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Mantle heterogeneity beneath the Antarctic–Phoenix Ridge

off Antarctic Peninsula
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Abstract We determined the Sr, Nd and Pb isotopic compositions of basalts recovered
from the Antarctic–Phoenix Ridge (APR), a fossil spreading center in the Drake Passage,
Antarctic Ocean, in order to understand the nature of the subridge mantle source. There
are no known hotspots in close proximity to the site. We observe that small-scale isotopic
heterogeneity exists at a shallow level in the subaxial mantle of the APR. Enriched
(E-type) mid-ocean ridge basalts (MORB) coexist with normal (N-type) MORB in this
region. The E-type basalts are: (i) relatively young compared to the N-type samples; (ii)
were erupted after the extinction of the APR; and (iii) have been generated by low-degree
partial melting of an enriched mantle source. Extinction of the APR likely caused the
extent of partial melting in this region to decrease. We interpret that the geochemically
enriched materials dispersed in the ambient depleted mantle were the first fraction to melt
to form the E-type MORB.
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INTRODUCTION

Mid-ocean ridge basalts (MORB) are dominated by
tholeiites that are depleted in incompatible trace
elements, and as a whole display small geochemical
variations compared with basalts from other tec-
tonic settings (e.g. Melson et al. 1976). The oceanic
upper mantle source of MORB has thus been des-
ignated as a depleted mantle (Zindler & Hart 1986),
and is considered to be a homogeneous mantle
source reservoir. However, incompatible element
enriched basalts (E-type MORB) resembling those
from oceanic islands are commonly reported at all
ridges and in all ocean basins (e.g. Niu et al. 1999;
Donnelly et al. 2004; Debaille et al. 2006). These
observations suggest that complete homogeneity
in the oceanic upper mantle is not tenable. The
origin of E-type MORB has been generally invoked
to be due to plume–ridge interactions based on
compositional variations of MORB toward on- and
near-ridge hotspots (e.g. Iceland, the Azores, and

Bouvet) (Sun et al. 1975; Schilling et al. 1983; Le
Roex et al. 1992; Dosso et al. 1993; Taylor et al.
1997). However, the occurrence of E-type MORB
far from hotspots (Niu et al. 1999; Donnelly et al.
2004) is not readily explained by the interaction of
enriched plumes from the deep mantle with the
dominantly depleted mid-ocean ridge basalts
(N-type MORB) mantle source.

The Antarctic–Phoenix Ridge (APR), the last
remnant of the once-extensive spreading center
in the Drake Passage between South America
and Antarctica, is remote from the influence of
hotspots (Fig. 1). The APR lavas have recently
been studied for their major and trace element
characteristics (Choe et al. 2007); N-type and
E-type MORB coexist in this area. The APR is
thus an excellent place to examine the intrinsic
isotopic heterogeneity in the oceanic upper mantle.
Here, we present Sr–Nd–Pb isotopic compositions
of 17 axial MORB samples from the APR. The
samples are a subset of those previously studied by
Choe et al. (2007). Our data provide insights into
the nature and distribution of heterogeneity in the
upper mantle source of MORB.
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GEOLOGICAL SETTING AND SAMPLING

The APR consists of three inactive segments
(P1, P2, and P3; Fig. 1a) between the Shackleton
and Hero Fracture Zones. Spreading of the APR
slowed abruptly at the time of magnetic chron C4A
(ca 7.8 Ma), probably as a result of extinction of the
West Scotia Ridge (Fig. 1a), and became extinct at
chron C2A (ca 3.3 Ma) (Larter & Barker 1991;
Livermore et al. 2000). Extinction might have been
simultaneous on all three remaining segments of
the ridge, and synchronous with the final ridge–
trench collision to the southwest of the Hero Frac-
ture Zone (Livermore et al. 2000). Estimated
spreading rates were from >30 mm/y prior to
chron C4A to 13 mm/y just before extinction
(Livermore et al. 2000).

The Antarctic Circumpolar Current in the
Drake Passage is strong enough to prevent thick
sediment accumulation. The fossil spreading
centers of the APR are thus uniquely exposed for
bathymetric mapping and dredging. During the
1999–2000 austral summer season, half of the P3
segment was mapped using a SEABEAM 2000
multibeam echo sounder on the Korean research
vessel R/V Onnuri. Fresh lavas from P2 and P3
segments have been dredged during the 2000–01
and 2002–03 summer cruises onboard R/V
Yuzhmorgeologiya.

The off-axis morphology of the P2 segment
is generally comparable to that of fast- or
intermediate-spreading ridges dominated by
linear, axis-parallel, magmatic ridges and straight,
sharply defined fracture zones. However, its axial
region is characterized by anomalous high-relief
paired ridges (Fig. 1b). The samples named as
PR2- have been collected from the inner wall of the
northwest flank. The K–Ar whole-rock ages for the
basalts range 2.1–1.4 Ma (Choe et al. 2005).

The near-axis morphology of the P3 segment is
also characterized by high relief (Fig. 1c). A promi-
nent seamount, rising 2500 m from the axial valley
floor, is present in the center of the segment. The
samples named as SPR have been collected from
the seamount, and dated as 3.1–1.4 Ma (Choe et al.
2005). The axial seamount is flanked by two great
ridges to the southwest. The samples named as

PR3- have been collected from the southeastern
ridge. The K–Ar ages for the basalts are from 3.5
to 6.4 Ma (Choe et al. 2005).

Major and trace element chemistry of the
PR3- basalts (Choe et al. 2007) are those of N-type
MORB, whereas those for the axial seamount
(SPR) and PR2- basalts are those of E-type
MORB. That is, the PR3- basalts are low-K tholei-
ites, and have lower Zr/Y (<4) and slightly light
rare earth element (LREE)-depleted patterns on
the chondrite-normalized REE plot. Also, the SPR
and PR2- samples are (medium-K) mildly alkaline
basalts, and have higher Zr/Y (5–12) and strongly
LREE-enriched patterns. We note that the E-type
basalts are relatively younger than the N-type
samples, and were erupted after the proposed
extinction of the APR.

ANALYTICAL PROCEDURES

The samples studied are fresh, olivine- or olivine–
plagioclase-phyric basalts. The samples were
crushed to approximately mm-size fragments,
ultrasonically cleaned (mili-Q), and phenocryst-
free fragments handpicked. Sr, Nd and Pb isotope
analyses, including chemical separation and mea-
surements on a Finnigan MAT-262 thermal ioniza-
tion mass spectrometer, were performed at the
Laboratory for Radiogenic Isotope Geochemistry,
Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China. Ratios of
87Sr/86Sr and 143Nd/144Nd were corrected for instru-
mental mass fractionation by normalizing to 86Sr/
88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
Replicate analyses of NIST SRM-987 and La Jolla
standards gave 87Sr/86Sr = 0.710208 � 9 (N = 10,
2s) and 143Nd/144Nd = 0.511826 � 8 (N = 12, 2s),
respectively. Measured Pb isotopic ratios were cor-
rected for instrumental mass fractionation of 0.1%
per atomic mass unit by reference to replicate
analyses of the NIST SRM-981. Total blanks aver-
aged 0.2 ng for Sr, 0.05 ng for Nd, and 0.05 ng
for Pb. The results are given in Table 1, along
with isotope dilution measurements for Rb, Sr, Sm,
and Nd.

Fig. 1 (a) Tectonic boundary map over the bathymetry using satellite altimetry in the Drake Passage (modified from Smith & Sandwell 1994). Contours
are depths in meters below sea level. Abbreviations: P1, P2, P3, Antarctic–Phoenix Ridges; SFZ, Shackleton Fracture Zone; HFZ, Hero Fracture Zone; SST,
South Shetland Trench; WSR, West Scotia Ridge; BS, Bransfield Strait; DFZ, D Fracture Zone; EFZ, E Fracture Zone. (b, c) Bathymetry and depth profile of
the P2 and P3 segments, respectively, modified from Livermore et al. (2000). Circles are sample locations with K–Ar whole-rock ages (Choe et al. 2005).
�
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RESULTS

Ratios of 87Sr/86Sr for the E-type PR2- and SPR
basalts span a wide range (0.702570–0.703318),
whereas those for the N-type PR3- samples span a
relatively limited range (0.702591–0.702809) that
overlaps with the less radiogenic end of the E-type
basalts (Table 1; Fig. 2). However, the Nd and Pb
isotopic compositions significantly distinguish the
different sample groups. The E-type basalts are

characterized by less radiogenic Nd and more
radiogenic Pb isotopic compositions (143Nd/144Nd =
0.512914–0.512992, eNd = +5.4 to +6.9, 206Pb/204Pb =
18.81–19.06, 207Pb/204Pb = 15.53–15.64, and
208Pb/204Pb = 38.30–38.88) than the N-type basalts
(143Nd/144Nd = 0.513096–0.513113, eNd = +8.9 to
+9.3, 206Pb/204Pb = 18.51–18.57, 207Pb/204Pb = 15.52–
15.54, and 208Pb/204Pb = 38.00–38.05). On the
87Sr/86Sr vs 143Nd/144Nd isotopic correlation
diagram (Fig. 2a), the N-type basalts plot within
the field of Pacific/Atlantic MORB, meanwhile the
E-type samples plot off the field, showing a radio-
genically enriched Indian MORB-like isotopic sig-
nature. Notably, well-separated bimodal Pb isotope
ratios, with high values for E-type and low values
for N-type basalts, are shown in Figure 2b,c. In the
206Pb/204Pb vs 208Pb/204Pb space (Fig. 2b), all of the
APR basalts plot in the Pacific/Atlantic MORB
field. However, some of E-type basalts display more
radiogenic 207Pb/204Pb ratios than the Indian MORB
at a given 206Pb/204Pb (Fig. 2c).

DISCUSSION

CRUSTAL CONTAMINATION

The basalts studied range from relatively un-
fractionated (Mg# = 66.8, MgO = 8.6 wt%) to
moderately evolved (Mg# = 46.8, MgO = 4.3 wt%)
(Table 1; Choe et al. 2007), most probably reflecting
variable extents of low-pressure fractional crystal-
lization and crustal assimilation. In order to deci-
pher the nature of the mantle source based on the
isotopic compositions of the basalts, the assimila-
tion and fractional crystallization effects should be
first evaluated. The variation of isotopic composi-
tions of the APR basalts with respect to Mg#
(= 100 Mg/[Mg + Fe2+] with 10% total Fe as Fe3+) is
shown in Figure 3a–e. The E-type axial seamount
basalts (SPR1, 2, and 4) exhibit relatively coherent
isotopic compositional variations with respect
to Mg#. The Sr and Pb isotopic ratios generally
decrease with decreasing Mg#, although the
143Nd/144Nd ratios do not show a recognizable varia-
tion. The E-type PR2- basalts show similar trends
on the plots. In general, the evolved E-type basalts
(e.g. samples SPR4-) plot closer to the Pacific/
Atlantic MORB fields on the various isotopic cor-
relation diagrams (Fig. 2a–c), whereas the more
primitive samples (e.g. samples SPR1) plot further
away. Such correlations between isotopic composi-
tions and Mg# indicate that crustal contamination
by wall rocks consisting of N-type MORB with less
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radiogenic Sr and Pb isotopes than E-type MORB,
might be an important process contributing to the
isotopic composition of the evolved E-type APR
basalts. Therefore, we will use the data only for the

relatively primitive SPR1 and PR3- basalts as
probes for the nature of the upper mantle source
beneath the APR (see below).

It is noteworthy that the SPR3 basalts do not lie
along the trend defined by other axial seamount
basalts (SPR 1, 2, and 4) in Figure 3a–e. The
samples are plagioclase-phyric. In order to evalu-
ate the possible plagioclase fractional crystalliza-
tion effect, we plotted Sr concentration and
Eu/Eu* ratio as a function of Mg# in Figure 4a,b,
where Eu* is the average of chondrite-normalized
Sm and Gd concentrations. The SPR3 samples do
not show any significant Eu anomalies. Therefore,
the off-set of Sr concentration level toward lower
values at a given Mg# by SPR3 can not be
accounted for by plagioclase fractional crystalliza-
tion. This observation, along with deviation from
the trends in isotopic plots (Fig. 3a–e), indicates
that these lavas were derived from compositionally
different parental magmas. That is, the axial sea-
mount was not likely to have been built by only one
batch of melt.

MANTLE SOURCE HETEROGENEITY

In order to reveal the nature of mantle source, it is
also necessary to know the chemical systematics of
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the incompatible trace elements in the magma
source. The ratio of light- to heavy-rare earth
elements normalized to the chondritic values (i.e.
[La/Sm]N), has been considered as a good indicator
of enrichment of the source (e.g. Batiza & Vanko
1984; Hékinian et al. 1989; Debaille et al. 2006),
with greater values corresponding to more
enriched mantle. The E-type APR basalts are
characterized by elevated (La/Sm)N ratios, ranging
2.2–3.4, relative to the N-type samples which have
an average value of approximately 0.7 (Table 1).
In Figure 5a–d, we compared the Sr–Nd–Pb

isotopic compositions with (La/Sm)N ratios. Rela-
tively primitive basalts (SPR- and PR3-) were used
in this approach, as discussed above. It is clear that
the highly incompatible element ratios are strongly
coupled with the isotopic compositions. The
(La/Sm)N ratios are positively correlated with the
Sr and Pb isotopic compositions, and negatively
with the Nd isotopic ratios. Shen and Forsyth
(1995) argued that K2O/TiO2 can serve as an indi-
cator to separate E-type MORB from N-type
MORB, similar to La/Sm. In Figure 5e, a system-
atic change in the K2O/TiO2 ratios of the APR

Fig. 5 (a–e) Isotopic systematics
and incompatible element ratios vs
(La/Sm)N, normalized to the composition
of chondritic meteorites (Sun &
McDonough 1989), and (f–j) extent of
partial melting. Symbols as in Figure 2.
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basalts with the (La/Sm)N ratios can be seen, inde-
pendently supporting the notion that the mantle
source beneath the APR is heterogeneous with
respect to incompatible trace elements and
Sr–Nd–Pb isotopic compositions. The most impor-
tant implication is that these correlations between
incompatible trace element and isotopic ratios
reveal the existence of two end-member compo-
nents: one enriched component with more radio-
genic Sr and Pb and less radiogenic Nd isotopic
ratios, and a depleted end-member.

In order to evaluate whether the processes of
mantle melting are related with the mantle source
heterogeneity, we estimated the extent of melting
following the method of Niu and Batiza (1991)
based on major element compositions, after nor-
malization to a constant MgO content of 8 wt% to
correct for crustal-level crystal fractionation. The
correction coefficients by Niu et al. (1996) were
used in the calculation. The determined extent of
melting (F) of the APR basalts varies from 12 to
18%. Values are given in Table 1 and illustrated in
Figure 5f–i with respect to isotopic compositions
and incompatible trace element ratios. It is clear
that the E-type basalts, having more radiogenic Sr
and Pb and less radiogenic Nd isotopic as well as
elevated (La/Sm)N ratios, represent a relatively
small degree of melting in comparison with the
N-type basalts. For an independent evaluation of
the estimation of extent of melting, we plot the
(Sm/Yb)N ratios of the APR basalts as a function
of F determined from major element chemistry
in Figure 5j. Since (Sm/Yb)N is not sensitive to
olivine- and plagioclase-dominated low-pressure
fractional crystallization processes (Ellam 1992),
it may reflect primarily the variation in melting
processes and source compositions, with higher
(Sm/Yb)N ratio corresponding to a lower extent of
partial melting. The (Sm/Yb)N ratios of the studied
samples exhibit a good negative correlation with
the F, indicating that the variations in partial
melting producing the major element differences
are generally coupled to the incompatible trace
element abundances. We thus conclude that the
excellent correlation between extents of melting
and the Sr, Nd and Pb isotopic compositions can
not be explained by melting of a uniform source.

PETROGENETIC MODEL

It should be stressed that the APR region is
distant from any known hotspot; the closest is the
Juan Fernandez hotspot, which lies approximately
3000 km north of the study area. If the enriched

mantle is associated with higher potential tem-
peratures by analogy with hotspots, higher
upwelling temperatures should lead to greater
degree of melting (e.g. Klein & Langmuir 1987).
However, this is clearly not the case (Fig. 5f–i).
The E-type basalts represent relatively low
degree of melting relative to the N-type basalts,
reflecting that the invasion of plume materials
from deep mantle into the ambient N-type MORB
mantle source can not be the source of the
enriched materials beneath the APR. Therefore,
it is considered that the subridge mantle is
geochemically heterogeneous at a shallow level in
the asthenosphere.

In Figure 6a,b, we show the Rb–Sr and Sm–Nd
isotope data for the studied basalts. The correla-
tion involving 147Sm/144Nd with 143Nd/144Nd is
better than that involving 87Rb/86Sr with 87Sr/86Sr.
The scattering in the Rb–Sr systematics might be
due to high mobility of Rb during low-temperature
alteration processes, and the effects of variable
crustal assimilation mentioned above. Clearly,
the positive correlation observed in Sm–Nd
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Fig. 6 (a) 87Sr/86Sr vs 87Rb/86Sr, and (b) 143Nd/144Nd vs 147Sm/144Nd
diagrams for the basalts from the Antarctic–Phoenix Ridge. Errors (2 s)
are within the size of the symbol on the plot. Symbols as in Figure 2.
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systematics can not be a meaningful isochron
because: (i) the slope of the pseudoisochron is
defined by the positions of the two end-members
(N- and E-type MORB) in the Sm–Nd space; and
(ii) the two end-members are unlikely to have
been comagmatic. Instead, the correlation might
imply that both components are ancient and have
developed their distinct isotopic characteristics
independently for some time, regardless of the
ultimate source of the enriched domains.

Basalts with elevated abundances of incompat-
ible elements and enriched radiogenic isotopic
characteristics, such as some of the APR samples,
have been previously observed randomly from
both axis and off-axis seamounts in the plume-
absent East Pacific Rise (e.g. Batiza & Vanko 1984;
Zindler et al. 1984; Graham et al. 1988; Hékinian
et al. 1989; Niu et al. 1996) and in the Mid-Atlantic
Ridge (Donnelly et al. 2004), indicating widespread
existence of enriched domains in the ambient
depleted mantle. It has been suggested that the
enriched domains may represent remnants of
ancient subducted oceanic crust or detached conti-
nental lithosphere, which survived in the convect-
ing mantle (e.g. Zindler & Hart 1986; Niu et al.
1999). It is now a conventional view that the
enriched heterogeneity may exist in the so-called
‘marble cake’ structure in the form of streaky, blob-
riddled or veined mantle (e.g. Hanson 1977; Wood
1979; Allegrè & Turcotte 1986; Fitton & James
1986; Prinzhofer et al. 1989). In order to explain the
close coexistence of distinct E-type MORB and
N-type MORB in the APR, it seems reasonable to
expect that the scale of heterogeneities is small.
That is, the enriched component must exist in the
form of highly localized spots or veins.

Shen and Forsyth (1995) argued that the final
depth of melting, and possibly mean degree of
melting, is likely to be controlled by loss of heat to
the surface by conductive cooling during upwelling,
which may be most visible at very slow spreading
ridges. In the case where the upwelling rate
decreases, the final depth of melting increases,
resulting in decreasing average extent of melting.
The subridge passive upwelling rate is proportional
to the spreading rate. The apparent absence of
extensive recent volcanic activity along this axial
region of the APR, inferred from the very poorly
defined central magnetic anomaly (e.g. Livermore
et al. 2000), suggests that the final stage of
volcanic activity, responsible for the E-type basalts,
occurred prior to the magma supply shutting down
following the extinction of the Antarctic–Phoenix
Ridge (see above). It is thus reasonable to expect

that the extent of melting decreases during the final
stages of spreading since slower upwelling gives
more time for the mantle to lose heat to the surface.
Compared to the ambient depleted matrix, the
enriched materials have high abundance of incom-
patible elements, and possibly high volatile con-
tents (Aggrey et al. 1988; Michael 1995; Asimow &
Langmuir 2003). The enriched component is thus
the first fraction to enter the melt (e.g. Kushiro
et al. 1968; Mysen & Boettcher 1975; Prinzhofer
et al. 1989). This mechanism can explain the deri-
vation of the E-type APR basalts representing
relatively small extents of melt of the radiogeni-
cally enriched mantle source after the extinction
of spreading in the APR. This interpretation is
further substantiated by the observation that the
E-type melts show a greater degree of fraction-
ation, i.e. up to lower Mg# than the N-type basalts
in this region (Fig. 3). In other words, it is possible
that a correlation exists between extents of melting
and subsequent crystal–melt fractionation because
lower degree of melting creates smaller magma
batches, which fractionate more extensively during
ascent (Albarede & Tamagan 1988).

CONCLUSIONS

1. The E-type MORB coexists with the N-type
MORB in the axial region of the Antarctic–
Phoenix Ridge, which is far from any known
hotspots.

2. The extent of enrichment in incompatible ele-
ments of the basalts correlates positively with
isotopic ratios of Sr and Pb, and negatively with
Nd.

3. The shallow level of the subridge mantle is
compositionally heterogeneous.

4. The E-type melt compositions have been gen-
erated by low-degree partial melting of the
enriched component in the heterogeneous
mantle source after the extinction of spreading
in the APR.

5. The enriched components in the ambient
N-type MORB mantle source may exist in the
form of highly localized spots or veins.
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