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Abstract

We present new Sr-Nd-Hf isotopic data on mid-ocean ridge basalts from two ridge segments (OH-1, OH-3) between the
Oceanographer and Hayes fracture zones at the Mid-Atlantic Ridge 33–35�N to constrain the nature and origin of upper
mantle heterogeneity beneath the Mid-Atlantic Ridge. Together with the major and trace elements data (Niu et al., 2001),
the new Sr-Nd-Hf isotopic data illustrate that the mantle sources of these lavas comprise three components, i.e., a depleted
mantle with high radiogenic Hf isotopic compositions (ADM), an incompatible elemental enriched component with radio-
genic Sr and un-radiogenic Nd-Hf isotopic compositions (E-type I), and an incompatible element depleted component with
variably enriched Sr-Nd-Hf isotope compositions (i.e., E-type II). The ADM and E-type I components may be understood as
representing ancient mantle melting residues and metasomatic veins developed at the base of the thickening oceanic litho-
sphere, respectively. The unique E-type II component is best explained as recent mantle melting residues of a geochemically
enriched mantle, probably associated with the Azores mantle plume to the north. Taking together, we interpret the E-MORB
dominated OH-1 lavas as resulting from a relatively higher degree melting of a mantle source composed of ADM matrix and
E-type I material, whereas the N-MORB dominated OH-3 lavas resulting from lower degree melting of the mantle source
primarily comprising ADM and E-type II components. Such a petrological and geochemical understanding explains the con-
trast in crustal thickness, ridge morphology and tomography, and mantle Bouguer anomalies between the two ridge segments.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Mid-ocean ridge basalts (MORB) are traditionally con-
sidered to be the simplest igneous rock on earth due to their
relatively uniform geochemical compositions (vs. intraplate
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ocean island and island arc basalts). However, MORB com-
positional variations have been well documented on all
scales (see Niu, 2016 for review) and range in composition
from incompatible element depleted normal MORB (i.e.,
N-MORB) to incompatible element enriched E-type
MORB (i.e., E-MORB). The cause of MORB source
heterogeneity has been the focus of research for decades
and the debate continues to this day concerning the origin
of the enriched heterogeneities. Many researchers explain
the E-MORB source to be the upper mantle contaminated
tivecommons.org/licenses/by-nc-nd/4.0/).
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by mantle plume materials (e.g., Sun and Hanson, 1975;
Schilling et al., 1983; Douglass et al., 1999; Le Roux
et al., 2002; Andres et al., 2002), but the enriched hetero-
geneities could also be generated within the upper mantle
without mantle plume influence as evidenced by production
of E-MORB from ridges far from any mantle plumes (e.g.,
Zindler et al., 1984; Niu et al., 1996, 2001, 2002; Donnelly
et al., 2004; Waters et al., 2011; Ulrich et al., 2012). To test
these ideas, we choose to carry out a Sr-Nd-Hf isotopic
study on a unique MORB sample suite from two ridge seg-
ments, OH-1 and OH-3, between the Oceanographer and
Hayes fracture zones at the Mid-Atlantic Ridge (MAR)
33–35�N (Fig. 1). Furthermore, given the same spreading
rate of the two segments only ~90 km apart (DeMets
et al., 1990) and thus similar mantle potential temperature,
the contrasting petrological (MORB major and trace ele-
ment compositions) and ridge geological characteristics
led Niu et al. (2001) to conclude that mantle source compo-
sitional difference controls the extent of mantle melting,
crustal production, gravity anomaly, ridge morphology
and ridge segmentation between the two ridge segments.
While these conclusions are robust in terms of the con-
trasted magmatism, it is essential to understand the nature
and origin of these mantle compositional heterogeneities.

Here we present the results of our systematic Sr-Nd-Hf
isotopic study on MORB samples from segments OH-1
and OH-3, Mid-Atlantic Ridge (MAR) 33–35�N (Fig. 1).
We identified three mantle components beneath the
MAR: a depleted component with high radiogenic Hf iso-
tope (ADM), an enriched component in terms of Sr-Nd-
Hf isotopes and incompatible elements (E-type I), and an
incompatible element depleted but isotopically enriched
Fig. 1. (a) Portion of the bathymetric map of the North Atlantic. (b) Det
Oceanographer Fracture Zone (OFZ) and the Hayes Fracture Zone (HF
shown as red (segment OH-1) and blue (segment OH-3) filled circles.
component (E-type II). While the ADM and E-type I are
most consistent, respectively, with ancient peridotitic melt-
ing residue and ancient metasomatic vein lithologies created
in oceanic lithosphere environments, the E-type II is best
understood as representing recent melting residue of the
Azores mantle plume with caveats. We infer that the mantle
source beneath this part of the MAR is dominated by
ADM with abundant E-type I material beneath OH-1,
and abundant E-type II material beneath OH-3. We present
our perspectives on the development of these mantle source
heterogeneities with emphasis on the contrast between seg-
ments OH-1 and OH-3.

2. GEOLOGICAL BACKGROUND AND SAMPLES

Many seagoing expeditions have been carried out at the
Mid-Atlantic Ridge 33–35�N (Fig. 1a) between the Hayes
fracture zone (FZ) and Oceanographer FZ because the
ridge segments have distinctive and contrasting topogra-
phy, morphology and gravity anomalies (e.g., Schilling,
1975; Detrick et al., 1995; Dosso et al., 1999; Bideau
et al., 1998; Gràcia et al., 1999). These expeditions collected
detailed bathymetric, gravity and seismic data and carried
out intensive sampling along the ridge and nearby sea-
mounts. Briefly, the MAR between the Oceanographer
FZ and Hayes FZ can be divided into five segments sepa-
rated by non-transform discontinuities. The segments are
numbered OH-1 to OH-5 (Detrick et al., 1995), going
southwards from the Oceanographer FZ to the Hayes FZ
(Fig. 1b). Segment OH-1 is characterized by an axial high,
a greater length (~90 km), a shallow central topography
high (1700–2000 m at ridge), a large negative mantle
ailed bathymetric map showing the Mid-Atlantic Ridge between the
Z) (data from NOAA bathymetric coverage). Sample locations are
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Bouguer anomaly (~40 mGal) of bull’s eye shape and an
inferred thicker crust with robust magmatism (Detrick
et al., 1995; Bideau et al., 1998; Gràcia et al., 1999). In con-
trast, segment OH-3 has a shorter segment (~45 km), a deep
axial valley (3000–3500 m), smaller mantle Bouguer anom-
aly (<20 mGal) and thin crust (Detrick et al., 1995; Bideau
et al., 1998; Gràcia et al., 1999).

Samples in this study from segment OH-1 and OH-3
(Fig. 1b) were collected using submersible OCEANAUT
aboard R/V Nadir. These samples are fresh basalts and
some are fresh glasses (Bideau et al., 1998; Niu et al.,
2001). Abundant analyses of bulk rock major and trace ele-
ments on these samples show that the OH-3 lavas are
mainly N-MORB ([La/Sm]N < 1) and the OH-1 samples
are dominated by variably enriched E-MORB ([La/
Sm]N > 1) (Niu et al., 2001).
3. ANALYTICAL TECHNIQUES

Major elements on 27 samples and trace elements on 99
samples from OH-1 and OH-3 segments were previously
reported in Niu et al. (2001). Eighteen OH-1 samples and
14 OH-3 samples that encompass the entire OH-1 and
OH-3 lavas compositional spectrum defined by trace ele-
ments were analyzed for bulk rock Sr-Nd-Hf isotopes
(Table 1). Some of our samples are rock powders and some
are glass fragments. For glass fragments, samples were
handpicked under a binocular to avoid alteration and phe-
nocrysts (olivine and plagioclase). Before digestion for iso-
tope analyses, sample fragments were ultrasonically cleaned
in Milli-Q water. All the analytical work was done in the
Laboratory of Ocean Lithosphere and Mantle Dynamics,
Institute of Oceanology, Chinese Academy of Sciences.

About 50–100 mg dried (powder or fragment) material
for each sample was weighted to analyze Sr-Nd-Hf iso-
topes. The digestion and Sr-Nd-Hf purification follow the
procedures given in Chen et al. (2017) and Sun et al.
(2019), respectively. The isotope analyses were all con-
ducted using a Nu Plasma II Multi-Collector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS). The
measured 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf isotope
ratios were normalized for instrumental mass bias fraction-
ation using the exponential law to 86Sr/88Sr = 0.1194, 146-
Nd/144Nd = 0.7219 and 179Hf/177Hf = 0.7325,
respectively. Repeated analyses of NBS-987 standard gave
87Sr/86Sr = 0.710259 ± 18 (N = 12, 2r), JNdi-1 standard
gave 143Nd/144Nd = 0.512118 ± 9 (N = 8, 2r) and Alfa
Hf standard gave 176Hf/177Hf = 0.282187 ± 8 (N = 8,
2r) in the course of our sample analyses. The analytical
data are given in Table 1. The isotopic analyses of the
USGS reference materials BHVO-2, BCR-2 and AGV-2
(Table 1) run together with our samples agree well with
the reported values (GeoREM, http://georem.mpch-
mainz.gwdg.de/).

In addition, new major elements for 5 samples were also
analyzed using Agilent 5100 Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) and is presented
in Table S1. The bulk-rock major elements of the USGS
reference materials BCR-2 and AGV-2 (Table S1) analyzed
together with our samples agree well with reference values
within error.

4. RESULTS

The Sr-Nd-Hf isotopic data on OH-1 lavas confirm the
previous report on samples from the same segment (Dosso
et al., 1999; Debaille et al., 2006; also see Fig. 2). These
samples, like other MORB from the Mid-Atlantic Ridge
at 33–40�N, display good correlations in eHf–

87Sr/86Sr
and eHf–eNd spaces, but define their trends deviate from
the global MORB trend (or mantle array) with steeper
slopes (Fig. 3). Compared with OH-1 samples, the OH-3
samples show similar ranges in 87Sr/86Sr and eHf variation
ranges but have a slightly smaller range in eNd (Fig. 2).
The OH-3 samples can be further divided into two groups
according to their Hf isotopic compositions (Figs. 2 and
3): (1) Group-1, samples are isotopically homogeneous
and depleted with low 87Sr/86Sr and high eNd, eHf; (2)
Group-2, samples are less depleted or slightly enriched for
eNd and eHf but varied (lowest to highest) 87Sr/86Sr. Sam-
ples with the Group-2 signature have not been observed
previously (Dosso et al., 1999; Debaille et al., 2006), and
show decoupling in eHf–

87Sr/86Sr space (Fig. 3). Fig. 4
shows along-axis variation of Sr-Nd-Hf isotopic ratios of
these samples. It is obvious that the lavas with higher 87-
Sr/86Sr and low eNd, eHf occupy the center of OH-1 segment
with the most isotopic enrichment coinciding with the cen-
tral topographic high, which is consistent with incompatible
element enrichments (see Fig. 3 in Niu et al., 2001). How-
ever, this is not the case for OH-3 segment, which is also
consistent with incompatible element distribution (Niu
et al., 2001). Fig. 5 illustrates the Sr-Nd-Hf isotope varia-
tions as a function of Ba and [La/Sm]N in OH-1 and OH-
3 lavas. The majority of OH-1 samples (excluding three
incompatible element depleted N-MORB samples OT16-
11, OT18-11 and OT19-04) and three E-MORB lavas from
OH-3 segment (encircled with blue dotted lines in Fig. 5)
show good correlations between Sr-Nd-Hf isotopes and
these geochemical parameters, but the other OH-3 N-
MORB samples do not.

5. DISCUSSION

5.1. Nature and origin of the OH-1 lava mantle source

Apart from the three incompatible element depleted N-
MORB samples (OT16-11, OT18-11 and OT19-04), the
majority of OH-1 samples show well correlated relation-
ships between Sr-Nd-Hf isotopes and Ba and [La/Sm]N
(Fig. 5). These correlations can be explained as the result
of melting-induced mixing of two mantle component man-
tle source, i.e., melting to varying extents of such composite
components or melting to similar extents of a mantle con-
taining variable proportions of the two components (Niu
et al., 1999, 2002; Koornneef et al., 2012), as is exampled
by the near-ridge seamount lavas from the East Pacific Rise
(Niu et al., 2002; Zhang et al., 2016) and MORB lavas from
the Pacific-Antarctic Ridge (Castillo et al., 1998). One
endmember is the depleted mantle with low incompatible
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Table 1
Sr-Nd-Hf isotopic analysis results on MORB lavas from MAR 33-35� N and USGS materials.

Sample Segment Site Lat. (�N) Long. (�N) Dbsl (m) 87Sr/86Sr 2s.e. 143Nd/144Nd 2s.e. 176Hf/177Hf 2s.e. eNd eHf

OT01-04 OH-1 Axis 34.8937 �36.4280 2228 0.702855 15 0.513157 9 0.283323 3 10.1 19.5
OT01-07 OH-1 Axis 34.8945 �36.4355 2230 0.702892 14 0.513161 11 0.283319 4 10.2 19.4
OT02-09 OH-1 Axis 34.8670 �36.4382 2252 0.702887 11 0.513145 9 0.283322 4 9.9 19.4
OT02-11 OH-1 Axis 34.8603 �36.4333 2225 0.703209 8 0.512990 9 0.283139 6 6.9 13.0
OT03-02 OH-1 Axis 34.8230 �36.4675 2331 0.703017 11 0.513060 9 0.283259 11 8.2 17.2
OT05-02 OH-1 Off-Axis 34.8900 �36.4143 2200 0.702983 12 0.513107 7 0.283280 3 9.1 18.0
OT05-08 OH-1 Off-Axis 34.8845 �36.3882 1718 0.703275 6 0.512942 6 0.283129 4 5.9 12.6
OT05-08R 0.703283 7 0.512937 8 0.283132 6 5.8 12.7
OT05-13 OH-1 Off-Axis 34.8783 �36.3763 1438 0.703394 9 0.512969 9 0.283129 5 6.5 12.6
OT06-01 OH-1 Off-Axis 34.8800 �36.3800 1991 0.703254 7 0.513001 7 0.283122 32 7.1 12.4
OT16-01 OH-1 Off-Axis 34.8718 �36.5305 2075 0.703060 10 0.513124 8 0.283292 4 9.5 18.4
OT16-11 OH-1 Axis 34.8717 �36.4755 1688 0.703230 7 0.513086 13 0.283187 6 8.7 14.7
OT16-11R 0.703238 7 0.513083 7 0.283187 7 8.7 14.7
OT17-06 OH-1 Axis 34.9773 �36.4203 2332 0.703140 11 0.513059 8 0.283242 4 8.2 16.6
OT17-09 OH-1 Axis 34.9795 �36.4185 2460 0.703208 12 0.513067 9 0.283274 4 8.4 17.8
OT18-04 OH-1 Axis 34.8648 �36.4500 1976 0.703206 12 0.512991 7 0.283151 4 6.9 13.4
OT18-11 OH-1 Axis 34.8730 �36.4683 1652 0.703060 6 0.513077 9 0.283256 120 8.6 17.1
OT19-04 OH-1 Axis 34.7378 �36.4923 2677 0.702867 13 0.513147 12 0.283272 5 9.9 17.7
OT20-05 OH-1 Axis 35.1647 �36.3613 3477 0.703007 12 0.513106 6 0.283307 5 9.1 18.9
OT20-06 OH-1 Axis 35.1587 �36.3460 3340 0.702981 12 0.513129 10 0.283332 5 9.6 19.8
OT09-05 OH-3 Axis 33.9420 �37.6950 3075 0.702837 11 0.513074 11 0.283144 4 8.5 13.2
OT09-06 OH-3 Axis 33.9377 �37.6943 3060 0.702820 12 0.513067 9 0.283146 6 8.4 13.2
OT09-12 OH-3 Axis 33.9205 �37.6967 3083 0.702851 11 0.513075 10 0.283090 4 8.5 11.2
OT10-06 OH-3 Axis 33.9835 �37.6773 3173 0.702936 13 0.513122 10 0.283291 5 9.4 18.4
OT10-06R 0.702955 15 0.513126 11 0.283294 5 9.5 18.4
OT10-11 OH-3 Axis 33.9963 �37.6762 3226 0.702926 13 0.513133 10 0.283319 5 9.7 19.4
OT11-10 OH-3 Axis 33.8458 �37.7307 3283 0.702959 12 0.513116 12 0.283327 7 9.3 19.6
OT11-12 OH-3 Axis 33.8470 �37.7297 3183 0.702963 13 0.513118 9 0.283312 5 9.4 19.1
OT12-03 OH-3 Axis 33.9265 �37.6642 2961 0.703054 12 0.513062 8 0.283204 6 8.3 15.3
OT12-05 OH-3 Axis 33.9228 �37.6567 2900 0.702932 12 0.513168 10 0.283326 5 10.3 19.6
OT13-05 OH-3 Axis 33.8877 �37.7380 3114 0.702969 9 0.513112 11 0.283307 5 9.2 18.9
OT13-07 OH-3 Axis 33.8877 �37.7383 3048 0.702947 12 0.513115 9 0.283302 4 9.3 18.7
OT14-01 OH-3 Axis 34.0698 �37.6363 3562 0.703161 11 0.513033 10 0.283181 6 7.7 14.5
OT14-02 OH-3 Axis 34.0697 �37.6360 3561 0.703369 12 0.513046 12 0.283184 6 8.0 14.6
OT14-04 OH-3 Axis 34.0688 �37.6213 3352 0.702943 12 0.513142 10 0.283334 4 9.8 19.9

BHVO-2 0.703473 12 0.512987 8 0.283087 4
BCR-2 0.705043 12 0.512637 8 0.282854 4
AGV-2 0.704005 10 0.512777 10 0.282956 11

Note: eNd and eHf are calculated as parts per 104 relative deviation of measured 143Nd/144Nd and 176Hf/177Hf from present-day chondritic reservoirs, namely 143Nd/144Nd = 0.512638 (Jacobsen
and Wasserburg, 1980) and 176Hf/177Hf = 0.282772 (Blichert-Toft and Albarede, 1997). Dbsl-depth below sea level. Several repeated analysis are denoted as R.
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Fig. 2. 87Sr/86Sr, eNd and eHf of MAR MORBs as a function of latitude (32.5–40�N). From north to south SLS, O and H stand for South
Lucky Strike, Oceanographer and Hayes fracture zones. Reference isotopic data of the samples from MAR 32.5 to 40�N are from PetDB
(www.earthchem.org/petdb), and the São Miguel basalts data are from Elliott et al (2007), Beier et al. (2007) and Waters et al. (2020).

Fig. 3. (a) eHf versus 87Sr/86Sr and (b) eHf versus eNd plots to compare the OH-1 and OH-3 lavas with MORB data from MAR 33.5–40�N and
from the whole Mid-Atlantic Ridge (data from PetDB: www.earthchem.org/petdb). The red dashed line indicates the two-endmember mixing
modelling, in which OH-1 lavas plot along the mixing curve between ADM and E-type I. Also shown is the region (grey dashed line) defined
by mixing between ADM and varying mantle plume residue compositions (Elliott et al., 2007; Beier et al., 2007; Waters et al., 2020), and the
Group-2 OH-3 lavas are all plotted in the fields enclosed by the, grey dashed lines. The Sr, Nd, Hf concentrations and 87Sr/86Sr, 143Nd/144Nd,
176Hf/177Hf of the ADM, E-type I and E-type II endmembers in the modeling are given in Table S3. DM denotes the average MORB (Salters
and Stracke, 2004).
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element (e.g., Ba) concentrations, low [La/Sm]N, low 87-
Sr/86Sr, but high eNd and high eHf (Fig. 5; Table 2). In
the case of the OH-1 MORB lavas, this depleted mantle
component displays higher eHf at a given 87Sr/86Sr and
eNd than the commonly perceived depleted MORB mantle
(DM; Salters and Stracke, 2004) in the Hf-Sr and Hf-Nd
isotopic plots (Fig. 3). Fig. 3 also shows that our OH-1
samples, together with the MORB literature data from
the MAR 33–40�N, form trends with steeper slopes that
deviate from the mantle array, implying that all these
MAR MORB lavas shared a similarly depleted mantle,
which is supposed to be different from the Pacific mantle
in term of Hf isotopic compositions (Salters et al., 2011).
It has been proposed that this observation is caused by dis-
equilibrium melting of a source of which there is isotopic
disequilibrium on mineral grain scales (Blichert-Toft
et al., 2005). However, experimental study on diffusion of
REEs in garnet demonstrates that centimeter-scale
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Fig. 4. 87Sr/86Sr, eNd and eHf on OH-1 and OH-3 lavas plotted along the ridge axis. The literature data are from PetDB (www.earthchem.org/
petdb). The dashed lines are along-ridge bathymetry (Detrick et al., 1995). Note that the eNd and eHf scales are inverted.
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equilibration at peridotite solidus temperatures requires a
time scale of 1–2 million years (Van Orman et al., 2002).
Some others explained this unique mantle component as
originating from involvement of an ancient melting residue
in the presence of garnet (e.g., Hamelin et al., 2013; Salters
et al., 2011). This is because Lu is compatible in garnet and
such residue will have high Lu/Hf to produce, with enough
time, high 176Hf/177Hf. In contrast to the Lu–Hf system, Sm
and Nd show less fractionation in minerals of garnet and
spinel peridotites and are more equally affected by the
two different melting regimes. Rb is more incompatible
than Sr in both garnet and spinel peridotite stability fields
and partial melting residues will have too low Rb/Sr to pro-
duce high 87Sr/86Sr. We prefer this explanation in this
study. Because this unique depleted component with higher
eHf at a given eNd and 87Sr/86Sr (hereafter termed as ADM)
is also observed in MORB lavas from the Lucky Strike seg-
ment at the 37.3�N MAR (Hamelin et al., 2013) and the
southern MAR from 7.5 to 11.5�S (Paulick et al., 2010),
it is thus possible that the ADM is commonly distributed
beneath the whole MAR.

With the ADM serving as the depleted endmember in
the mantle source of the OH-1 lavas, the enriched compo-
nent, here termed as enriched-type I (E-type I), is character-
ized by the elevated incompatible element concentrations,
high [La/Sm]N, radiogenic Sr and un-radiogenic Nd-Hf iso-
topic compositions (Fig. 5 and Table 2). Shirey et al. (1987)
first reported the highly enriched Sr-Nd-Pb isotopic compo-
sitions in MAR MORB from the Oceanographer FZ and
nearby seamounts. Such remarkably enriched lavas from
the same sampling area were also observed by Dosso
et al. (1999), and later supplemented with Hf isotope data

http://www.earthchem.org/petdb
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Fig. 5. 87Sr/86Sr, eNd and eHf variations of OH-1 and OH-3 lavas as a function of highly incompatible elements such as Ba and highly-to-
moderately incompatible element ratios such as [La/Sm]N. Subscript N denotes primitive mantle normalized (Sun and McDonough, 1989).
The three less depleted samples (OT11-10, OT11-12 and OT13-05) from OH-3 segment are encircled with blue dotted lines. The correlation
coefficient R for the OH-1 samples is calculated excluding three incompatible element depleted samples OT16-11, OT18-11 and OT19-04,
which are considered as a whole together with Group-2 OH-3 samples. Red arrows indicate mixing between ADM and E-type I components,
and yellow arrows indicate mixing between ADM and E-type II components. Nd-Hf isotopic data of MAR 22–35�N MORB are from
Debaille et al. (2006), and Sr isotopic data of these samples are compiled from PetDB (www.earthchem.org/petdb).
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by Debaille et al. (2006), though these authors used differ-
ent samples. These special lavas from the Oceanographer
FZ are the most enriched MORB samples thus far reported
along the MAR (Fig. 2), and can be considered as the best
proxy for the enriched isotopic compositions of the MAR
E-type I component.

Following the above, we choose the most enriched sam-
ple (AII127–D44GL; Dosso et al. 1999) with highest 87-
Sr/86Sr and lowest eNd from the Oceanographer FZ to
approximate the E-type I isotopic component. As this sam-
ple has no Hf isotope analysis, we can approximate its 176-
Hf/177Hf value using 143Nd/144Nd of sample AII127–
D44GL from MAR 33–40�N (Dosso et al. 1999) in Sr-Hf
and Nd-Hf isotopic plots (Fig. 3). Because the actual
depleted component must be more depleted than the most
depleted lavas, we infer its 176Hf/177Hf = 0.2836 along the
87Sr/86Sr-eHf trend of the samples from OH-1 segment
and MAR 33–40�N to 87Sr/86Sr = 0.7022 to approximate
the isotopic compositions of this unique endmember. We
also model the Sr, Nd, Hf elemental compositions using
two-step melting method (see Table S4 for details). Despite
the composition of these two endmembers are not unique
(see Table S3), our modelling conceptually indicates that
OH-1 samples can be explained as resulting from melting-
induced mixing between 98–91% ADM and 2–9% E-type
I (see Fig. 3).

Fig. 6 shows the correlated variations of Sr–Nd–Hf iso-
topic ratios with incompatible element abundances and the

http://www.earthchem.org/petdb


Table 2
Geochemical characteristics of the inferred ADM, E-type I and E-type II components beneath the MAR 33–35�N.

Representative ADM component E-type I component E-type II component

Incompatible
element

P2O5, K2O, Low High Low

Ba, Th, Nb
Incompatible
element ratio

[La/Sm]N, K2O/
TiO2, Nb/Zr, Zr/Y

Low High Low

Radiogenic
isotopes

87Sr/86Sr Low High Variably high

143Nd/144Nd High Low Variably low
176Hf/177Hf Extremely high Low Variably low

Origin Recycled melting residues of
oceanic lithospheric mantle

Recycled metasomatic veins formed at
the base of oceanic lithosphere

Azores mantle plume
melting residues

Fig. 6. Correlation coefficients (R-values; left axis) of Sr–Nd–Hf isotopic ratios with incompatible element abundances of OH-1 and OH-3
lavas. The incompatible elements are plotted in the order of decreasing relative incompatibility from left to right. The significant coupling
between Sr-Nd-Hf isotopic ratios and incompatible element abundances in OH-1 E-MORB samples demonstrates the ancient nature of both
the DM and EI components. The decoupled correlations of Sr–Nd–Hf isotopic ratios with incompatible element abundances in OH-3 N-
MORB lavas is consistent with the E-type II component having experienced recent melts extraction. In the plot, the correlation coefficient R
for the OH-1 E-MORB is calculated excluding three incompatible element depleted samples OT16-11, OT18-11 and OT19-04, and the
correlations coefficient R for the OH-3 N-MORB is calculated excluding three less depleted samples (OT11-10, OT11-12 and OT13-05)
encircled with blue dotted lines in Fig. 5.
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correlation coefficients increase for the progressively more
incompatible elements in OH-1 E-MORB lavas. This obser-
vation, together with the correlated variations between
radiogenic isotopes and incompatible element ratios
(Fig. 5) and among radiogenic isotopes (Fig. 3) in OH-1
samples, indicates explicitly that the two endmembers both
must have been of magmatic origin, must be ancient and
must have developed their isotopic systematics indepen-
dently for at least 1.0 Gyrs. This is because (1) magmatism
determines the relative abundances of incompatible ele-
ments in the melt (e.g., high Rb/Sr, low Sm/Nd and low
Lu/Hf) and in the residue (e.g., low Rb/Sr, high Sm/Nd
and high Lu/Hf) with respect to the source rock prior to
the melting; (2) radiogenic isotope production is a function
of the ratio of radioactive parent and radiogenic daughter
(i.e., P/D = Rb/Sr, Sm/Nd and Lu/Hf) and also requires
time (t), i.e., 87Sr/86Sr = f(t, [87Rb/86Sr]), 143Nd/144Nd =
f(t, [147Sm/143Nd]) and 176Hf/177Hf = f(t, [176Lu/177Hf]).
Therefore, patrial melting of such two-component mantle
will give rise to the observed coupling between incompatible
elements and radiogenic isotopes (Mahoney et al., 1994),
the melting induced mixing in geochemical plots such as
Fig. 5 and the observed correlations manifested in Fig. 6
(also see Niu et al., 2002).

We should also note that the correlation coefficient
switch over at about Gd and Tb with the correlations
becoming better for the progressively heavier rare earth ele-
ments (i.e., from Tb to Lu; Fig. 6), indicating that the
enriched E-type I component must have developed in the
depth of garnet peridotite stability field in its history. All
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these observations and reasoning provide insights into the
origin of the incompatible element enriched component in
the E-MORB mantle source.

Current models on the origin of the E-MORB enriched
mantle source include: recycled metasomatized mantle
lithosphere materials (e.g., Niu et al., 2002, 2012; Niu and
O’Hara, 2003; Donnelly et al., 2004), recycled ocean crust
(e.g., Hirschmann and Stolper, 1996; Ulrich et al., 2012)
and subducted sediments (e.g., Andres et al., 2002). How-
ever, it should be noted that: (1) the ocean crust is compo-
sitionally variably depleted and cannot be the enriched
component (Niu and O’Hara, 2003; Niu et al., 2012);
(2) if subducting slabs penetrate the 660 km discontinuity
into the lower mantle, the subducted ocean crust would
be ~2.5% denser than the ambient peridotitic mantle in
the lower mantle conditions (Niu and O’Hara, 2003; Niu
et al., 2012). Such huge negative buoyancy will impede
the rise of the subducted crust to rise to the upper mantle
MORB source regions; (3) if subducted terrigenous sedi-
ments were significant as an E-MORB source, such E-
MORB would inherit their negative Nb-Ta anomalies
(Plank and Langmuir, 1998), but these are not observed
in the global MORB in general and in lavas from OH-1
and OH-3 segments in particular (Niu et al., 2001).

We thus emphasize that ancient subducted/recycled
oceanic mantle lithosphere materials (both depleted melting
residues and enriched metasomatic veins) may play the
dominant role in causing the upper mantle heterogeneity
as previously proposed (e.g., Niu et al., 2002). Niu and
coauthors suggest that the basal portion of the growing
oceanic lithosphere is enriched in metasomatic veins with
elevated volatiles and incompatible elements due to the
low-fraction (low-F) melt metasomatism (Niu and
O’Hara, 2003; Niu et al., 2002; Niu and Green, 2018).
These metasomatic veins would gradually accumulate
radiogenic isotopes with the aging lithosphere. As such
low-F melt metasomatism occurs continuously at the base
of the growing lithosphere, we envision that recycling of
these incompatible element-enriched metasomatic vein
lithologies must have played an important role in generat-
ing enriched heterogeneities in the mantle since the begin-
ning of plate tectonics. Partial melting of such highly
enriched materials beneath the ridge would inevitably
impart the elevated incompatible element abundances and
high 87Sr/86Sr, low eNd and eHf in the MORB melts, which
is used effectively to explain the origin of compositionally
highly variable seamount lavas flanking the East Pacific
Rise (Niu et al., 2002; Zhang et al., 2016). More impor-
tantly, the subducted mantle lithosphere is less dense than
the ambient mantle (Niu and O’Hara, 2003; Niu et al.,
2012) and can thus return to the upper mantle source
regions for E-MORB without requiring mantle plumes. In
addition, the higher eHf of the local depleted mantle defined
by our OH-1 samples and other MAR 33–40�N basalts
(Fig. 3), together with the recently identified highly radio-
genic Hf isotopic compositions in in olivine-hosted melt
inclusions of Azores basalts (Stracke et al., 2019), suggests
the widespread presence of the very ancient depleted mate-
rial in the Atlantic upper mantle, which is consistent with
the explanation that recycled lithospheric mantle of ancient
melting residues with the garnet signature may indeed act as
the very depleted component.

5.2. Nature and origin of the OH-3 lavas mantle source

Although most OH-3 lavas are depleted in incompatible
elements with [La/Sm]N < 1.0 (except for OT11-10, OT11-
12 and OT13-05 in blue doted circles in Fig. 5; also see
Fig. S1), the OH-3 N-MORB samples also show variable
Sr-Nd-Hf isotope compositions. It is obvious that Group-
1 OH-3 samples plot overlapping with the most depleted
OH-1 lavas in eHf–

87Sr/86Sr and eHf–eNd spaces (Fig. 3).
Therefore, the mantle source of these lavas is inferred to
be dominantly (~97%) the depleted ADM mantle compo-
nent as discussed above. In contrast, Group-2 OH-3 sam-
ples display decoupling between incompatible elements
and the radiogenic isotopes, with low incompatible element
concentrations, low [La/Sm]N but variably enriched Sr-Nd-
Hf isotope characteristics (Fig. 5). Taken together, these Sr-
Nd-Hf isotopic variations can also be explained as melting-
induced mixing of two-component mantle that produced
the OH-3 Group-2 N-MORB lavas. One endmember is
the above mentioned ADM, and the other is an incompat-
ible element depleted but isotopically variably enriched
component, which can be termed as the enriched type II
(E-type II; see Fig. 5 and Table 2).

The radiogenic Sr and unradiogenic Nd-Hf isotope
characteristics of the Group-2 OH-3 lavas requires ancient
evolution of an enriched component. However, it is clear as
shown by chondrite normalized rare earth element patterns
(Fig. S1) that these samples are more depleted in highly
incompatible elements than in less incompatible elements,
being consistent with an incompatible element depleted
mantle source. Therefore, the observed decoupling in
Group-2 samples (Figs. 3 and 5) requires that their ancient
enriched mantle source must have experienced a melt
extraction event in the recent past prior to the major melt-
ing event for the Group-2 MORB. This is also support by
the evidence that the OH-2 Group-2 and three OH-1 sam-
ples deviate from the modelling trajectory in the aSm/Nd

vs. aLu/Hf diagram (Fig. S2), which is consistent with the
interpretation that simple one-stage melting model with
anhydrous garnet lherzolite as a source material cannot
account for the observed high aSm/Nd in these samples.
Their high aSm/Nd (>0.95) is best explained as being caused
by mantles source experienced melt extraction in recent
past, which elevated Sm/Nd of the ‘‘residue” (future
source). Partial melting of such a young mantle source with
high Sm/Nd would produce magma with high Sm/Nd, i.e.,
high [Sm/Nd]magma, but almost the same 143Nd/144Nd.

In the context of the regional geology, the recent melting
event nearby that could have produced the E-type II end-
member, i.e., the signature of enriched isotopes and
depleted incompatible elements, may be associated with
the Azores mantle plume magmatism. This is because: (1)
For on-axis plumes or off-axis plumes with a relatively
short plume-ridge distance (<~500 km), the fertile plume
materials could directly contribute to ridge magmatism,
expressed as the E-MORB (for example, Iceland; Niu and
Hékinian, 2004); (2) However, for a distal plume with
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plume-ridge distances >1000 km, the along-ridge plume
material flow undergoes continued decompression melting,
making the flowing plume materials progressively depleted
in the incompatible element and easily melted components,
yet retaining the historically enriched isotopic signature
(i.e., plume residues; Niu et al., 1999; Niu and Hékinian,
2004; Hall and Kincaid, 2004; Yang et al., 2017). Such
‘‘plume residues” contribute to the OH-3 Group 2 MORB.
This scenario has been best exemplified by the occurrence of
isotopically enriched N-MORB lavas in the Southwest
Indian Ridge (Yang et al., 2017) and South Atlantic Ridge
(Hanan et al., 1986; Fontignie and Schilling, 1996;
Douglass et al., 1999). Spatially, Azores Triple Junction is
about 1000 km north of the OH-3 segment, which is sup-
posed to be the distal end of a plume. Temporally, magma-
tism associated with the Azores plume occurred less than
1.3 Ma (e.g., Hildenbrand et al., 2008). Therefore, the
recent Azores plume melting residues may be a reasonable
candidate that could provide such unique source material
for the OH-3 magmatism. Furthermore, the Sr-Nd-Hf iso-
topic compositions of Azores mantle plume related lavas
vary significantly (Elliott et al., 2007; Beier et al., 2007;
Waters et al., 2020), indicating their melting residues must
also be isotopically heterogenous. Therefore, it is expected
that involvement of such isotopically varied compositions
in the mantle source of mid-ocean ridge magmatism would
inevitably contribute to the compositional diversity of
MORB magmas, especially those incompatible element
depleted N-MORB lavas. This complexity is illustrated in
our calculation (Fig. 3 and Table S3) that the isotopic com-
positions of Group-2 OH-3 lavas can be produced by mix-
ing between the 30–60% ADM and 70–40% Azores mantle
plume residues of varying compositions (Elliott et al., 2007;
Beier et al., 2007; Waters et al., 2020).

Note that mantle melting residues are likely refractory,
but they are expected to re-melt to varying small extent as
long as the conditions allow decompression. This has been
well illustrated by secondary extension induced melting of
the prior ridge melting residues in the Garrett transform
in the Pacific (Wendt et al., 1999). While our interpretation
of decompression melting of Azores plume residue beneath
OH-3 seafloor spreading centers is reasonable, a further
effort through a comprehensive study of MORB lavas from
other magmatism starving segments, such as segment PO-7
and PO-8 (Detrick et al., 1995) in the north closer to Azores
will help test this hypothesis.

5.3. Sr-Nd-Hf isotopic view on the distinct mantle sources of

OH-1 and OH-3 lavas

On the basis of a comparative study on OH-1 and OH-3
MORB major and trace elements, Niu et al. (2001) con-
clude that OH-1 lavas are derived from an incompatible ele-
ment/volatile enriched source with depressed solidus,
resulting in greater extent of melting and thickened mag-
matic crust and magmatically robust ridge morphology
and tomography. In contrast, OH-3 lavas are considered
to be derived from an incompatible element/volatile
depleted and more refractory source with low extent of
melting, producing a thin crust and magmatically starved
ridge morphology and topography. They further advocate
that mantle source compositional variation controls the
extent of mantle melting, crust production, gravity anom-
aly, ridge morphology and ridge segmentation at slow-
spreading ridges like MAR.

Our new study fully supports this understanding, and
also offers insights into the nature and origin of the varying
enriched and depleted mantle source components in great
fidelity by using Sr-Nd-Hf isotopes in combination with
the existing major and trace element compositions of these
basalts (Niu et al., 2001). The correlated variations of iso-
topes and incompatible element abundances and ratios
defined by the majority of the OH-1 E-MORB samples
(Fig. 5) is readily understood as resulting from partial melt-
ing of heterogeneous mantle developed in Earth’s history
with E-type I component lithologies dispersed in the more
depleted ADM matrix. That is, the E-type I lithologies
must have elevated abundances of incompatible elements,
high 87Sr/86Sr but lower eNd and eHf relative to the depleted
ADM matrix. Larger contribution of such E-type I compo-
nent in the mantle source results in a more enriched signa-
ture in the melts. The good correlation between Sr-Nd-Hf
isotopes and highly incompatible elements and heavy rear
earth elements (Fig. 6) provide further evidence that the
highly enriched E-type I component developed its incom-
patible element and isotope systematics in the garnet peri-
dotite stability field. In contrast, the OH-3 N-MORB
samples are best understood as partial melting of heteroge-
nous mantle source dominated by incompatible element
depleted ADM matrix that contains E-type II component
with the signature of enriched isotopes but depleted incom-
patible elements as the result of a recent melt extraction
event. This is also consistent with the poor correlations
(or decoupling) between Sr-Nd-Hf isotopes and incompat-
ible elements (Fig. 6).

The limited number of samples depleted in incompatible
elements but enriched in Sr-Nd-Hf isotopes (OT16-11,
OT18-11 and OT19-04; Fig. 5) indicates that the E-type II
components also exist in the OH-1 mantle. Likewise, lim-
ited E-type I lithologies must also exist in the OH-3 mantle
as indicated by three OH-3 E-MORB samples with [La/
Sm]N > 1 (Fig. 5). With all these observation considered,
we conclude that OH-1 mantle includes an depleted compo-
nent (i.e., ADM, characterized by low [La/Sm]N, low 87-
Sr/86Sr, high eNd and extraordinarily high eHf), an ancient
enriched component (i.e., E-type I characterized by high
[La/Sm]N, high 87Sr/86Sr, low eNd and eHf) and an incom-
patible element depleted but high 87Sr/86Sr, low eNd and
eHf E-type II component in limited abundance. In contrast,
OH-3 mantle is dominated by the incompatible element
depleted ADM and E-type II (characterized by low [La/
Sm]N and variably enriched Sr-Nd-Hf isotopes) with minor
presence of E-type I components. To better characterize the
three mantle components, we summarize their nature and
origin in Table 2. We suggest that the ADM may represent
the regional mantle matrix beneath the Mid-Atlantic ridge,
the E-type I and E-type II components are inferred to be
compositional anomalous lithologies dispersed in the man-
tle matrix.
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A schematic model (Fig. 7) is presented on the basis of
elemental (Tables S1 and S2; Niu et al., 2001) and isotopic
data to better illustrate the differences between OH-1 and
OH-3 magmatic systems. In this cartoon, OH-1 mantle con-
tains abundant (2–9%) E-type I component with a low soli-
dus temperature (Fig. 7a; after Sanfilippo et al., 2019),
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begins to melt deeper, has a greater melting interval, and
melts to a larger extent than the more refractory OH-3
mantle. Therefore, OH-1 segment has thicker and more
basaltic crustal mass. In contrast, the OH-3 mantle, domi-
nated by incompatible element depleted ADM and E-type
II components, is more refractory with high solidus temper-
ature, begins to melt at a shallower depth with a lesser
extent of melting, and thus producing a magmatically
starved ridge segment with thinner crust (Fig. 7a). Fig. 7b
(after Niu et al., 2001) illustrates the along-axis perspective
for OH-1 and OH-3 segments, in which the magmatic
accretion along the two segments ridge is the result of
focused mantle upwelling and melting initiated by
Rayleigh-Taylor gravitational instability developed in the
partial melt zone (e.g., Whitehead et al., 1984). In detail,
upwelling of a mantle domain containing abundant incom-
patible element and Sr-Nd-Hf isotopically enriched E-type I
lithologies has resulted in a large decompression partial
melting system that produces greater extent of melting, a
steady-state magma chamber, thickened magmatic crust
and a magmatically robust ridge morphology and tomogra-
phy in the OH-1 segment. Because E-type I component
abundance determines the initial depth of mantle melting
of the focused upwelling system, it is expected that the pro-
duced magmas characterized by higher incompatible ele-
ment abundances, higher 87Sr/86Sr, lower eHf and lower
eHf would occupy the segment center as is observed in
Fig. 4 and in Niu et al. (2001). In contrast, upwelling of a
lithological domain incorporating incompatible element
depleted ADM and E-type II to a shallower level in the
OH-3 mantle has led only to a small and weak magmatic
system, which results in a less extent of melting, thinner
magmatic crust, and a magmatically starved ridge morphol-
ogy and tomography (Fig. 7b).

Note that the magmatism on the OH-1 segment is robust
(Bideau et al., 1998; Niu et al., 2001) and there is an
inferred magma chamber beneath the ridge (Niu et al.,
2001) as evidenced by a seismic anomaly at depth of 3–
5 km beneath a seamount near axis (Barclay et al., 1998).
In this case, processes such as magma chamber mixing in
the crust and melt aggregation in the mantle would poten-
tially erase the specific characteristics of above-mentioned
mantle components (i.e., E-type I, E-type II, ADM) to
some extent, and the observed geochemical variations in
OH-1 samples would actually represent the incomplete mix-
ture. Therefore, the Sr-Nd-Hf isotopic composition of the
Fig. 7. Cartoons showing snapshots of our perceived mantle melting and
at OH-1 and OH-3, respectively. (a) Cross section of the OH-1 and O
illustrate that varying amount of ancient enriched mantle components (E
plume melting residual materials (E-type II, blue colored) are distribu
respectively. The OH-1 mantle source has more E-type I component wit
OH-3 lavas is dominantly the incompatible element depleted ADM and
average solidi, as a function of the presence and relative abundance of the
dashed lines, defining the different melting regimes, melting volumes an
from Niu et al, 2001) to show the differences in ridge morphology, inferr
explained in (a) above. Partial melting of the OH-1 mantle with more
produces more melt to form thicker magmatic crust with a crustal magm
element depleted ADM and E-type II mantle components with short deco
3 segment.
MORB mantle source is speculated to be far more varied
than shown in the MORB samples.

6. CONCLUSIONS

We identify three mantle components beneath the mid-
Atlantic ridge 33–35�N using integrated elemental (Niu
et al., 2001) and Sr-Nd-Hf isotopic data in this study. These
include a depleted mantle with high radiogenic Hf isotope
(ADM), an ancient enriched component (E-type I), and
an incompatible element depleted but isotopically enriched
component (E-type II). The ADM and E-type I most prob-
ably represent the recycled ancient depleted residual peri-
dotite and the ancient metasomatic vein lithologies of the
oceanic lithosphere, respectively, and the E-type II is
explained as the melting residue of the Azores mantle plume
with caveats. While the ADM may represent the regional
mantle matrix beneath the Mid-Atlantic ridge, the E-type
I and E-type II components are inferred to be physically
distinct lithologies dispersed in the depleted mantle matrix.
The OH-1 mantle source is mainly composed of the ADM
matrix and E-type I material with limited E-type II compo-
nent, whereas OH-3 mantle source primarily comprises the
ADM and E-type II components with minor E-type I com-
ponents. Such a Sr-Nd-Hf isotopic study on these MORB
lavas provide further evidence to support the proposal in
Niu et al. (2001) that mantle source heterogeneity exerts
the dominant control on the contrasting differences in
ocean crust thickness, mantle Bouguer anomalies, ridge
tomography and morphology between OH-1 and OH-3 seg-
ments. That is, the MORB mantle source compositional
variation exerts fundamentally important control on phys-
ical processes beneath and along ocean ridges (Niu et al.,
2001; Niu, 2016).
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