Sval-
bard. The associated sedimentary rocks (reddish and 

gray sandstones, diverse limestones) resemble petro-
graphically the Devonian Andrée Land Group (“Old 
Red Sandstone”) of northern Svalbard; however, their 
stratigraphy or age is not determined.

3) We suppose that the high-amplitude magnetic anomalies 
of the northeastern YP and the conjugate Morris Jesup 
Rise are, at least partly, caused by the Cretaceous mag-
matism, which is evident in the NBH samples, and are 
not, or not only, associated with the propagation of the 
Gakkel Ridge toward North Greenland since ca. 33 Ma.

4) A tholeiitic basalt sample with an Ar–Ar age of ca. 
89 Ma from the Alpha Ridge (Jokat et al. 2013) is geo-
chemically well comparable with HALIP-related conti-
nental flood basalt samples and indicates a continental 
basement for parts of the Alpha–Mendeleev Ridge.

5) Single Early Cretaceous tholeiitic dolerite samples from 
both dredges are geochemically and geochronologically 
well comparable with rocks of Franz Josef Land, and are 
interpreted as ice-rafted debris.
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