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G E O C H E M I S T R Y

An Early Cretaceous subduction-modified mantle 
underneath the ultraslow spreading Gakkel Ridge, 
Arctic Ocean
Marianne Richter1,2*, Oliver Nebel1,2, Roland Maas3, Ben Mather4, Yona Nebel-Jacobsen1,2, 
Fabio A. Capitanio2, Henry J. B. Dick5, Peter A. Cawood1,2

Earth’s upper mantle, as sampled by mid-ocean ridge basalts (MORBs) at oceanic spreading centers, has developed 
chemical and isotopic heterogeneity over billions of years through focused melt extraction and re-enrichment by 
recycled crustal components. Chemical and isotopic heterogeneity of MORB is dwarfed by the large compositional 
spectrum of lavas at convergent margins, identifying subduction zones as the major site for crustal recycling into and 
modification of the mantle. The fate of subduction-modified mantle and if this heterogeneity transmits into MORB 
chemistry remains elusive. Here, we investigate the origin of upper mantle chemical heterogeneity underneath 
the Western Gakkel Ridge region in the Arctic Ocean through MORB geochemistry and tectonic plate reconstruc-
tion. We find that seafloor lavas from the Western Gakkel Ridge region mirror geochemical signatures of an Early 
Cretaceous, paleo-subduction zone, and conclude that the upper mantle can preserve a long-lived, stationary 
geochemical memory of past geodynamic processes.

INTRODUCTION
Compositional variations in Earth’s upper mantle, as sampled along 
oceanic spreading centers, range from over thousands of kilometers 
(1, 2) to the subkilometer scale (3, 4). While many questions about 
the physical extent, age, and chemical-mineralogical composition 
of mantle heterogeneity remain outstanding (5), it is clear that 
these form by a combination of earlier melting events and mantle 
re-enrichment associated with recycling of crustal components (6). 
Well-known examples of compositionally diverse upper mantle in-
clude supra-subduction zone mantle, lithospheric mantle under cra-
tons, and possibly plume-infused mantle (7). Some mid-ocean ridge 
basalts (MORBs) carry radiogenic isotopic signatures interpreted 
as either subduction zone–modified mantle (8–11), relics of ancient 
mantle plume activity (12, 13), or remnants of cratonic lithospheric 
mantle (2, 14). It remains, however, unclear to what extent the com-
positionally diverse upper mantle contributes to the chemical diver-
sity in basalts, in particular at divergent plate boundaries.

To examine this, the ultraslow spreading Gakkel Ridge in the 
Arctic Ocean was chosen as a natural laboratory due to (i) reported 
extreme mantle chemical heterogeneity (15, 16), (ii) along-ridge 
variations in axial depth (17), and (iii) magma production rate (13) 
and crustal thickness (18). All these traits are potential expressions 
of mantle source heterogeneity (19) and are potentially linked to a 
complex tectonic evolution in the circum-Arctic region (20, 21).

At present, the circum-Arctic region consists of two major basins, 
the Eurasia basin and the Amerasia basin, orthogonal to each other 
and divided by the Lomonosov Ridge (Fig. 1) (21, 22). During the 
Jurassic and the Cretaceous, the circumpolar region was affected by 

various subduction events, opening and closing of ocean basins, ac-
cretion of terranes, and large igneous provinces (20, 21, 23). Dredged 
MORBs from the Western Gakkel Ridge region studied here have 
previously been linked to stranded subcontinental lithospheric man-
tle (SCLM) (14), highlighting the complex nature of the upper mantle 
in this region.

The nature of the mantle source of the MORBs at the Gakkel 
Ridge is assessed here by combining geochemical observation and 
placing them in context with paleogeographic reconstruction of the 
circumpolar region. We present geochemical and paleogeographical 
evidence that the basalt from the Western Gakkel Ridge region 
resembles an arc to back-arc transition, linked to the Early Cretaceous 
South Anuyi subduction event that occurred in the study area be-
tween 145 and 125 million years (Ma).

RESULTS
Distinct geochemical signature of the Western Gakkel 
Ridge region
The Western Gakkel Ridge region consists of two ridge segments, 
the Western Volcanic Zone (WVZ) and the Sparsely Magmatic Zone 
(SMZ) (Fig. 1). Both ridge segments are geochemically distinct, 
showing differences in their trace element patterns (Fig. 2A). Basalts 
from the WVZ follow a rather back-arc basin basalt (BABB) trend 
than N-MORB (normal MORB) trend, whereas basalts from the SMZ 
are alike E-MORBs (enriched MORBs; Fig. 2A). The most notable 
feature in basalts from both ridge segments is the enrichment in 
fluid-mobile elements, Ba and Sr, and the depletion in Th (incom-
patible element) compared to E-MORB or N-MORB (Fig. 2A and 
fig. S1). These elemental enrichment and depletion patterns are 
generally unusual for MORBs and cannot be explained by a single-
stage melting event. It rather suggests a complex history of melt ex-
traction and re-enrichment in the upper mantle beneath the Western 
Gakkel Ridge region (15, 16, 24).

New trace element and isotopic data for dredged lavas from both 
ridge segments, analyzed in this study, support the inference of an 
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extremely chemical heterogeneous upper mantle similar to those 
found in regional abyssal peridotites (15, 16) and are coherent 
with previous trace element and isotope studies from this region 
(14, 17, 25, 26).

Despite the enrichment and depletion in the SMZ and the WVZ 
basalts, both ridge segments are further characterized by elevated 
87Sr/86Sr isotope signature for a given 208Pb/204Pb compared to 
Atlantic or Pacific MORBs (Fig. 3A) (14). These elevated isotopic 
anomalies, as found in the Gakkel Ridge basalts, are indicative of a 
crustal component (8, 14) in the MORB source.

These isotopic anomalies in the Western Gakkel Ridge lavas were 
previously ascribed to an SCLM origin (14, 27). In this model, SCLM 
underlying greater Greenland became detached, after the continental 
breakup of Greenland and Spitsbergen at around 50 Ma, and inte-
grated in the present-day MORB source. Various isotopic studies, 
however, argue against a possible detachment of SCLM in the greater 
Western Gakkel Ridge region (28–31). Noble gas systematics in 
abyssal peridotites from the Lena Trough, adjacent to the Western 
Gakkel Ridge, indicate that this area underwent a degassing event, 
which cannot be solely explained by a “long-lived and deep-seated 
mantle enrichment” (30). This controversy leaves the origin of the 
chemical and isotopic anomaly in the mantle underpinning the 
Gakkel Ridge ambiguous. Negative buoyancy is the most common 
driving force for lower continental lithospheric delamination, and 
in the case of the Gakkel Ridge region, because of the subtle nature 
of the geochemical variability, only a small volume of lower litho-
spheric sections can plausibly have delaminated (32).

The sum of previously published Gakkel Ridge data and new data 
obtained in this study, combined with the now available global ocean 

floor data (14, 26), allows a detailed assessment of the nature of the 
mantle source and the distinct geochemical and isotope signature 
found in the Western Gakkel Ridge basalts. Here, we propose an 
alternative explanation with reference to a paleo-subduction zone, 
which, given the sum of geodynamic, paleo-reconstruction, and 
geochemical constraints, appears a more feasible scenario to explain 
the distinct trace elemental and isotopic signature found in the 
Western Gakkel Ridge region.

Elemental depletion and enrichment patterns of the Western 
Gakkel Ridge basalts
To assess potential prior melt extraction and re-enrichment of the 
Gakkel Ridge MORB source, we compare large ion lithophile ele-
ment (LILE; Rb, Ba, and Sr) and high-field strength element (HFSE; 
Zr, Nb, and Hf) concentrations with global MORB data and conver-
gent margin lavas. A first indication of a preconditioned mantle 
source in the Western Gakkel Ridge region is Zr/Nb, which is an 
indicator for prior melt extraction (33). Niobium and Zr have a 
similar, yet not identical, incompatibility during partial mantle 
melting, with Nb being slightly more incompatible than Zr. Melt 
extraction caused by partial (fluxed) melting may produce lower Zr/Nb 
in melts, which increases Zr/Nb in the mantle residue. Subsequent 
melt extraction from such a residual mantle sources will produce 
second-stage melts with a memory of this prior depletion, generally 
through higher Zr/Nb, enhanced through Nb depletion. Basalts 
from the WVZ show systematically higher Zr/Nb than lavas from 
the SMZ, broadly bracketing average MORB composition and sug-
gesting that the WVZ basalts record a memory of a prior melting 
event (fig. S2B).

Fig. 1. Geographical overview and sample locality. (A) The ultraslow-spreading Gakkel Ridge extends for ca. 1800 km from the northwest coast of Greenland to 
the northern coast of Siberia and is located in the Eurasia basin. The Western Gakkel Ridge region is highlighted as a white square, and a zoomed-in view is provided in 
(B). The Western Gakkel Ridge region is divided, here, in the WVZ and the SMZ. The purple and red dots represent the sample locality of the basalts from the WVZ 
and SMZ, respectively. The exact location of each sample is provided in table S1. The maps were made using GeoMapApp (www.geomapapp.org).
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Despite the differences in Zr/Nb of the WVZ and SMZ lavas, 
interpreted here as a memory of variable degrees of melt depletion, 
a second indication of a preconditioned mantle source beneath the 

Western Gakkel Ridge region is the enrichment of Ba in the WVZ 
and SMZ lavas (Figs. 2 and 3B). Barium is a fluid-mobile element 
and is commonly associated with island-arc and back-arc basin lavas 
(34, 35), but at present, the Gakkel Ridge is an active spreading 
ridge. Thus, the Ba enrichment observed in the Western Gakkel 
Ridge basalt must record past tectonic processes (possibly fluid en-
richments) that chemically modified the upper mantle in this area. 
To test whether the upper mantle beneath the Western Gakkel 
Ridge region was affected by subduction-induced fluid, Ba/Nb 
(Fig. 2B), Ba/Yb (Fig. 2C and fig. S2C), and Ba/Th (Figs. 3B and 4), 
which are all potential tracers for subduction input (33), are used 
here to characterize the MORB source. To assess the role of fluids, 
Western Gakkel Ridge basalts are compared with BABBs from the 
Western Pacific and basalts from the Mid-Atlantic Ridge and the 
Eastern Pacific Rise, the latter being a type locality of MORB showing 
no known influence of enriched mantle components. The comparison 
reveals that some basalts from the Western Gakkel Ridge region fall 
within the MORB field, whereas others plot slightly outside of it and 
co-align with BABBs from the Western Pacific region (Figs. 2 to 4).

DISCUSSION
Memory of a “ghost-arc” signature in the circum-Arctic mantle
Indices of prior melt depletion in incompatible elements and re-
enrichment in fluid mobile elements are unusual for mid-ocean 
ridge lavas. Here, we argue that these geochemical signatures are a 
memory of a past subduction zone underpinning the Western Gakkel 
Ridge region and, in the following, outline a feasible scenario in the 
paleo-Arctic region. A residual geochemical subduction signature, 
as is the case for the source of BABB, is expected in mantle with a 
prior subduction history. Geochemical proxies indicative for past 
subduction activity (e.g., Zr/Nb and Ba/Yb) in MORBs, here de-
fined as “ghost-arc” signatures, are expected to be subtler in melts 
derived from a mantle that retains only a memory of a past subduc-
tion activity, similarly to the differences between back-arc and arc 
lavas. Such ghost-arc signatures, typically found in BABB, are distinct 
from ordinary MORB sources, such as those of the East Pacific Rise, 
but appear similar to those of the Western Gakkel Ridge. In an active 
arc environment, dehydration melting of the subducting slab brings 
the full slab component from slab to the overlying arc, whereby in a 
back arc, only geochemical pollutants of this process remain in the 
mantle and can be traced in melts derived thereof, resulting in “soft 
arc signatures” in BABBs. Solely volumetrically small components 
of the subduction zone enrichments remain in the mantle wedge in 
the upper mantle. These remnants are the components of interest 
here and are argued to be traced by the Western Gakkel Ridge MORBs. 
Indications of a past subduction relate to mantle (re-)enrichment in 
fluid-mobile elements (Sr and Ba), as well as variable Zr/Nb in both 
WVZ and SMZ lavas, which is consequent to prior melting of a hot 
mantle wedge to variable degrees (36).

In addition to this geochemical memory of past subduction ac-
tivity, paleogeographic reconstructions of the high Arctic region 
further support the plausibility that the Gakkel Ridge MORBs mirror 
chemical signature of a BABB and/or a mantle wedge from a paleo-
subduction zone. Previous paleogeographic reconstructions and 
seismic tomography studies from the greater Arctic region show the 
presence of a past subduction zone, related to the closure of the 
South Anuyi Ocean (SAO), in the Early Cretaceous (145 to 125 Ma) 
(20, 21, 23, 37). A study by Shephard et al. (23) shows that geochemical 

Fig. 2. Trace element pattern and chemical proxies of past subduction influence. 
(A) The average trace element composition of the basalts from the Western Gakkel 
Ridge region is plotted relative to N-MORB showing an enrichment in fluid mobile ele-
ments (Ba and Sr), similar to BABBs. The similarity to BABB is further supported by (B) and 
(C). A detailed trace element plot can be found in fig. S1. Data for N-, D-, and E-MORB 
and BABB are plotted for comparison and taken from Gale et al. (63) (B), and (C) basalts 
from the Western Gakkel Ridge region show a pronounced enrichment in Ba and 
87Sr/86Sr (up to 0.7037) compared to MORBs from the Atlantic and Pacific, similar to 
active island-arc and back-arc basins, such as the Lau and Mariana back-arc basin. High 
87Sr/86Sr, Ba/Yb, and Ba/Nb ratios are explained by partial melting of a fluid-enriched 
mantle source. SMZ basalts tend to have higher Ba/Yb and lower Ba/Nb than WVZ ba-
salts, implying a higher degree of source enrichment. Atlantic/Pacific MORB and Mariana 
BABB and Lau BABB data, plotted here for comparison, are compiled from Gale et al. 
(63). MORB data from the pacific include all values from ridge segments ranging be-
tween 15°N and 33°S and from the Atlantic ranging between 30°N and 30°S. Literature 
data from WVZ and SMZ are compiled from Gale et al. (63) and Goldstein et al. (14).
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signatures of tholeiitic and alkaline samples from the Sverdrup basin 
(Ellesmere region) in northeastern Canada are consistent with an 
SAO subduction zone, which is further supported by seismic tomog-
raphy and gravity models from the Ellesmere region and central 
Greenland (fig. S3). Both seismic tomography and gravity models 
show an oceanic slab component, linked to the SAO subduction zone, 
residing beneath central Greenland at a depth of 1300 to 1500 km 
(23, 37). The extent to which the SAO subduction zone affected other 
parts in the circumpolar region remains unclear.

It is, however, clear that the present-day Western Gakkel Ridge 
regions falls into the influence of the SAO. Paleo-reconstructions 
from the greater Arctic region, conducted here, suggest the presence 
of an SSW-facing subduction zone that transgressed across the Western 
Gakkel Ridge region between 145 and 130 Ma (Fig. 5 and fig. S3). 
We propose that during this time, the regional upper mantle became 
chemically modified, evidenced by a calculated high slab flux (fig. 
S4B), with the SMZ as rear-arc region and the WVZ as back-arc region 
(Fig. 5). The preserved subduction zone setting is ascribed here to 
the closure of the SAO ~130 Ma ago (Fig. 5) (20). Calculated sub-
duction volume and slab flux models (fig. S4), as well as paleogeo-
graphic reconstruction, show the potential regional extent of the SAO 
subduction zone and suggest that the Western Gakkel Ridge region 
forms the westernmost boundary of the SAO subduction zone (fig. S3).

Origin of modified mantle sections and thorogenic Pb
The geochemical signatures in the Western Gakkel Ridge region re-
quire a form of modified mantle source, previously argued to be 
stranded lithospheric mantle (14) but argued here to be, most likely, 
consistent with subduction-modified mantle. For the latter scenario, 
which aligns with the paleo-reconstruction, we endeavor to further 
offer a realistic scenario for mantle modification. The physical form 
of inherited subduction-type Ba-Th versus Sr isotope systematics in 
the Gakkel Ridge mantle is examined within a slab mélange model 
(38–40). In this model, mélanges consisting of hydrous thin veneer 
of subducted sediments and depleted mantle peridotites ascend di-
apirically (40) from the subducting slab into the mantle wedge due 
to buoyancy differences (Fig. 5). In the mantle wedge, the mélange 

diapirs undergo dehydration melting forming the source for arc mag-
mas, leaving a depleted residue (recorded in elevated Zr/Nb). The 
presence of mélange diapir remnants, marked by fossil melting res-
idues of a former mélange plume (Fig. 5), provides a more plausible 
physical model for chemical mantle modification in the mantle wedge 
than a purely fluid-based metasomatic model, based on recent evi-
dence for physical residues of sediment melting in the center of a 
former mantle wedge (40). In the case of the Gakkel Ridge, we pro-
pose that, after subduction ceased, the mélange remnants remain 
neutrally buoyant and stationary in the area due to re-equilibrating 
(mostly thermal) density differences with the ambient mantle. With 
the opening of the Gakkel Ridge, mélange residues became integrated 
into the upwelling mantle (Fig. 5) and are sampled by the present-
day Gakkel MORBs. Notably, this scenario poses the equivalent to 
stationary delaminated, melt-depleted, and partly re-enriched 
lithospheric sections. Geochemical proxies look similar in either 
scenario, because lithospheric enrichment is also often induced 
through subduction processes, except for enrichments in HFSE (in 
SCLM) as opposed to their depletion [subduction zone (SZ)].

Critical to the mélange model is the redelivery of Th into the mantle 
wedge, along with fluid-borne Ba-Sr. Gakkel Ridge lavas have rela-
tively high thorogenic Pb isotope ratios (high 208Pb/204Pb) compared 
to global MORB (fig. S5), requiring a history of elevated Th/Pb and 
Th/U in their mantle source. Elevated Th/Yb in MORBs (Fig. 6A) is 
diagnostic for, and sensitive to, the influence of a subduction com-
ponent in their mantle source (35, 39). The Th-Nb/Yb compositions 
of the Gakkel Ridge basalts (Fig. 6A) lie at the upper boundary of 
the MORB field and, combined with high 208Pb/206Pb, imply high time-
integrated Th/U, with 232Th being the parent nuclide of 208Pb and 
238U being the parent nuclide of 206Pb, in its mantle source (Fig. 6B). 
If high time-integrated Th/U existed in the mantle source beneath 
the present-day Western Gakkel area since subduction ceased at ca. 
~130 Ma, as proposed by our model, elevated 208Pb/206Pb may be 
explained as the result of local thorogenic ingrowth in high Th/U 
zones inherited from fossil mélange rocks in the underlying mantle.

Mass balance considerations were used to infer that up to 70% of 
the original Th may be retained when subducted sediments undergo 

Fig. 3. Sr-Ba-Th systematics versus 208Pb/204Pb of the Western Gakkel Ridge basalts. (A) Distinct Sr composition of the Western Gakkel Ridge basalts compared to 
Atlantic/Pacific MORB. (B) Ba-Th versus 208Pb/204Pb shows similarities to Sr-Pb systematics. Western Gakkel Ridge basalts plot in the same range as BABB from the Lau 
basin and Marianas. Atlantic MORB data range from 30°N to 30°S, whereas the Pacific MORB data comprise solely data from the Eastern Pacific Rise ranging from 12°N to 
30°S. Mariana and Lau BABB data were compiled from Gale et al. (63). The literature data for the WVZ and the SMZ are compiled from Gale et al. (63) and Goldstein et al. 
(14). Sr and Pb data for this study are provided in table S2.
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dehydration or partial melting (41). Assuming that these high Th/U 
residual mélange complexes remain within the upper mantle once 
subduction ceases, ingrown high 208Pb/206Pb would be expected to be 
mobilized in younger melting episodes, such as for the modern Gakkel 
Ridge MORB magmatism. A near-identical component was traced 
behind the Mariana arc (35), adding further weight to this scenario.

Simple radiogenic Pb ingrowth modeling at a time scale t = 130 Ma 
(inferred from the last subduction activity in the Gakkel Ridge area) 
indicates that a 232Th/238U () ~ 5.6 is required to generate the ob-
served 208Pb isotope ingrowth (high 208Pb*/206Pb*; Fig. 6B) observed 
in the Western Gakkel Ridge lavas compared to Atlantic and Pacific 
MORB. This calculation is based on the assumption that the starting 
composition of the Pb isotope composition is identical to the Northern 
Hemisphere Reference Line (NHRL) (fig. S5) and that the basalts 
originate from a melt-depleted mantle with a 238U/204Pb (DM) = 6.33 (42), 
whereby U is stripped off during primary melt extraction in the arc. 
The 238U/204Pb, in combination with a 232Th/238U (), suggests a 
Th enrichment in residual assemblages, leading to a 232Th/204Pb 
() = 35.1 in the sub–Gakkel Ridge mantle.

In addition, remarkably homogeneous Pb isotope compositions 
along the length of the Western Gakkel Ridge indicate a homogeneous 

distribution of Th/U in the mantle along the entire length of the 
magmatically active ridge. Fossil diapir regions in the sub-ridge mantle, 
enriched in Th, occur most likely only locally (e.g., Th-rich accessory 
minerals formed during Early Cretaceous mélange diapir melting), 
and such domains are presumably higher in Th/U than required 
by the time-integrated average calculated  for Gakkel Ridge lavas. 
A feasible solution to this conundrum is that partial melts are 
homogenized before eruption, possibly by diffusion in a melt network 
or in sub-oceanic magma ponds (43). Only small amounts of an 
enriched 208Pb isotope component are sufficient to shift melts off 
the NHRL (toward a higher 208Pb/204Pb for a given 206Pb/204Pb), 
whereas other signatures, such as element ratios or Sr isotopes, are 
much less susceptible to change.

Comparison to the SCLM model and Arctic perspective
Elevated 208Pb/204Pb and 87Sr/86Sr isotope signatures in the Western 
Gakkel Ridge region were previously linked to the incorporation of 
delaminated SCLM due to the propagation of the North Atlantic 
mantle into the Arctic asthenosphere at ~56 Ma (14, 27). The inte-
gration of SCLM was further supported by elevated Rb/Sr, Rb/La, 
and Th/La in the Western Gakkel Ridge basalts (14). These elemental 
enrichment patterns were previously associated with alkaline basalts 
from Spitsbergen and attributed to melting in the presence of amphibole 
and phlogopite in the MORB mantle (14, 27). Both are hydrous mineral 
phases that, when incorporated into the melting column, can lead to 
elevated alkali (e.g., Rb) and trace elemental signatures (Th). While the 
observations are coherent with an SCLM origin, both phases are not 
exclusively stored in SCLM. Amphibole and phlogopite can be 
present in subduction-related environments (44), which is favored 
in our model. A similar origin can be ascribed to the unusually elevated 
Rb and Ba concentrations in the Western Gakkel Ridge basalts by 
the presence of phengite in the MORB source. Phengite is a potassium-
rich white mica incorporating LILE (Rb, Ba, Cs, and K) and is stable 
up to 150-km depth in subducting environments (39, 44–46). In a 
subduction-driven setting, two possible scenarios can occur in the 
Western Gakkel Ridge region. First, phengite dehydration occurred 
during active subduction and ultimately enriched the mélange diapirs 
with metasomatic fluids, or second, the mélange diapirs contain re-
sidual phengite that can contribute to elevated Ba and Rb ratios in a 
subsequent melting event (39), as potentially occurred in the Western 
Gakkel Ridge region. Notable is that all observed geochemical fea-
tures can also be produced by small-volume delamination of conti-
nental lithosphere, which was infused by metasomatism during past 
subduction events.

From a geochemical perspective, either scenario that of an SCLM 
source or a past subduction zone seems plausible. However, with the 
supporting evidence from seismic data (47, 48), paleo-reconstructions 
of a past subduction zone (20, 21, 23, 49, 50), the arc/back-arc pro-
gression from the SMZ to the WVZ, and geochemical proxies 
commonly associated with subduction-modified mantle, a past subduc-
tion zone appears a superior scenario. We therefore argue that the 
Western Gakkel Ridge basalts sample an area of the upper mantle 
that is chemically modified by the SAO subduction zone during the 
Early Cretaceous.

We cannot draw any conclusion to which extent the SAO sub-
duction zone affected other parts of the greater Arctic region due to 
a lack of suitable samples. This also accounts for whether, and if so 
to which extent, the HALIP, which was active after the SAO sub-
duction zone ceased, affected the chemistry of the Arctic MORB. A 

Fig. 4. Ba/Th in MORB from the Western Gakkel Ridge region. Distribution of 
Ba/Th of the Western Gakkel Ridge MORBs (SMZ and WVZ) compared with global 
MORB data (A) and BABB (B). Ba/Th in SMZ basalts is higher than that in WVZ basalts, 
and Ba/Th in both ridge segments tend to be high compared to the global 
MORB distribution. Western Gakkel Ridge basalts, however, show a considerable 
overlap with Ba/Th in basalts erupted in active back-arc basins. MORB data are 
from Jenner and O’Neill (64), and BABB data are from Gale et al. (63)  including Lau 
and Mariana BABB data. The gray bar represents the average Ba/Th concentration 
of MORB and BABB. Atlantic/Pacific MORB and Mariana BABB and Lau BABB 
data, plotted here for comparison, are compiled from Gale et al. (63). MORB data 
from the Pacific include all values from ridge segments ranging between 15°N and 
33°S and from the Atlantic ranging between 30°N and 30°S. Literature data from the 
WVZ and the SMZ are compiled from Gale et al. (63) and Goldstein et al. (14).
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detailed geochemical assessment is required to understand the 
complex tectonic evolution and upper mantle heterogeneity in the 
greater Arctic region.

Global perspective for subduction inheritance in the upper 
MORB mantle
Apparent similarities between the Gakkel Ridge and the Australian-
Antarctic Discordance (AAD), a prominent seafloor depression at 
the Southeast Indian Ridge between Australia and Antarctica, indi-
cate that the proposed subduction feature in sub-ridge mantle is not 
an oddity confined to the Arctic Ocean. The ridge depression along 
the AAD is coupled with lower magmatic activity and upper mantle 
depletion (19, 51), and Pb isotope compositions along the depressed 
section of the ridge differ from those outside the AAD. These features 
were tentatively linked to a stagnating slab residing in the upper 
mantle left behind from long-lived subduction along the Eastern 
Gondwana margin 570 to 130 Ma (51–54), possibly providing 
another example of a sub-ridge fossil subduction system. Furthermore, 
the Gakkel Ridge lavas not only share geochemical similarities in 

LILE, HFSE, and Sr isotopes with those of arc/back-arc lavas of Western 
Pacific subduction zones, e.g., the Mariana and Lau back-arc basins, 
but also resemble their 208Pb/206Pb (Th/U) systematics of Indian-
type mantle (Fig. 6B), which, in turn, have compositions reminis-
cent of DUPAL-type mantle (53).

Conclusion
The preservation of an MORB suite with rear-arc (SMZ) to back-arc 
(WVZ) geochemical-isotopic signatures and its link to the SAO 
paleo-subduction zone provide insights into regional tectonic pro-
cesses and indicate a lower boundary to the survival time of subduction-
modified mantle, possibly in the form of mélange diapirs/wedge 
plumes, after subduction cessation. The presence of these sections 
that remain stationary in the upper Earth’s mantle further implies 
that subduction leaves a chemical footprint, which, with time, can 
add to the chemical heterogeneity in global MORB without a deep 
mantle cycling. As a consequence, geochemical signatures of MORBs 
in combination with paleogeographic reconstructions not only con-
tribute to a regional tectonic history but also provide a glimpse into 

Fig. 5. Paleogeography of the circum-Arctic region. Paleogeographic reconstructions show the Arctic region during the closure of the SAO at 130 Ma (top) and the 
present day (bottom). Top: During the closure and subduction of the SAO, mélange diapirs ascend into the mantle wedge, forming the Koyukuk-Nutseyn (KYK) volcanic 
arc at 145 to 130 Ma, which also led to the opening of the Amerasia basin (AM), which operated until 120 Ma as back-arc basin (50). The bottom panel at present-day shows 
the location of the SAO suture zone at 142 Ma (onset of subduction) and at 130 Ma (closure of SAO subduction). The red areas highlight the areas of the large igneous 
provinces. The orange rectangle in the paleo-reconstruction models highlights the sample locality, and on the right of the present day is our suggested model. Mélange 
diapirs, resultant from the SAO subduction, stay buoyant in the upper mantle and became integrated into the source of the Western Gakkel Ridge region. The slab of the 
SAO subduction resides at a depth of ~1300 km in the lower mantle (23). All paleogeographic reconstructions can be reproduced using pyGPlates (www.gplates.org).
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the (in-)effectiveness of mantle convection to homogenize the upper 
mantle and how subduction-induced mantle becomes incorporated 
into ocean floor basalts.

MATERIALS AND METHODS
Seventeen fresh basalts (whole rock) with no visible alteration, in-
cluding volcanic glasses, from the WVZ and five basalts from the SMZ 
were analyzed for their major and trace elements, as well as their Sr 
and Pb isotopes. The chosen sample set is complementary to the 
preexisting dataset from the Gakkel Ridge (14, 26). Before analysis, 
volcanic glass samples were ultrasonicated with ultrapure water and 
ethanol to remove loosely held weathering minerals. Basalt specimens 
were sawn to remove weathering rinds, washed with ultrapure water 
in an ultrasonic bath, and crushed in a jaw crusher. Rock chips and 
volcanic glass fragments were powdered in an agate swing mill. The 
location of each sample is provided in table S1 and highlighted in Fig. 1.

Major elements
Major element concentrations of the, in total, 22 powdered samples 
were determined on a PANalytical Axios Advanced WDS x-ray fluo-

rescence (XRF) instrument equipped with a 4000-W Rh x-ray tube 
at the School of Earth Sciences, University of Tasmania. Each sam-
ple (500 mg) was mixed with 12:22 lithium metaborate and lithium 
tetraborate flux and fused to a glass using a Claisse M4 fluxer. 
Counting times for each element ranged from 4 to 68 s for a total 
analysis time of ~8 min per sample. On each individual sample, the 
loss on ignition (LOI) was determined using ~2 g of the sample 
powder and heated up to 1000°C for 12 hours. Major element and 
LOI results are provided in data file S1.

Trace elements
Trace element concentrations of the basalts were determined by laser 
ablation inductively coupled plasma mass spectrometry (ICP-MS) 
of 20 basalt (fused discs used for XRF analysis) and two volcanic 
glass samples. Fragments of both were mounted in 1-inch epoxy discs 
and analyzed under the same ablation conditions at the Monash 
Isotopia Laboratory at the School of Earth, Atmosphere and Envi-
ronment using an ASI RESOlution-SE (S-155) 193-nm ArF excimer 
laser coupled to Thermo Fisher Scientific icapQ (radio frequency 
power = 1548 W; ablation cell gas flow = 550 ml min−1 He + 0.06 ml 
min−1 N2; auxiliary gas flow = 1.0 liter min−1 Ar). The oxide produc-
tion (ThO+/Th+) at the ICP-MS was kept below <0.7%, and the Th/U 
ratio was 0.98. Each fused disc and volcanic glass fragment were an-
alyzed for 42 elements (Na, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, 
Ni, Zn, Ga, Rb, Sr., Y, Zr, Nb, Mo, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th, and U) using a spot 
size of 80 m, a repetition rate of 10 Hz, and an energy density of 3 
J/cm2; four to five spots were measured on each sample as a transect 
through the fragment. A single analysis comprised a 20 s gas blank, 
30 s data acquisition, and 20 s washout. Blocks of 20 unknowns were 
bracketed by two to three ablations each of NIST610, NIST612, 
BCR2G, and BHVO2G. BCR2G was used as calibration standard, 
while NIST612 (55), NIST610 (55), and BHVO2G (56) were used as 
quality controls. All results for unknowns and quality controls are 
reported in data file S1. 29Si (as determined by XRF) was used as 
internal calibration standard, due to higher contents of SiO2 of the 
basalts. For the elements of particular interest here (Ba, Th, Nb, Zr, 
and Yb), relative standard errors (%RSE) of 0.18%, 0.93%, 1.53%, 
2.3%, and 0.11%, respectively, were obtained for a suite of 16 analyses 
(in total) of the BHVO2G glass. Data were acquired in a time-resolved 
analysis mode and were reduced using an MS Excel spreadsheet de-
veloped at the Max Planck Institute for Chemistry (MPIC) Mainz, 
Germany (57, 58). An important consideration in chemical analysis of 
fused discs is the blank of the flux material. The flux material contains 
46.74 weight % Si, and Na, Mg, Al, Ca, Ti, and Fe range from 20 parts 
per million (ppm) (Mg) to 230 ppm (Ca). Apart from Sc, V, and Mn 
(5, 4, and 8 ppm, respectively), all other measured elements are 
below 1 ppm (e.g., 0.87-ppm Ba, 0.05-ppm Nb, and 0.33-ppm Zr; Th 
and Yb are below detection) (data file S1).

Sr and Pb isotope ratios
Pb isotope ratios were acquired from small (1 to 2 mm) chips picked 
under the microscope. Picked rock chips (150 to 200 mg) were 
weighed into teflon beakers and leached with hot 6 M HCl (60 min, 
100°C). After removal of the leach solution and repeated rinsing 
with distilled water, residues were dissolved in 5:1 HF-HNO3 (3 ml, 
48 hours, 100°C) on a hot plate. After evaporation of the acid, the 
residues were refluxed and dried twice with 2 ml of concentrated 
HNO3, followed by dissolution with 6 M HCl. Lead was extracted 

Fig. 6. Th-Nb/Yb covariation diagram and Pb isotope systematics. (A) Th-Nb/Yb 
[after Pearce (65)] shows global MORB–ocean island basalt (OIB) array (diagonal 
gray bar). The orange and dark blue arrows indicate Th/Yb data trends (at a given Nb/Yb) 
for Lau and Mariana BABB. Many Gakkel Ridge MORBs exceed Th/Yb in the MORB-OIB 
array at a given Nb/Yb, indicating Th enrichment. MORB data are compiled from Jenner 
and O’Neill (64). (B) Elevated mantle Th contents (higher Th/Nb) contribute to high 
mantle Th/U, producing positive 208Pb*/206Pb*. Th/Nb is the deviation from the 
lower boundary of the MORB-OIB array, and 208Pb*/206Pb* is the difference in 
208Pb/206Pb from the NHRL (see the Supplementary Materials for calculation). Mariana 
and Lau BABB, as well as literature data for the WVZ and the SMZ, are compiled from 
Gale et al. (63). Indian, Atlantic, and Pacific MORB data are compiled from Gale et al. 
(63). Atlantic MORB data comprise data from 30°N to 30°S and the Pacific MORB 
data from 12°N to 30°S, respectively.
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using a double pass on small beds of AG1-X8 (100 to 200 m) anion 
resin. The procedural blank for Pb was 30 ± 10 pg. Lead isotope ratios 
were measured on a Nu Plasma MC-ICP-MS at the University of 
Melbourne and on a Thermo Fisher Neptune Plus MC-ICP-MS at 
the Monash Isotopia Laboratory at the School of Earth, Atmosphere 
and Environment. Instrumental mass bias was corrected using the 
thallium-doping technique of Woodhead (59). This technique uses 
separate empirically determined Pb versus Tl isotope correlation lines 
for each Pb isotope ratio and produces external precisions in the 
sub-0.1% range (2 SD). For example, U.S. Geological Survey basalt 
BCR-2 (unleached) measured at the University of Melbourne aver-
ages 206Pb/204Pb 18.758 ± 0.047%, 207Pb/204Pb 15.619 ± 0.066%, and 
208Pb/204Pb 38.726 ± 0.090% [2 SD, n = 47; (60)]. A similar approach 
for the data acquired on the Neptune Plus at the Monash Isotopia 
Facility yielded averages of 16.941 ± 0.039%, 15.499 ± 0.042%, and 
36.722 ± 0.036% (2 SD, n = 11) for SRM981. BCR2 averaged 18.750 ± 
0.043%, 15.615 ± 0.051%, and 38.691 ± 0.041% (2 SD, n = 4). These 
data are consistent with reference values [(58) or http://georem.mpch-
mainz.gwdg.de]. Lead isotope data is provided in table S2.

For Sr isotope analyses, ca. 100 mg of sample powder was dis-
solved as described above and Sr was separated using EICHROM Sr 
spec (100 to 150 m) following Pin et al. (61). The procedural blank 
was negligible (~60 ± 20 pg). Strontium isotope ratios were mea-
sured on a Thermo Fisher Neptune Plus MC-ICP-MS at the Monash 
Isotopia Laboratory at the School of Earth, Atmosphere and Environ-
ment, with sample introduction via a cyclonic glass spray chamber 
in wet-plasma mode. All measured signal intensities were corrected 
for memory and Rb-Kr isobars, and instrumental mass bias was 
corrected by internal normalization to 86Sr/88Sr of 0.1194 using the 
exponential law. Krypton interferences were corrected by using eight 
iterations of 86Kr/84Kr = 0.30354 to account for isobaric interferences 
on 86Sr. 87Sr/86Sr in SRM987 averaged 0.710347 ± 0.000062 (2 SD, 
n = 15), and 87Sr/86Sr in all runs was adjusted to a more typical value 
[87Sr/86Sr = 0.710248; (62)]. Strontium isotope data are provided in 
table S2.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabb4340/DC1
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