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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel The global endmember ultra-slow spreading Arctic Gakkel ridge is an ideal place to study mantle melting and the
contributions of different mantle components to ridge volcanism. We carried out a high-resolution geochemical

Keywords: study of basalts from a seemingly normal section of the ultraslow-spreading Arctic Gakkel Ridge between 40°E

Mantle melting and 60°E, which we refer to as EVZ2. While the majority of volcanics sampled from EVZ2 could be characterized

Prior melt removal

B as normal Mid-Ocean Ridge Basalts (NMORB), we identified a group of Isotopically Enriched, Incompatible
Enriched mantle

Recycled arc mantle Element Depleted MORB (IEDMORB) with low MREE/HREE ratios (i.e., “ghost garnet” signature). EVZ2 IED-

Mantle metasomatism MORB are mostly found near the rift valley walls away from axial volcanic centers. We propose that IEDMORB

High-angle normal faults are the products of two stages of melting. They are shallow secondary melts of incompatible trace element

Off-axis magmatism enriched low-solidus mantle components that had lost some initial melt in the presence of residual garnet at
depth. While the deep initial melts are more likely to be focused toward axial volcanic centers and subsequently
diluted by normal peridotite melts, some of the shallow secondary melts could erupt as IEDMORB via pre-existing
crustal weaknesses, such as deep-rooted high-angle normal faults that are ubiquitous along ultra-slow spreading
ridges, thereby preserving their enriched isotopic compositions. While most dredges that sampled IEDMORB also
recovered other types of MORB, all the samples from Dredge 55 are IEDMORB with distinctive arc-type trace
element signatures, including relative depletion in Nb (and Ta), as well as enrichment in Th and fluid mobile
elements (e.g., high Th/Nb, La/Nb, Pb/Ce, and H,0/Ce). These signatures suggest that they sampled recycled
metasomatized arc-mantle wedge material. Other EVZ2 IEDMORB also show relative enrichment in fluid mobile
elements and depletion in Nb (e.g., high La/Nb), but lack enrichment in Th. As Th has extremely low mobility in
aqueous fluids, Th enrichment requires metasomatism involving silicate melts. Thus, we propose that the high
Th/Nb, high La/Nb IEDMORB contain silicate-melt metasomatized arc mantle wedge material while the low-Th/
Nb, high La/Nb IEDMORB only contain aqueous-fluid metasomatized arc mantle wedge material. Globally,
IEDMORB with ghost garnet signatures are mostly found along ridges near mantle plumes where low-solidus,
incompatible element and isotopically enriched mantle components that suffered initial melt loss at depth
could be entrained in the upwelling subridge mantle and undergo further melting. However, most near-plume
IEDMORB do not show arc-type geochemical signatures. Therefore, the discovery of IEDMORB from 20% of
dredges along EVZ2, where most ridge volcanics are NMORB with depleted isotopic compositions, reflects the
sporadic distribution of recycled arc mantle wedge material in the Arctic mantle and the prevalence of pre-
existing crustal conduits, such as high-angle normal faults, along ultra-slow spreading ridges that facilitate
melt migration with limited melt pooling and mixing.
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1. Introduction

Ocean ridge volcanics are generally considered as chemically more
homogeneous than magmas from other tectonic settings. Nevertheless, it
has been well-known for decades that global-scale chemical variations
exist within and between ridge segments (e.g., Hofmann and White,
1982; Zindler and Hart, 1986; Rehkamper and Hofmann, 1997; Don-
nelly et al., 2004; Hémond et al., 2006; Gale et al., 2013; Lambart et al.,
2019). Some of the elemental heterogeneities observed in mid-ocean
ridge basalts (MORB) could be attributed to shallow-level processes
such as fractional crystallization and assimilation of the overlying
gabbroic lower oceanic crust (e.g., Lissenberg and Dick, 2008). How-
ever, variations in their isotopic compositions require long-term vari-
ability of parent/daughter ratios and extended time intervals in the
mantle. Within small regions (such as individual ridge segments)
parent/daughter ratios and their corresponding isotope ratios often
correlate with one another (e.g., Dosso et al., 1999; Donnelly et al.,
2004), but this is not always the case (e.g., Yang et al., 2017). Here we
present a notable example of such an exception and explore its origin
and significance. In this study, “Isotopically enriched” refers to magma
compositions with higher Sr, Pb or lower Nd, Hf isotope ratios than the
values of average global NMORB (normal mid-ocean ridge basalts) re-
ported by Gale et al. (2013) (i.e., ***Nd/***Nd < 0.51308, 87Sr/%0sr >
0.70281, 2°pb/2%pb > 18.298, 2°7Pb/2%4Pb > 15.505 or 7CHf/77Hf <
0.283), and “isotopically depleted” refers to those with lower Sr, Pb or
higher Nd, Hf isotopic ratios than average NMORB.

Hanson (1977) introduced the concept of melting a “veined mantle”

150°W

Greenland

N &%
Mohnsﬁ'WSpiub

&° ‘wl’w Knipovich
i Kolbeinsey
lan

Reykjanes
8 Iceland

®
we

40°
42° 5 & o 30°E ozQ° r 62
— 98 us 5o 8 sa s 58 6
- T D55
ool 4
87° i
= + A3E
i B .
l|eo volcanic center ©
il
pue
86‘.750 -

,D301

5
b0 0 ,E
volcanic center u

4

+ +

120°E

62

Chemical Geology 586 (2021) 120594

as an explanation for the observed heterogeneity in basalts, an idea later
popularized by Allegre and Turcotte (1986) who likened the mantle to a
“marble cake”. In this conceptual model, strips of incompatible-element
enriched low-solidus components, such as recycled oceanic or conti-
nental crust, are dispersed throughout the peridotite mantle matrix and
are mixed (inefficiently) through ductile solid state mantle convection.
Many processes can generate incompatible element enriched low-
solidus components in the mantle, including recycling of crustal mate-
rial through subduction (e.g., Zindler and Hart, 1986; Hofmann and
White, 1982; Rehkamper and Hofmann, 1997; Hémond et al., 2006;
Lambart et al., 2013), delamination of the lower crust (e.g., Lustrino,
2005), and mantle metasomatism from silica-rich and/or volatile-rich
fluids (e.g., McKenzie and O’Nions, 1995; Donnelly et al., 2004; Pilet
et al., 2008; Dasgupta, 2018). Salters et al. (2011) also attributed
segment-scale linear mixing trends observed in Nd—Hf isotope space to
mixing of melts from long-lived incompatible element enriched and
depleted mantle components. Partial melts from small volumes of long-
term enriched or depleted mantle components may lose their elemental
and isotopic signatures through dilution by ambient peridotite melts,
especially beneath fast-spreading ridges where the extents of mantle
melting are high and melt pooling and mixing are prevalent. In contrast,
sub-ridge melting and melt mixing are more limited beneath slow-
spreading ridges, which offer advantages for the study of chemical
and isotopic variability in the upper mantle.

The Gakkel Ridge is a global endmember ultraslow-spreading ridge
(Coakley and Cochran, 1998; Edwards et al., 2001; Michael et al., 2003;
Dick et al., 2003) where there is no evidence for sustained crustal

Fig. 1. Sample location and topography of the sampled area.
The top map shows schematically the location of ridge lavas
from the Gakkel Ridge as well as nearby North Atlantic ridges
relative to Greenland and Spitzbergen (Pawlowicz, 2020). The
red box highlights the studied area. The bottom map is con-
toured at 100 m intervals. It is illuminated from the north and
is based on AMORE data (Michael et al., 2003). The circles
show the locations of dredge sites. The colors in the circles
correspond to those used in the geochemical figures (e.g.,
Figs. 2, 4) for the different types of lavas defined in Section 4.1.
White = NMORB, blue = low-Si NMORB, black = IDDMORB,
red = IEDMORB, yellow = Dredge 55 IEDMORB. The pro-
portions of the colors roughly correspond to the proportions of
each lava type studied from each dredge. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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magma chambers (Jokat and Schmidt-Aursch, 2007), transform-faults
that could offset mantle source continuity, or hotspots along the ridge
(Brozena et al., 2003; Cochran et al., 2003; Michael et al., 2003). We
carried out a high-density geochemical study of basalts from a section of
the Gakkel Ridge between 40°E and 60°E, which we will refer to as EVZ2
(“Eastern volcanic zone sector 2”). The neighboring sections EVZ1 and
EVZ3 are affected by additional processes which will be discussed in
follow-up papers. The majority of volcanics recovered from EVZ2 fall
into the category of NMORB based on the definition of Gale et al. (2013),
with primitive mantle normalized La/Sm ratios between 0.8 and 1.5.
However, from ~20% of the dredges, we also found lavas with relatively
enriched compositions but unusually depleted incompatible element
contents. We refer to them as IEDMORB (Isotopically Enriched D-
MORB), to distinguish them from the more common Isotopically
Depleted D-MORB (IDDMORB). The origins of EVZ2 IEDMORB are the
focus of this study. EVZ2 IEDMORB show distinctive “ghost garnet”
signatures, which we define as lower MREE/HREE and higher Lu/Hf
ratios than average NMORB, in our case, (Sm/Yb)y < 1.15 and Lu/Hf >
0.19 (Fig. 3). Similar to the "ghost plagioclase" signature first proposed
by Sobolev et al. (2000), the "ghost garnet" signature is a trace element
signature of garnet in magmas that do not contain garnet. At EVZ2,
IEDMORB often erupt alongside of NMORB and/or IDDMORB (Fig. 1).
We show that EVZ2 IEDMORB are shallow secondary melts of incom-
patible trace element enriched low-solidus mantle components that had
lost some initial melt in the presence of residual garnet at depth.

2. The Gakkel Ridge and its Eastern Volcanic Zone 2 (EVZ2)

The Arctic Mid-Ocean Ridge Expedition (AMORE) in 2001 sampled
the western ~850 km of the Gakkel Ridge between longitudes 7°W to
86°E and identified three morphologically distinct sections (Michael
et al., 2003): 1) The ~200 km long relatively magmatically robust
Western Volcanic Zone (WVZ) from longitudes 7°W to 2°E, is charac-
terized by a rift valley and linear volcanic axial ridges that rise from the
rift valley floor. 2) The ~300 km long Sparsely Magmatic Zone (SMZ),
extending from 2°E to 29°E, is largely amagmatic, with fresh mantle
peridotites directly emplaced along the ridge axis. 3) The Eastern Vol-
canic Zone (EVZ), which extends from 29°E to 85°E, is characterized by
large isolated volcanic centers that are 50-160 km apart and each extend
15-50 km along-strike.

The EVZ is characterized by a very deep (~5000 mbsl) rift valley
with limited volcanic activities along most of its length (Cochran, 2008).
The full spreading rate along the EVZ is ~10.3 mm/year on average
(Vogt et al., 1979; Brozena et al., 2003; DeMets et al., 2010). A series of
large volcanic structures are spaced along the rift valley floor at 31°E,
37°E, 43°E, 55°E and 69°E within the well-surveyed portion of the ridge
axis while additional volcanic cones protrude above the sediment-filled
rift valley to the east (Edwards et al., 2001; Edwards et al., 2010;
Michael et al., 2003). The few volcanic cones between the volcanic
centers are primarily located at the edges of the rift valley or on ledges of
rift valley walls (Cochran, 2008).

Goldstein et al. (2008) reported that Gakkel WVZ basalts have
elevated 87Sr/%%Sr, Ba/La and A8/4Pb values and showed that they form
trends in multi-parameter space between normal EVZ Gakkel MORB and
alkaline basalts from Spitzbergen/Svalbard that are melts of the Sub-
Continental Lithospheric Mantle (SCLM). A8/4Pb is the difference in
208pp,/204ph between the sample and the Northern Hemisphere Refer-
ence Line (NHRL) delineated by Pacific and Atlantic MORB (Hart, 1984).
Elevated A8/4Pb is a distinctive signature of Indian Ocean MORB.
Goldstein et al. (2008) attributed these chemical signatures in WVZ
basalts to the influence of Svalbard SCLM that was delaminated and
introduced into the Arctic mantle as the northward propagation of the
North Atlantic mid-ocean ridge separated Greenland from Svalbard.
Geochemical surveys along the Gakkel Ridge indicated that this SCLM
component is only prevalent west of 16°E (Goldstein et al., 2008; Cali,
2009), and basalts from Lena Trough just west of the Gakkel Ridge show
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an even stronger influence of this SCLM component (Nauret et al.,
2011). To avoid potential influences from this SCLM component, this
paper focuses on EVZ2, the section between 40°E and 60°E. EVZ2 is also
west of 61°E, where the ridge makes a sudden change in strike to the
southeast.

Two axial volcanic centers are present along EVZ2 (Fig. 1). The 43°E
volcanic center corresponds to an overall shallowing of the entire rift
valley floor, whereas the 55°E volcanic center is an elongate volcanic
ridge situated within the rift valley that remains relatively deep
(Cochran et al., 2003). Abundant magmatic samples were retrieved from
dredges between the volcanic centers and near the edge of the rift valley
where the overlying oceanic crust is exceedingly thin and the gabbroic
layer is largely absent (Jokat and Schmidt-Aursch, 2007). As a result, the
extent of mantle melting and magma mixing should be extremely limited
away from the volcanic centers. Melt inclusion studies also suggest
limited magma pooling and mixing under axial volcanic centers along
EVZ2 (Wanless et al., 2014). A summary of dredge locations where
DMORB were discovered is provided in the Supplementary Material.

3. Methods

All isotopic and elemental analyses were performed on hand-picked
basaltic glasses. Generally, the glass rinds were easily removed from the
whole rock using a hammer and a chisel. On rare occasions when a rock
saw was used to cut up larger pieces of samples, the sawed surface was
polished with alumina sandpaper to remove any metal contaminants.
Larger glass chips were gently broken into smaller pieces with a set of
high purity steel mortar and pestle. 1-2 mm size glass chips were rinsed
and sonicated in DI water and dried at low-temperature prior to
microscopic examination where only chips that are free of vesicles and
are with minimal surface alteration were selected for chemistry.

3.1. Major and trace elements

Major elements were measured using a Cameca SX100 electron
microprobe (EMP) at the American Museum of Natural History
following routine procedures (e.g., Gale et al., 2011). The unknowns
were normalized to JDF-D2 standard and relative 2SD errors for SiO,
TiO9, Al;03, MgO, FeO, and CaO are better than 2%,for KoO and NayO
are better than 6%, and for MnO and P,Os are about 10%. Solution trace
element data were measured for most samples using a Thermo Xseries
Inductively Coupled Mass Spectrometer (ICP-MS) at Harvard University
following routine procedures (e.g., Gale et al., 2011) (Table S1). Internal
1RSD for all elements of interest are better than 3%. External repro-
ducibility of VE32 standard is also better than 3% 1RSD for most ele-
ments. The measured and normalizing value of VE32 standard and the
external reproducibility data are provided in Supplementary Table S1.

Some samples were measured for trace elements using a RESOlution-
$155 193 nm Excimer laser connected to a Thermo iCAP Q ICP-MS
which is used only for laser ablation analyses at Harvard University.
Two points per chip were obtained, and the values reported are the
average of the two analyses. Ca content from major element analysis of
the same chip was used as an internal standard. Data were then reduced
using basalt standard BHVO-2G run in the same run, which was also
used as a drift correction standard run every ten analyses. The Harvard
lab basalt glass standard VE32 was present in every probe mount, and
was analyzed as an unknown with the other samples to get estimates of
between run reproducibility over the course of this study (Table S1).
VE32 data were very consistent between runs and provide good esti-
mates of the errors in the analyses, which generally scale with
concentration.

3.2. Water

Concentrations of H,O dissolved in glasses were analyzed by Fourier
Transform Infrared Spectroscopy (FTIR) at the University of Tulsa using
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: ! ) 11 Fig. 2. Major element compositions of EVZ2 basalts in com-
@ parison with average global NMORB (white star) (Gale et al.,
9l ] ® * ~ = 2013) and average Back-Arc Basin Basalt (BABB, red star) with
< [ L 110 o~ MgO > 8 wt% calculated from the compilation of Yang et al.
i’_; E (2021). The Liquid Line of Decent (LLD) models are carried out
E 8r 19 ~__  using the Magma Chamber Simulator (Bohrson, 2007) using
o) @* g EVZ2 NMORB D80-9 as the primary melt composition, and
077 i 8 OH assuming a Fe(IlI)/Fe(Il) ratio of 0.15 and 1400 °C as the
= O Evz2 NMOBB 18 » starting temperature. Purple lines with checker marks repre-
@ EVZ2low-Si NMORB sent 1 kbar LLD and black lines with crosses represent 5 kbar
6" g ® EVZ2|DDMORB LLD. (For interpretation of the references to colour in this
5oL ' ' @ EVZ2IEDMORB ] ; 5 figure legend, the reader is referred to the web version of this

O D55 : article.)
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published methods and calibrations (Dixon et al., 1988, 1995) with
slight modifications (Michael et al., 2003). Doubly polished glass wafers,
100-250 pm thick, were placed atop a 2 mm thick KBr pellet and
analyzed using a NicPlan IR microscope equipped with a HgCdTe de-
tector, attached to a Nicolet 520 FTIR. Thickness was measured by two
methods: initially by digital micrometer, and then by focusing the
calibrated z-axis of the FTIR microscope stage on the glass wafer and on
the adjacent KBr disk using reflected light. Optically clear areas of
known thickness (+ 2 pm), 80 x 80 pm, were analyzed with 256 scans/
spot. Absorbance at the broad 3550 c¢m ™! (combined OH and H-0) and
1630 cm™! (molecular H20 only) peaks were measured after subtraction
of interpolated backgrounds. Density was assumed to be 2.8 g/cm®.
Molar absorption coefficients used for all glasses were: 63 1/mol-cm for
3550 and 25 I/mol-cm for €e1630. Analyses are the average of 3—4 spot
determinations of 3550 cm ™! on two separate wafers. Replicate analyses
of different wafers from the same specimen were typically reproducible
to +5% (1RSD). Repeated measurements of VE32 glass yields 0.276 +
0.005 wt% (1 s, n=12) and ALV 519-4-1 yields 0.176 + 0.005 wt% (1 s,
n=3).

3.3. Isotopes

Sr-Nd-Pb-Hf isotopes were measured on representative samples from
each dredge chosen on the basis of elemental compositions using either a
VG Sector 54 thermal ionization mass spectrometer (TIMS), or a
Neptune Plus MC-ICP-MS at Lamont-Doherty Earth Observatory
(LDEO). Chemical separations were performed in better than class 100
conditions within the LDEO-AMNH Clean Chemistry Laboratory,
following routine procedures outlined in Goldstein et al. (2008) and Cai
et al. (2015). Additional information about the isotopic methods is
available in the Supplementary Material. Hf isotope ratios are listed as
eHf, the deviation in parts per 10,000 from the “chondritic uniform
reservoir” 17°Hf/V7Hf value of 0.282785 (Bouvier et al., 2008). Nd
isotope ratios are listed as eéNd, the deviation in parts per 10,000 from
the “chondritic uniform reservoir” value of **Nd/**Nd = 0.512638
(Jacobsen and Wasserburg, 1980). Even though Bouvier et al. (2008)
also provided an updated CHUR value for *3Nd/!**Nd as 0.512630, We
used the older estimate from Jacobsen and Wasserburg (1980) because
most geochemical literature references the older value to calculate eNd.
The two values only correspond to a small difference of 0.156 epsilon
unit.
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Fig. 3. Spider diagram of different groups of the studied lavas from EVZ2 showing their trace element contents normalized to those of average global NMORB (Gale
et al., 2013). Sample 81-131 from the IEDMORB group has an unusually low Cs content of 0.00007 and a N-MORB normalized value of 0.0027. To better illustrate
the overall compositional range of the studied lavas, the Cs content of this sample is not plotted.

4. Results

We report Sr-Nd-Pb-Hf isotope analyses for ~40 samples from 40°E-
60°E along the Gakkel Ridge (EVZ2) in Table S1, along with analyses of
major elements and trace elements.

4.1. Major and trace element characteristics

Compared with global NMORB, EVZ2 basalts are relatively primi-
tive, with intermediate Mg# [= 100 x molar Mg/(Mg + Fe), all Fe as
Fe?*] ranging from 55 to 67, average to low SiO (48.2-50.9 wt%), TiO»
(0.6-2.2 wt%); and average to high MgO (7.0-8.9 wt%), Al,O3
(15.9-17.9 wt%), and Nay0 (2.5-3.8 wt%) (Fig. 2). They show a large
range of incompatible element contents and ratios, e.g., K,O from 0.03
to 0.46 wt%, P20s5 from 0.05 to 0.3 wt%, (Ba/La)y from 0.15 to 1.08,
(La/Sm)y from 0.4 to 1.5, and (Sm/Yb)y from 0.8 to 1.6. About 70% of
basalts from this segment fall within the range of NMORB based on the
definition of Gale et al. (2013) with (La/Sm)y between 0.8 and 1.5
(Fig. 3). The subscript N denotes normalization to primitive mantle-
normalized values with REE concentrations taken from Sun and
McDonough (1989). EVZ2 MORB show different extents of K, Cs, Rb and
U enrichments (Fig. 3), which could reflect mantle source characteristics
or seawater alteration (Staudigel and Hart, 1983; Kelley et al., 2003).
Meanwhile, some elements are not affected by seawater alteration (e.g.,
Th, Nb, Ta) and others are minimally affected (e.g., Sr, Pb, REE)
(Staudigel and Hart, 1983; Kelley et al., 2003). We will use elements that
are minimally affected by seawater alteration in our discussion of the
potential mantle source components of EVZ2 MORB.

The samples can be divided into 5 groups.

(1) EVZ2 NMORB. These are defined as lavas with (La/Sm)y be-
tween 0.8 and 1.5. NMORB are found both at axial volcanic
centers and from dredges between volcanic centers, with lava
flows from axial magma centers containing mostly NMORB.
Among studied EVZ2 basalts, NMORB have the highest concen-
trations of K;O (0.16-0.48 wt%), TiOy (1.24-1.95 wt%), P5Os
(0.14-0.27 wt%), Zr (96-173 ppm), and the highest overall
incompatible element concentrations among EVZ2 MORB. They
also have the highest LREE/MREE and MREE/HREE ratios, e.g.,
(Sm/Yb)y between 1.16 and 1.58. Even though samples from this
group show a large range of LREE/MREE ratios, they share the
same overall trace element pattern.

(2) EVZ2 low-Si NMORB. This is a subgroup of EVZ2 NMORB with
SiOy < 49.5 wt% at MgO > 8 wt%. Compared with other EVZ2
NMORB, EVZ2 Low-Si NMORB have higher Al;03 and NayO at a
given MgO content. The low-Si NMORB are mostly from Dredges
53 and 297 (Fig. 1), with a few samples from Dredges 51, 79, 81.
Among these, only Dredge 51 sampled lavas are associated with
volcanism from the 43°E axial volcanic center while the rest are
found away from axial volcanic centers.

(3) EVZ2 isotopically depleted DMORB, or IDDMORB. These are
defined as lavas with (La/Sm)y < 0.8 and eNd > 9. They were
recovered from Dredges 74, 79, 81, 294, and 297 (Fig. 1). Dredge
74 is from the 55°E axial volcanic center while the rest of the
dredges sampled away from axial volcanic centers. Their
incompatible elements are systematically more depleted than
EVZ2 NMORB with K20 < 0.16 wt%. Their Nd, Pb, and Hf iso-
topic ratios are more depleted than average NMORB while their
Sr isotopes are similar to average NMORB. Detailed descriptions
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(2021). Other symbols follow Fig. 2. In the MgO vs SiO; plot, the red star has SiO, of 58.6 wt% and MgO of 8.5 wt% which overlaps with one of the IEDMORB and
therefore is not shown in the first panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of dredges that recovered DMORB are provided in the Supple-
mentary Information.

(4) EVZ2 isotopically enriched DMORB, or IEDMORB. These are
defined as lavas with (La/Sm)y < 0.8 and eNd < 9. EVZ2 IED-
MORBs were recovered from Dredges 55, 76, 79, 81, 297, 299
and 301 (Fig. 1), all of which are distant from axial volcanic
centers. These samples show “ghost garnet” signatures while
most NMORB and IDDMORB from EVZ2 do not (Fig. 3). Despite
having the most depleted incompatible elements, these lavas
have the most enriched Sr-Nd-Pb-Hf isotopic ratios within EVZ2
(Fig. 5). IEDMORB are found in ~20% of sampled dredges within
the study area. Among these dredges, 79, 81 and 301 also
encountered NMORB. All IEDMORB show relative depletions of
Nb and Ta compared to LREE (i.e., high La/Nb ratios, Fig. 6).

(5) D55 Samples from Dredge 55 stand out among EVZ2 IEDMORB
as the group with the highest Th/Nb, La/Nb and the lowest Ce/Pb
ratios along EVZ2 (Fig. 6). They also show the strongest enrich-
ments in Cs, Rb, and U. However, Cs, Rb and U are prone to
seawater alteration (e.g., Staudigel and Hart, 1983; Kelley et al.,
2003) and thus are not the focus in the following discussions on
mantle source components.

4.2. Radiogenic isotopes of EVZ2 MORB

EVZ2 samples fall on regional mixing lines that are subparallel to the

NHRL (Northern Hemisphere Reference Line, Hart, 1984) for Pb iso-
topes. The majority of EVZ2 MORB do not show the type of SCLM sig-
natures recorded by WVZ and Lena Trough lavas, that is, highly
radiogenic Sr isotopes (up to 0.7039) and SWIR-type elevated
208pp,,/204ph for a given 2°°Pb/2%4Pb compared to the NHRL, or A8/4Pb
> 30 (Goldstein et al., 2008; Nauret et al., 2011), except for two samples
from the western end of EVZ2: 305-SG3 (NMORB) and 301-SG (IED-
MORB) with A8/4Pb slightly above 30. This observation indicates that
the Greenland-Spitzbergen-type SCLM component is basically absent in
EVZ2.

All EVZ2 MORB follow the overall trend delineated by North Atlantic
MORB in Pb-Sr-Nd isotope space (Fig. 5). EVZ2 NMORB and IDDMORB
occupy the more depleted end of the spectrum while the IEDMORB
occupy the more enriched part of the spectrum. There is no evidence that
the enriched and depleted mantle components sampled by EVZ2 lavas
are drastically different from those sampled by the majority of North
Atlantic basalts. However, EVZ2 lavas show lower eHf for a given eNd
compared to high latitude North Atlantic ridges, including MORB from
Reykjanes Ridge near Iceland (Fig. 5). Blichert-Toft et al. (2005) first
discovered that MORB from Mohns and Knipovich ridge plot above the
Nd—Hf mantle crust array (Vervoort et al., 2011) with much higher eHf
for a given eNd than the mantle crust array (Fig. 5). They attributed this
decoupling to disequilibrium melting of subcontinental material. San-
filippo et al. (2021), on the other hand, attribute this decoupling to re-
melting of ancient (> 1 Ga) ultra-depleted mantle material caused by
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a recent jump in the ridge axis. Regardless of the cause, EVZ2 MORB
clearly sampled different mantle components as they fall on the mantle
crust array with much lower eHf for a given eNd than Mohns and Kni-
povich MORB.

5. Discussion
5.1. Lower crustal assimilation cannot explain IEDMORB chemistry

Overall, EVZ2 basalts have high Na and Al compared to average
NMORB (Fig. 2), which likely resulted from low degrees of mantle
melting. EVZ2 NMORB follow 1 kbar low-pressure fractional crystalli-
zation trends while EVZ2 IEDMORB do not (Fig. 2). High pressure
fractionation could lead to lower magma Si contents and higher Al
contents by suppressing plagioclase fractionation (e.g., Eason and Sin-
ton, 2006), however, the major element composition of EVZ2 IEDMORB
cannot be reproduced by high pressure fractionation of a primitive EVZ2
NMORB based on the 5 kbar LLD (Figs. 2, 3). Additionally, high pressure
fractionation should lead to fractionation of high-Mg clinopyroxene
which lowers the Ca and Mg contents of the magmas (Laubier et al.,
2012). However, EVZ2 IEDMORB have higher Mg than EVZ2 NMORB.
Seawater alteration can also lower Si contents in MORB. However, the
decrease in Si contents should be accompanied by a proportional in-
crease in Ti contents (Staudigel and Hart, 1983), which is not observed
in EVZ2 IEDMORB or EVZ2 low-Si NMORB (Fig. 2).

Compared to EVZ2 NMORB, EVZ2 IEDMORB have higher Al contents
and elevated Sr/Nd ratios (Figs. 2, 4). These signatures are often
attributed to assimilation of the lower oceanic crust (e.g., Lissenberg and
Dick, 2008; Laubier et al., 2012; Yang et al., 2017). For example, Yang
et al. (2017) discovered isotopically enriched NMORB with ghost garnet
signature, high Al, and low Si near the Crozet plume along the South
West Indian Ridge (SWIR) (Fig. 10). Similarly, Laubier et al. (2012) and
Gale et al. (2013) discovered IEDMORB with similar characteristics near
the Azores. Both studies attributed the high Al and low Si to stronger
lower-crustal assimilation associated with thicker lower oceanic crust.
However, the oceanic crust along the EVZ is unusually thin (2.6-3.3 km)
(Jokat and Schmidt-Aursch, 2007), which makes it unlikely for lower-
crustal assimilation to be an important process along EVZ2.

Yang et al. (2019) carried out melt-troctolite interaction experiments
and found that closer to the troctolite interface the melt composition
shifted to lower Si, Fe, and alkalis, but higher Mg and Al and, which is
consistent with net consumption of plagioclase and olivine during melt-
troctolite interaction. EVZ2 IEDMORB have higher Fe for a given Mg#
compared to EVZ2 NMORB (Fig. 2), which cannot be explained by more
intensive lower crustal assimilation. Assimilation during fractional
crystallization modeling also predicts a decrease in Ca that should be
proportional to the decrease in Si because olivine is Ca poor (Lissenberg
and Dick, 2008). However, EVZ2 IEDMORB have similar Ca contents as
EVZ2 NMORB. Higher assimilated plagioclase/olivine ratio could
explain the elevated Al contents and Sr/Nd ratios without the accom-
panying decrease in magma Ca contents. However, this should lead to
lower magmatic Mg contents. But EVZ2 IEDMORB have higher Mg than
EVZ2 NMORB.

Trace element modeling demonstrates that assimilation of the lower
oceanic crust alone cannot generate the observed elemental and isotopic
signatures of EVZ2 IEDMORB. Using olivine gabbro (Hart et al., 1999) or
troctolite (Godard et al., 2009), one would need to mix 30-40% of
high-degree partial melts (e.g., >70%) with EVZ2 NMORB to generate
the observed Sm contents of the IEDMORB. Even so, the resulting melt
mixture would still have much higher incompatible/compatible element
ratios than the IEDMORB (Table S2). Lower crustal assimilation also
cannot account for the observed “ghost garnet” signatures (i.e., low
MREE/HREE and high Lu/Hf) of EVZ2 IEDMORB or their enriched
isotopic signatures. Therefore, while lower-crustal assimilation may
have affected the magma composition of EVZ2 MORB, it is not the main
process that generated the differences in elemental and isotopic
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compositions between EVZ2 NMORB and EVZ2 IEDMORB. Instead, their
compositional differences likely originated from different mantle
components.

5.2. IEDMORB are secondary melts of enriched mantle components

Melts generated from long-term incompatible element depleted
mantle should have depleted Sr-Nd-Pb-Hf isotopic ratios, and vice versa.
This relationship breaks down for EVZ2 IEDMORB which have enriched
isotopes but depleted incompatible elements (Figs. 3, 4). It was shown
above that EVZ2 IEDMORB did not acquire their distinctive isotopic or
trace element signatures from lower crustal assimilation. A more likely
scenario is that EVZ2 IEDMORB are secondary melts of long-term
incompatible-element-enriched low-solidus mantle components that
had lost some initial melt shortly before the melting event that generated
the IEDMORB. Their “ghost garnet” signatures indicate that the prior
melt removal likely occurred in the presence of garnet at depth.

Field studies and models have shown that deeper melts are more
likely to be focused toward ridge axes or axial volcanic centers (Hebert
and Montési, 2010; Gregg et al., 2012; Sparks and Parmentier, 1991).
We hypothesize that deep initial melts from enriched, garnet-bearing
mantle sources, with high MREE/HREE ratios and enriched isotopic
compositions, are preferentially focused toward axial volcanic centers
and are subsequently diluted by ambient peridotite melts to form
NMORB. Meanwhile, the solid residue continues to upwell and melt to
generate the IEDMORB, some of which could largely escape melt mixing
and dilution from ambient peridotite melts and thus preserve their
enriched isotopes and “ghost garnet” trace element signatures by
erupting through pre-existing crustal weaknesses, such as deep-rooted,
high-angle normal faults that are ubiquitous along ultra-slow
spreading ridges (e.g., Buck et al., 2005; Tucholke et al., 2008; Sauter
et al., 2013).

Seismic studies suggest that high-angle detachment faults at slow-
spreading ridge axes can extend to over 7 km in depth and intercept
the melt zone (e.g., deMartin et al., 2007). Numerical modeling studies
also suggest that such large detachment faults should be more prevalent
along slower spreading ridges where they can extend well into the melt
injection zones and act as conduits for melts to erupt to the surface (Buck
et al., 2005; Tucholke et al., 2008; Sauter et al., 2013). This mechanism
was called upon to explain the occurrence of abnormally young off-axis
lavas (Standish and Sims, 2010) and highly focused volcanic features
from amagmatic segments along the ultraslow spreading SWIR (Sauter
et al., 2004). Cochran (2008) also observed that the seamounts between
volcanic centers along the EVZ were likely fed by magmas that ascended
along faults as they are primarily situated at the edges of the rift valley.
All EVZ2 IEDMORB are found away from volcanic centers and near the
edges of the rift valley, some of which are clearly associated with fault
structures (detailed descriptions of these dredge locations are provided
in the Supplementary Material). These observations support our hy-
pothesis that EVZ2 IEDMORB are shallow secondary melts of isotopi-
cally enriched sources in the Gakkel mantle that had previously lost
some melt at depth.

5.3. Evidence for recycled arc mantle wedge material

Lavas from Dredge 55 have similar major element compositions and
MREE/HREE ratios as other EVZ2 IEDMORB. However, their elevated
Th/Nb and Pb/Ce ratios approach those of primitive back arc-basin
basalts (BABB) (Fig. 6). These characteristics suggest that D55 lavas
may contain partial melts from a mantle component that was meta-
somatized in a subduction zone setting, where fluid mobile and lith-
ophile elements were added to the mantle by silica-rich melts and/or
fluids derived from the slab while Nb and Ta were held back in the
subducting slab. Despite their overall arc-type incompatible element
patterns and elevated H,O/Ce and Pb/Ce ratios, D55 lavas have much
lower trace element contents and Nb/Zr ratios than most BABB and



Y. Cai et al.

Chemical Geology 586 (2021) 120594

12

Y 'O %o L LW oW o N s ey ] LI A L R B AN S N R N CANEL AL TR TR R I B
Mohns, Knipovich - NHRL " 15.52
and Reykjanes * 1
1 O / ] ne ]
L 4155
O EVZ2NMORB -
10k e O @ EVZ2 low-Si NMORB ]
(@) % o @ EVZ2 IDDMORB 11548 ©
& @ EVZ2 IEDMORB ] <
3 ol @) C@ A O Ds5 i (\IB
2 & N = {1546 £
O ] ~
(@) r X/ ® ] =)
8 S . ce \ ] )
L WVZ - 00 o 415.44
® o O %} Mohns, Knipovich -
7E ® * ) ] N / and Reykjanes 1., ,,
] “WVZ ]
||||||| | T ST Y T U Y AT AN S VN NS YA i o S PRI LY S v i " A W G ¢ I VAN, W O L N LY N A 1 154
0.7024 0.7028 0.7032 0.7036 17.8 18 182 184 186 188
875129t 206pp,204pp,
LS R O N I 7 [ T | = T T s 24
38.4 Mohns, Knipovich _ Mohns and Knipovich ]
and Reykjanes 1
\ - {22
3821 - O -
S _
g -
& oagt 7? i ]
i 148 E
S Iy —418
0 w
£ ]
£ a78f WVvZ 1 ]
5 \ ]
- 416
376 . ® Reykjanes |
" -
o - ) 414
©) O ]
7.4+ - -
. NMORB ]
PN Y e L Vi, O A I L Y Y NG Y W LIS O U (0 A L A G 1 (O Y T W YO [N YEST W L WY MOV AT SN OO GRSV W W S YR WY e T SO W O 1 12
176 178 18 182 184 186 188 6 7 8 9 10 11 12 13
206py,/204pyy B

Fig. 5. Isotopic composition of the studied samples in comparison with global MORB (data sources are the same as Fig. 4). Also plotted is the northern hemisphere
reference line (NHRL) of Hart (1984) and the mantle-crust array (MCA) of Vervoort et al. (2011). The Gale et al. (2013) average NMORB composition has eHf of 7.6,
which is not shown in the figure. Compilation of other high latitude north Atlantic MORB data are from Yang et al. (2021).

MORB. Therefore, D55 lavas are not simple mixtures of melts from pe-
ridotites and recycled BABB mantle components. Their depleted trace
element contents require additional melt removal from their mantle
source along the Gakkel Ridge.

To test this hypothesis, we carried out a modeling exercise. Most
BABB have higher 27Pb/2°*Pb than EVZ2 IEDMORB and north Atlantic
MORB, which likely reflect contributions of Pb from U/Pb-enriched
crustal material in these BABB mantle source (Fig. 8). However, BABB
from Manus Basin overlap almost perfectly with EVZ2 IEDMORB (Sin-
ton, 2003). We used one of these BABB to calculate the mantle compo-
nent sampled by EVZ2 IEDMORB using the mineral modes from Salters
and Stracke (2004) and assuming 20% equilibrium melting (Table S3).

For the prior melt removal model, the choice of Kd’s at different
pressures is important because Kd’s in Cpx generally increase with
decreasing pressure, temperature and Cpx Mg#. The relative importance
of these factors also changes with regard to ionic radius (Wood and
Blundy, 1997; Bédard, 2014). To be consistent and to include as many
elements in the model as possible, we used the 2GPa Kd’s compiled by
Krein et al. (2020) and calculated the high pressure Cpx Kd’s based on
the 2GPa/3GPa Cpx Kd ratios used by Salters and Stracke (2004). We
adjusted this ratio for a few elements to make them more consistent with

elements with similar compatibility (e.g., Yb and Lu) based on empirical
observations (Bédard, 2014 and references therein) (Table S3).

Using these Kd’s, we were able to reproduce the overall REE pattern
of D55 lavas through 7-8% secondary partial melting of a melt-depleted
BABB mantle component after 6% initial melt was removed at 3GPa in
the garnet stability field while retaining 0.3% of the initial melt in the
mantle residue (Table S3, Fig. 7). The exact amount of initial melt
removal and secondary melting may well differ in reality. However, this
model exercise validates our hypothesis that D55 IEDMORB could be
generated largely from secondary melts of a recycled, recently melt-
depleted arc mantle component. Retaining small amounts of initial
melt in the mantle residue is necessary to reproduce the abundances of
highly incompatible element in D55 lavas (i.e., Cs, Rb, Ba). Moreover,
mixing this secondary melt with small amounts of NMORB generates an
excellent fit for a typical D55 lava (Fig. 7, Table S3). Using these pa-
rameters, higher extents of prior melt removal in the garnet stability
field would generate higher HREE/MREE ratios but they do not signif-
icantly change the Th/Nb ratios of the secondary melt. For example,
when the extent of melt removal increases from 2 to 20%, melt Th/Nb
ratio decreases from 0.17 to 0.15 while melt Sm/YDb ratio decreases from
0.75 to 0.49. Additionally, prior melt removal does not significantly
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are the same as in Fig. 4.

affect ratios of element pairs with similar compatibilities, such as Ce/Pb,
La/Nb and Sr/Nd. Therefore, the elevated Th/Nb, La/Nb, and Sr/Nd in
D55 lavas reflect the compositions of their mantle sources rather than
the multi-stage melting process. Magma mixing with NMORB, on the
other hand, significantly lowers these ratios, which could explain why
similar IEDMORB are rarely found along ridges with faster spreading
rates which generally correspond to higher extents of partial melting
and melt mixing under the ridges.

Finally, to test if EVZ2 NMORB could have sampled some initial
melts of the recycled BABB mantle component, we added some deep
initial melt from the BABB mantle to a relatively depleted NMORB from
EVZ2 (Table S3, Test 4). Addition of this melt would increase the La/Sm
and MREE/HREE ratios of the mixture but the mixture would still fall
within the observed range of EVZ2 NMORB with up to 30% addition of
the deep initial melt (Fig. 7b). EVZ2 NMORB also generally follow the
predicted mixing trends (Fig. 9). The primary melts that generated EVZ2
NMORB likely have lower incompatible element abundances to begin
with, so EVZ2 NMORB may contain more than 30% of the deep initial
melts from a BABB mantle source. These model results, considered
together with the moderate enrichment in incompatible elements of
EVZ2 NMORB despite their overall more depleted isotopic compositions
(Figs. 3, 5), indicate that some EVZ2 NMORB may indeed contain deep
initial melts from the recycled BABB mantle source. These findings
support our hypothesis that the initial melt of the EVZ2 IEDMORB
source are more likely focused toward axial volcanic centers and during
this process they would be mixed with ambient peridotite melts.

Addition of deep initial melts to normal peridotite melts would also be
an effective way of generating the apparent garnet signature observed in
MORSB in general (Hirschman and Stolper, 1996).

5.4. Do all EVZ2 IEDMORB contain arc mantle component?

D55 lavas and other EVZ2 IEDMORB share similar Pb-Sr-Nd-Hf iso-
topic ratios, which raises the question: could all EVZ2 IEDMORB be
associated with subduction-metasomatized arc mantle? All EVZ2 IED-
MORB share similar major element compositions (Fig. 2) as well as trace
element ratios that are affected by prior melt removal, such as Nb/Zr
and MREE/HREE ratios (Figs. 3, 6), which indicate that their mantle
sources underwent similar extents of prior melt removal in the garnet
stability field under the Gakkel ridge. D55 lavas and other IEDMORB
also share some subduction-related trace element signatures such as
elevated H,0/Ce, Pb/Ce, Sr/Nd, KoO/Nb, and the relative depletions of
Nb and Ta compared to LREE (e.g., high La/Nb) (Fig. 6). The most
important difference between these two groups of lavas is in their Th/Nb
ratios.

Could different extents of melt retention during prior melt removal
generate the differences between D55 IEDMORB and other EVZ2 IEDMORB?
This does not appear to be the case (Table S3, Test 2). If no melt is
retained in the mantle source, removing 5% partial melt from the
inferred BABB mantle in the garnet stability field followed by 7% partial
melt in the spinel stability field would still generate melts with elevated
Th/Nb, U/Nb, Pb/Ce and Sr/Nd ratios because each pair of elements
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have similar partition coefficients during mantle melting. Therefore,
given their distinct Th/Nb ratios, it is clear that the mantle source
components that generated most IEDMORB are different from those that
generated D55 lavas, even though they all appear to have originated
from long-term incompatible element enriched mantle sources with
relative depletions of Nb and Ta compared to the LREE.

Instead, we propose that the mantle sources of the EVZ2 IEDMORB
with elevated La/Nb but low Th/Nb sampled mantle material that was
metasomatized by hydrous fluids rather than silicate melts in a sub-
duction zone setting. In contrast to Pb, Sr, and REE, Th is largely
immobile in aqueous fluids (e.g., Nisbet et al., 2018). High Th concen-
tration is a feature of incompatible element enriched continental crust
and sediments, but not of the oceanic crust or the depleted mantle. Thus,
it is possible that some metasomatized mantle wedge do not have high
concentrations of Th, particularly in subduction zones associated with
older and colder slabs or arcs starved of sediments. The metasomatized
mantle wedge in these arcs may still have elevated La/Nb and Sr/Nb
ratios. Although rare, BABB with elevated H,O/Ce ratios and MORB-like
low Th/Nb ratios have been observed in the Manus Basin (Sinton, 2003),
the Marianas (Pearce et al., 2005) and the Lau Basin (e.g., Tian et al.,
2011). A mantle component similar to those that generated these BABB
could have been sampled by the low Th/Nb, high La/Nb EVZ2
IEDMORB.

It is possible that the mantle source of the low Th/Nb IEDMORB
acquired their elevated La/Nb ratios and enriched fluid mobile elements
through other kinds of metasomatic processes. However, a few potential
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sources could be ruled out: 1) OIB-type deep mantle: as it is well-
established that OIB have elevated Ti, Nb and Ta (e.g., Jackson et al.,
2008) but EVZ2 IEDMORB have low Nb/La and clear negative Nb
anomalies (Figs. 3, 6), and 2) SCLM components with elevated Th/Nb
ratios like the kind that was sampled by basalts from Spitzbergen, Lena
Trough and the western Gakkel Ridge (Goldstein et al., 2008; Nauret
et al., 2011): because these IEDMORB do not have elevated Th/Nb ratios
(Fig. 6).

5.5. Petrogenesis of other EVZ2 MORB

EVZ2 NMORB are similar to global NMORB in trace element abun-
dances (Gale et al., 2013). Their higher Na and Ti contents likely reflect
overall lower degrees of melting than average global NMORB (Fig. 2).
EVZ2 IDDMORB have more enriched incompatible elements than EVZ2
IEDMORB and lack ghost garnet signatures. Their trace element com-
positions are consistent with their depleted isotopic composition, which
suggests “normal” mantle depletion.

Most low-Si NMORB are indistinguishable from EVZ2 NMORB except
for two samples: D297-81 and D297-9 (Dredge 297 location is shown in
Fig. 1). They have the lowest La/Sm ratios among low-Si NMORB and
show enriched Nd and Sr isotope ratios (Figs. 3, 4). These two samples
also have ghost garnet signatures (e.g., low Sm/Yb and Dy/Yb). Other
samples from the same dredge are IEDMORB. Even though these two
samples do not have Nb and Ta depletions like other IEDMORB, they
may also have originated from enriched mantle sources that underwent
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prior melt removal in the garnet stability field. Although they seem to
have lost smaller amounts of initial melt than other EVZ2 IEDMORB.

5.6. IEDMORB with “ghost garnet” signatures are mostly found near
plumes

Prior melt removal may contribute to the elevated Al content in the
secondary mantle melts. Hirschmann et al. (2003) generated garnet free
melts with high AlyO3 (16.2 wt%) at 2GPa and 1400 °C using garnet
pyroxenite (Mix1G) as the starting composition. They observed that the
melt AlpO3 content was lower at higher pressures when garnet was
present in the residue, e.g., 14.2 wt% at 2.5 GPa (Hirschmann et al.,
2003). Kogiso et al. (2004) melted the same garnet pyroxenite at higher
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pressure (5 GPa) and generated melts with much lower Al,O3
(6.38-10.15 wt%) in the presence of garnet. Based on these results,
Kogiso et al. (2004) proposed that garnet effectively holds Al back in the
mantle residue during high-pressure melting while the melt Si content is
controlled by the bulk Si content of the mantle source.

To test this idea, we screened the global dataset for IEDMORB using
the compilation of Yang et al. (2021), which expanded upon the global
MORB compilation of Gale et al. (2013). We used the following criteria:
(La/Sm)y < 0.8 and one of the isotopic system that is more “enriched”
than the average global NMORB values proposed by Gale et al. (2013), i.
e. "3Nd/**Nd < 0.51308, 87sr/%0sr > 0.70281, 2°°Pb,/2*“Pb > 18.298,
207pp,/204pb > 15.505 or 76Hf/'77Hf < 0.283.

Not including the Gakkel Ridge and the Chile Ridge where
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subduction modified mantle clearly influences the composition of ridge
volcanics, among the 1626 screened MORB with La, Sm, Yb data and at
least one isotope ratio of interest, we found 343 IEDMORB (~20%).
Among these, 110 (~7%) have ghost garnet signatures, i.e. (Sm/Yb)y <
1. IEDMORB with ghost garnet signatures are mostly found near mantle
plumes (Fig. 10). In fact, about half of the samples we identified were
reported by Kelley et al. (2013), which focuses on near-plume MORB.
Additionally, based on chemistry alone, many BABB would also qualify
as IEDMORB with ghost garnet signatures. Overall, global IEDMORB
with ghost garnet signature have elevated Mg and Fe and lower Na, Ti
and P compared to other MORB, which is consistent with prior melt
removal (Fig. S3). However, they do not show elevated Al (Figs. 4, S3).
Similarly, Shimizu et al. (2016) discovered a few IEDMORB with modest
ghost garnet signatures near the GoFar Fracture Zone along the EPR.
They also found no systematic differences in their major element com-
positions from nearby NMORB. Near-plume IEDMORB also do not show
depletion in Nb or enrichment in Th or fluid mobile elements.

These important compositional differences indicate that prior melt
removal with residual garnet alone cannot generate the elevated Al
contents or the arc-type geochemical signatures of EVZ2 IEDMORB.
Instead, these signatures likely originated from the recycled subduction-
modified mantle components in the Arctic mantle. Subduction signa-
tures in global MORB are explored more systematically in our com-
panion paper (Yang et al., 2021). However, we make a few relevant
observations here. Globally, MORB with high Th/Nb and Pb/Ce ratios
are mostly from the Chile Ridge, where arc mantle wedge material made
its way into the subridge mantle likely through a nearby slab window
(Klein and Karsten, 1995; Bach et al., 1996). Aside from the Chile Ridge
and the Gakkel Ridge, only 94 out of 5540 MORB compiled by Yang
et al. (2021) have Th/Nb ratios above 0.1, and only 15 of these samples
have Pb/Ce ratios above 0.06. Among these samples, only a few from the
Kolbeinsey Ridge near Iceland have Th/Nb and Pb/Ce ratios that are
comparable with those found in D55 lavas (Andres et al., 2004; Dixon
etal., 2017; Blichert-Toft et al., 2005; Kelley et al., 2013). These findings
suggest that recycled arc mantle wedge material is prevalent in the high
latitude North-Atlantic mantle and the Arctic mantle. As shown in our
companion paper (Yang et al., 2021), this is a reasonable conclusion as a
number of ancient subduction events could have contributed mantle
wedge material to the mantle in this region within the last 200 million
years based on plate reconstructions (Seton et al., 2012; Shephard et al.,
2013).

There are no hotspots along the Gakkel Ridge. The mantle under the
Gakkel Ridge also does not appear fertile overall based on the unusually
thin overlying oceanic crust and the predominance of NMORB with
relatively depleted Pb-Nd-Hf isotopic ratios. As such, the discovery of
IEDMORB with ghost garnet signatures from 20% of dredges throughout
EVZ2 likely reflect the sporadic occurrence of enriched components in
the Arctic mantle. These enriched components may be fairly common in
the upper mantle but their partial melts can be easily diluted through
melt pooling and mixing under faster-spreading ridges. Besides high-
density sampling, the discovery of these IEDMORB along the Gakkel
ridge reflects a combination of low degree partial melting and the
abundant pre-existing crustal conduits along this ultra-slow spreading
ridge section, such as the high-angle normal faults, which facilitate
magma migration with limited mixing and dilution.

6. Conclusions

We found isotopically enriched DMORB, or IEDMORB, in the middle
of the Eastern Volcanic Zone from the ultra-slow spreading Arctic
Gakkel Ridge. We show that they did not acquire their enriched isotopic
signatures or depleted trace element patterns from lower crustal
assimilation. Instead, we propose that these lavas likely formed as
shallow secondary partial melts of incompatible element enriched,
garnet-bearing low-solidus mantle components that had lost some initial
melt at depth with residual garnet present. While the deeper initial melts
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from these enriched components are preferentially focused toward axial
volcanic centers, some of their shallower late-stage partial melts could
preserve their enriched isotopic signatures by erupting through pre-
existing melt conduits such as the high-angle normal faults that are
ubiquitous in ultra-slow spreading ridges.

While most dredges that sampled IEDMORB also recovered other
types of MORB, all the samples collected from Dredge 55 show
distinctive arc-type geochemical signatures, including enriched Th and
fluid mobile elements (e.g., high Pb/Ce and H,0/Ce), and depleted high-
field strength elements (e.g., high La/Nb and high Th/Nb). These sig-
natures are not significantly affected by the prior melt removal process.
We propose that the mantle source of Dredge 55 lavas originated from a
mantle sliver that was metasomatized by slab derived silica-rich fluids in
a subduction-modified mantle wedge. Other EVZ2 IEDMORB also have
elevated La/Nb and variably enriched fluid mobile elements but they
lack the enrichment in Th. We propose that these high La/Nb, low Th/
Nb EVZ2 IEDMORB may have sampled subduction-modified mantle
material that were only metasomatized by aqueous fluids, in subduction
zone settings associated with relatively cold slabs.

Globally, IEDMORB with ghost garnet signatures are mostly found
near mantle plumes. In such localities their mantle source may have lost
some initial melt deep in the melting column due to elevated mantle
temperature and plume driven upwelling. While they show similar
enriched isotopic compositions and low incompatible element contents
as EVZ2 IEDMORB, they lack the arc-type geochemical signatures
observed in EVZ2 IEDMORB. This suggests that some of the unique
features of EVZ2 IEDMORB, such as the high Al contents, may have been
acquired from their mantle source rather than been caused by the multi-
stage melting process.

The majority of magmas from EVZ2 have depleted isotopic compo-
sitions with typical NMORB-type elemental compositions. Modeling
shows that addition of 30% of initial melts from the IEDMORB source
can still generate compositions that are within the observed EVZ2
NMORB spectrum. Given these findings and the fairly even distribution
of IEDMORB along the studied ridge segment, it is reasonable to assume
that enriched mantle components are fairly common and could be
sporadically distributed throughout the upper mantle. But their signa-
tures are best preserved when melting and melt pooling are at minimum
and pre-existing crustal conduits are present near the ridge to facilitate
melt migration.
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