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Abstract

A suite of young alkali basalts from across the island of Sdo Miguel has been analyzed for major and trace element
concentrations and Sr, Nd, Pb and Th isotopic compositions in order to document the intra-island variation, and to constrain
the processes involved in the formation of the enriched mantle sources of these lavas.

As shown in previous studies, large isotopic and trace element variations correlate with geographic location across Sdo
Miguel. New Th isotope data show a similar correlation, with (**°Th)/(**?Th) varying from 1.094 to 0.877. These
variations are attributed to two-component mixing, where the western end of the island is similar to the source of the Azores
Platform tholeiites, and the eastern end of the island has a more enriched, EMII-type source. Trace element systematics
indicate that the S&o Miguel enriched mantle source is enriched relative to the predominant Azores plume source in elements
including K, Rb, Th, U, Pb and Zr, but not Ba, Nb or Ti.

Incorporation into the Azores plume of approximately 5% subduction-processed terrigenous sediment can explain many
of the trace element and isotopic characteristics of the Sao Miguel enriched mantle source. However, this mechanism cannot
casily explain the constant Cs /Rb ratios across the island, the concave downward trend of Ba/Th vs. Ti/Zr, and the recent
decrease in Th /U of the Sdo Miguel enriched mantle source documented by Th and Pb isotope systematics.

An alternative model is that the S3o Miguel enriched mantle source is subcontinental lithospheric mantle. This is
supported by the similarity of the trace element signatures of the S3o Miguel enriched mantle source to those of hydrous
metasomatized mantle xenoliths. In particular, the low Ba/Rb signature of the So Miguel enriched mantle, which is
unusual for oceanic basalts, is a characteristic of many hydrous metasomatized mantle xenoliths and magmas believed to be
derived from such sources. We propose that this subcontinental lithospheric mantle resided originally beneath northwestern
Africa or Iberia but was delaminated during rifting upon the opening of the Atlantic Ocean basin, and that it is presently a
shallow, localized contaminant that is melted due to an influx of heat from the Azores plume. © 1997 Elsevier Science B.V.
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1. Introduction

Isotopic differences among oceanic basalts have
provided unequivocal evidence of mantle source het-
erogeneity. During the past 30 years, a vast data base
has grown that reveals systematic variations of Sr—
Nd-Pb isotopic compositions within oceanic basalt
suites. From this observation emerged a classifica-
tion of mantle source compositions consisting of at
least four end-member components that, when mixed,
can produce the global isotopic variations (Zindler
and Hart, 1986). These include a depleted, low
¥Sr/ *Sr, low ***Pb/ 2**Pb component (DMM), a
low *’Sr/®Sr, high **Pb/2™Pb component
(HIMU), and two enriched components (EMI and
EMII) which have low '“°Nd/'**Nd and high
¥7Sr/ * Sr with relatively low and high *°°Pb / %**Pb,
respectively.

Despite the near-global coverage of Sr, Nd and Pb
isotope data for oceanic basalts, the identity and
location within the Earth of the isotopically distinct
mantle sources remain elusive. The origins of the
enriched sources EMI and EMII are the most con-
tentious. These components appear to have both
isotopic and trace element affinities with continental
material, the main debate revolving around whether
the signatures are due to metasomatic processes
(Menzies, 1983), delaminated subcontinental litho-
sphere (McKenzie and O’Nions, 1983), or sediment
recycling into the mantle (Weaver et al., 1986). The
EM components are of special interest in that they
are largely restricted to a narrow band in the South-
ern Hemisphere, termed the Dupal anomaly (Hart,
1984). This perhaps can be explained by extensive
recycling of either sediment or delaminated subconti-
nental lithosphere during the formation or breakup of
Pangea (Hart, 1988).

In this paper we investigate the isotopic and trace
element systematics of SGo Miguel, Azores, the sole
example of a strong EMII signature in the Northern
Hemisphere (Hart, 1988). Trace element systematics
and U-series disequilibria are used to distinguish the
effects of partial melting vs. those of mantle source
heterogeneity, and to infer the style of mantle source
enrichments. Sr, Nd, Pb and Th isotope systematics
are used to constrain the time-integrated history of
the source enrichments.

2. Tectonic and geochemical setting

The Azores Archipelago, a group of nine islands
straddling the Mid-Atlantic Ridge (MAR) between
37 and 40°N (Fig. 1), has long been recognized as an
area unusual and complex in tectonic setting as well
as in trace element and isotopic signatures. The
islands emerge from the Azores Platform, a topo-
graphic high located at the triple junction of the
African, Eurasian and North American plates. The
formation of the Azores Platform was originally
attributed to plume activity based on the observation
that tholeiitic basalts from the MAR along the Azores
Platform (henceforth platform tholeiites) exhibit a
greater degree of light rare earth element (LREE)
enrichment than tholeiites from normal ridge seg-
ments, and that there is a progressive increase in
LREE enrichment as the platform is approached
(Schilling, 1975). The platform tholeiites have since
been found to have correspondingly high concentra-
tions of large-ion-lithophile elements (LILE) and
high *'Sr/ *¢Sr ratios (White et al., 1976; White and
Schilling, 1978), as well as high Pb- and low Nd-iso-
topic ratios (Dupré and Allegre, 1980, 1984; Ito et
al., 1987). These geochemical enrichments correlate
with a topographic high and a positive gravity
anomaly, suggestive of mantle upwelling beneath the
Azores, and consistent with a hotspot origin (Schill-
ing, 1975).

The alkali basalts of the Azores islands also are
characterized by the elemental and isotopic enrich-
ments observed in the platform tholeiites. Sdo Miguel
in particular is distinguished among the Azores is-
lands by the extremity of its geochemical enrich-
ments. Of the nine islands, Sdo Miguel is the most
potassic (Schmincke and Weibel, 1972; Schmincke,
1973), displays the most radiogenic 87Sr/ 8 Sr ratios
(White et al., 1979), and is among the most LREE-
enriched (Flower et al., 1976). Another unusual fea-
ture of Sao Miguel is the strong intra-island hetero-
geneity, exhibited by large variations across the is-
land in Sr, Nd, Pb and He isotopic signatures
(Hawkesworth et al., 1979; Davies et al., 1989;
Kurz, 1991; Kurz et al., submitted).

In addition to being unique in its geochemical
characteristics, the island of Sdao Miguel is tectoni-
cally unusual in that it is severed by a plate bound-



E. Widom et al. / Chemical Geology 140 (1997) 49-68 51

ary. The active Terceira Rift, which is thought to be
the locus of the present-day Eurasian—African plate
boundary, passes through the western side of the
island. In detail, the rift is thought to pass through
the ‘waist zone’ (Fig. 1), an area of NW—SE trend-
ing fissures (Booth et al., 1978) that has been the
most volcanically active part of Sdo Miguel during
the Holocene (Moore, 1990). Most of the isotopic
variation on S3o Miguel occurs within the western
two-thirds of the island, and largely within the waist
zone.

3. Sampling and analytical techniques

The suite of alkali basalts discussed in this paper
include samples from the western end of Sio Miguel
to within 25 km of the eastern end. The majority of
the samples are from the waist zone that lies between
the trachytic stratovolcanoes of Sete Cidades and
Agua de Pao. Approximate sample locations are

illustrated in Fig. 1, and corresponding ages listed in
Table 1.

Major and trace element data (Table 1), with the
exception of Rb, Sr, Sm, Nd, Pb, Th and U concen-
trations, were obtained on a Philips PW 1400 X-ray
spectrometer with a Rh X-ray tube in Bochum.
Measurements of both major and trace elements
were made on glass fusion pellets with a 1:4 ratio of
rock powder to lithium metaborate /dilithium tetrab-
orate flux. Details of the analytical procedures and
precision have been discussed elsewhere (Feraud et
al., 1981; Flower et al., 1983).

Sr, Nd and Pb isotopic compositions and Rb, Sr,
Sm, Nd, Th, U and Pb concentrations by isotope
dilution (Table 1) were measured at DTM using
procedures described previously (Walker et al.,
1989). Th-isotope ratios were measured at UCSC
using a VG Sector 54-30 thermal ionization mass-
spectrometer. The method of Williams et al. (1992)
was used, except that the Daly /Faraday gain (DFG)
was measured before and after each run. The DFG
was stable within individual runs to a few per mil.

Sao Miguel, Azores

10 km

"\ Waist Zone

37° 50'N
-

37° 45'N

25° 50'W

Sta. Maria

Gloria Fault
25°
1

25° 15'W

1 L —

Fig. 1. Map of Sao Miguel, showing sample locations. Trachytic stratovolcanoes and ‘waist zone’ are identified for reference (after Kurz et
al., submitted). Inset illustrates the Azores Archipelago and associated tectonic features.
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Abundance sensitivity at mass 231 relative to mass
232 was approximately 0.3 ppm. The Th-isotope
ratios were measured statically, with mass 230 mea-
sured on a pulse counting Daly. With one exception,
within-run precision on the (**°Th)/(***Th) ratios
ranged from 0.3 to 1%. No age corrections were
applied due to the young age of all samples.

4. Results

4.1. Major and minor element systematics

The samples discussed in this paper are all mildly
(< 5%) nepheline-normative alkali basalts with MgO
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Sdo Miguel. ¥’Sr/ % Sr and °Pb / 2°*Pb ratios vary greatly over
a 40 km distance, increasing from west to east. 8 Sr/ ¥ Sr ratios
remain relatively constant east of the ‘waist zone” (Hawkesworth
et al., 1979). Sample SMB-4 at 0.25 km, plots off the Na,0 /K ,0
trend due to syenite assimilation.
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Fig. 3. Nd vs. Sr isotope correlation showing that Sio Miguel
plots on a trend shallower than the original mantle array, extend-
ing from values similar to enriched North Atlantic MORB towards
the EMII mantle component. North Atlantic MORB and ocean
island fields from Dupré and Allzgre (1980), lIto et al. (1987), and
Shirey et al. (1987) and Zindler and Hart (1986) and references
therein, respectively.

ranging from 5 to 12%. Fractionation trends have
been summarized previously (Flower et al., 1976;
White et al., 1979; Moore, 1991), and show that in
general, as MgO decreases, SiO,, Al,05, K,O,
Na,O, TiO, and P,O; increase, while FeO and CaO
decrease, consistent with a fractionating assemblage
dominated by olivine and clinopyroxene. One sample
(SMB-4, which was erupted through the flanks of the
trachytic stratovolcano Sete Cidades) shows petro-
graphic evidence of having assimilated crustal mate-
rial in the form of alkali syenite xenoliths. The other
basalts appear to be xenolith-free.

Ratios of Na,0/K,O show a two-fold variation
from 1.07 to 2.12, and are independent of MgO
content. Rather, they are correlated with geographic
location such that the basalts become more potassic
from west to east (Fig. 2a). The increasingly potassic
nature of basalts towards the east is also reflected in
an eastward increase in K,0/TiO,. Sample SMB-4,
the western-most basalt sample, has anomalously
low Na,O0/K,O (and high K,0/TiO, ) given its
geographic location. Relatively low Na,O/K,0 and
high K,O/TiO, are both expected to result from
contamination with K-feldspar-rich alkali syenite
(Widom et al., 1992, 1993).
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4.2. Sr, Nd, Pb and Th isotope systematics

Hawkesworth et al. (1979) were the first to report
the striking correlation between isotopic composition
and geographic location on Sao Miguel. Fig. 2b
illustrates the eastward increase in *'Sr/**Sr from
(.7032 at the western end of the island, to 0.7055 on
the east side of Agua de Pao. From this point
castward, the *Sr/ *Sr value remains roughly con-
stant (Hawkesworth et al., 1979). Similar geographi-
cally correlated trends are observed in both Nd and
Pb isotopic composition (Figs. 2 and 3). The less
enriched end of the island (hereafier referred to as
the Sao Miguel depleted source) overlaps with the
Azores Platform tholeiites in Sr, Nd and Pb isotopic
composition, but the Sdo Miguel trend deviates from
the main oceanic trend in Sr vs. Nd and both
“"Pb/ 2“Pb vs. *°Pb/ *Pb and ***Pb/ ***Pb vs.
“"pp / 294ph diagrams (Figs. 3 and 4).

(**9Th) /(***Th) ratios (expressed as activity ra-
tios) range from 1.094 to 0.877, decreasing from
west to east across the island. The good correlations
with Sr, Nd and Pb isotope composition (Fig. 5)
indicate that the Th isotope ratios in the Sao Miguel
basalts are representative of their mantle source re-
gions and are not dominated by effects of variable
melting regimes, magma ascent rates or shallow-level
contamination.

Fig. Sa illustrates that relative to the Th—Sr ‘man-
tle array’ (Condomines et al., 1981b, 1988), Sao
Miguel plots on a shallow trend with the most
enriched Sao Miguel basalts extending to higher Th
isotope ratios for a given *’Sr/%°Sr. Interestingly,
other EMII-rich OIBs including Heard and the Soci-
ety Islands also plot above the Th—Sr mantle array.
Mantle sources of basalts which lie in this region of
the diagram can be produced either by an old in-
crease in Rb/Sr relative to Th /U, or by an enrich-
ment in U relative to Th at any time greater than a
rew hundred thousand years ago.

4.3. Trace element and U-series systematics

Incompatible trace element concentrations in al-
kali basalts from the Azores islands are generally
twice those of the tholeiites from the Azores Plat-
form, consistent with lower degrees of partial melt-
g involved in the production of the alkali basalts

(White et al., 1979). However, inter-island variations
in trace element concentrations have been noted, and
Sdo Miguel basalts appear to be enriched relative to
other islands in the alkalis K, Rb, and Cs, and the
light REE (White et al., 1979). Our results show
further that the concentrations of several elements
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Fig. 4. () “7Pb/ 2%Pb, (b) *"*Pb/ 2" Pb, and (c) *'Sr/ **Sr, vs.
206Pb/ 04ph. Sdo Miguel basalts display linear mixing trends
involving a component which falls within the enriched end of the
MORB field, similar to the Azores Platform tholeiites {open
circles), and an enriched component which plots above the NHRL
at high values of *’Pb/ 2**Pb and ***Pb/ **Pb, The Sio Miguel
enriched mantle source has characteristics intermediate between
EMII and HIMU. Data for MORB, including Azores Platform
tholeiites, from Dupré and Allegre (1980), Ito et al. (1987), and
Shirey et al. (1987); data for OIB from Vidal et al. (1984), Zindler
and Hart (1986), Chaffey et al. (1989), Hauri and Hart (1993), and
Reisberg et al. (1993); and data for sediment from White et al.
(1985), and Ben Othman et al. (1989).




56 E. Widom et al. / Chemical Geology 140 (1997) 49-68

1.40
— 130 @ 3
£
4— 1.20 3
»
o 1.10 E
~—
— 1.00 E
3
- 0.80 3
§ Sao Miguel
0.80 E
et 4 oSamoa
0.70 M BT ..-.N..N.,.
0.7020 0.7030 07040 0.7050 0.7060 0.7070
87 86
Sr/7"Sr
1.20 [T T 71 T T T
_ E (b ]
Nl-s 1.10 - : 3
S s 3
N 1.00 [ 3
~ E ° ..
T sl o o 3
™= r ¢ 1
g : '
Y] 080 [ b
P r ]
0.70 : F W SRS T T Y W T TN (N SN ST SN MU SN R N
05126 05127 05128 05129 05130
143, 144
Nd/ "Nd
1.20 LI B S R | T T T ]
J-E 110k ° 3
F > ° ]
o ]
& 100 F 3
: L [ ] o 4
r ° ]
— r p
K= 0.90 [ d ; -
F e
g ]
Q 080 |- i
A L
0_70 PERETI S SENTW HRN T S T U U VT SN T S R :
19.20 1940 1960 19.80 20.00 20.20
206py, ; 204py,
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the S3o Miguel basalts. Th-isotope data for Sdo Miguel basalts
plotted in this and subsequent figures are those measured by
mass-spectrometry (Table 1).

vary systematically across the island of Sdo Miguel.
Fig. 6 illustrates variations of trace element concen-
trations (normalized to 9.0 wt.% MgO following
Plank and Langmuir, 1988) as a function of
206pp / 204Ph. Note that concentrations of several
elements including Th, U, Pb and Zr increase with
increasing ***Pb/ 2*Pb (Fig. 6a—d). In contrast,
concentrations of Ba and Nb are relatively constant
across the island (Fig. 6e,f).

Differences in trace element concentrations in
basalts can be caused by a variety of petrogenetic
processes including degree of differentiation from a
parental magma, degree of partial melting, or varia-
tions in mantle source composition. Because the Sao
Miguel basalts show variable trace element abun-
dances even after normalization to a fixed MgO
content (Fig. 6), the variations in trace element con-
centration with geographic location must be domi-
nated by either variations in degree of partial melting
or differences in source composition.

Evidence from U-series disequilibria can be used
to investigate relative degrees of partial melting based
on the enrichment of >**Th relative to >**U. The Sio
Miguel basalts are generally Th-enriched, and there-
fore plot to the left of the equiline on a Th-isochron
diagram (Fig. 7), with enrichments of 2°Th over
23U ranging from 10 to 30%. Basalts from the
enriched end of the island are generally less enriched
in ®°Th over ®*U than basalts from the depleted
end, indicating that the enriched source melted to a
somewhat greater degree than the depleted source.
The higher degree of melting of the enriched source
relative to the depleted source results in a limited
variation in (***Th)/(***U), or melt Th/U, relative
to the variation in (**°Th) /(**?Th), or source Th/U
ratios (approximately 14% vs. 25%, respectively).

A higher degree of melting in the Sio Miguel
enriched source relative to the depleted source would
be expected to produce lower concentrations of in-
compatible trace elements on the enriched end of the
island if the source composition were uniform, but
this is opposite to the observed relationships. We can
conclude, therefore, that the concentrations of Th, U,
Pb and Zr are higher in the enriched Sfo Miguel
source, and that the concentrations of Ba and Nb are
similar in the depleted and enriched sources.

Another perspective on variation in degree of
partial melting across the island may be gained from
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variations in Th/Pb and U/Pb, and to a lesser
extent Th/U ratios, all of which show a complex
correlation with *°Pb/ 2*Pb (Fig. 8). Th/Pb and

9

(a)
8

9.0
@

TTTTT I Y IT Iy I TITT]

Th

22k 3
20 £ . ]
18 E . 3
16 E ]
14
12
10

9.0

TYTTITTIY
.

4.0

35

.
L

9.0

3.0

Pb

25

YT I IT T T I TIT I TITTIT

20

TTTTYTY

U IRIVITETTI EEUTH SUCRY FTRUY PETT
L R Ll a e s A A a R ma e m e

400 E @ J

3860

9.0

300 & . * g

Zr

250

200

ISTEE FETNEPURTI PR
T e

+
I

800

700

600

Bag,

500

400

80

70

9.0

60

Nb

50

T T T T I T T LT T Y O T I T T O T T T LT T T T T T

w0 ]

30 Doacadoasstyoradanielasaidesaitonagtonsy

18.3 194 195 196 19.7 19.8 19.9 20.0 20.t
206 Pb/ 204 Pb

1.2

11

1.0
03
0.8
0.7

VS IR FRUT SUURY BT

(230 Th)j(232 -rh)

0.6

.

Pl B

PR TRV

05 @
05 06 07 08 09 10 11 12

(238 U)/(232 Th)

Fig. 7. (3*°Th) /(32 Th) vs. (3*¥U)/(***Th) with the equiline for
reference. Lines of constant Th-enrichment of 10% and 30% are
illustrated. which bracket the enrichments observed in the Sio
Miguel basalts. The variation in Th /U of the basaltic melts (14%)
is less than the variation in Th/U of their mantle sources as
inferred by (3*°Th)/(**2Th) ratios (25%).

U/Pb show minima on plots vs. >°Pb/ 2*Pb, with
the low ratios occurring in the middle of the island,
and increasing to either side. It is impossible to
produce such correlations with two-component mix-
ing, as required by the linear isotope ratio—isotope
ratio diagrams, unless there is a variation in degree
of partial melting involved. Because Th and U are
more incompatible than Pb, the minima imply that a
region of higher degree of melting exists beneath the
middle of the island, indeed at the eastern edge of
the waist zone depicted in Fig. 1. Interestingly, the
inferred higher degree of partial melting within the
waist region corresponds with the high output of
Holocene basalts in this area.

Several other incompatible trace element ratios

Fig. 6. Normalized element concentrations (relative to 9.0% MgO)
Vs, 2Of’Pb/ 04pb. Normalizations are based on regression to a
best-fit line through the Sdo Miguel data on plots of element vs.
MgO, following the procedure of Plank and Langmuir (1988).
Several incompatible elements in the SGo Miguel basalts, includ-
ing (a) Th, (b) U, (c¢) Pb, and (d) Zr, increase with increasing
206Pb/ 204pp (sample SM88-49 behaves anomalously in a—c,
perhaps due to the Rapid Rock technique which was used to
analyze MgO in this sample only). In contrast, concentrations of
(e) Ba, and (f) Nb, appear to be relatively constant across Sdo
Miguel. Note that all plots show a 3-fold range of element
concentration on the y-axis for purposes of comparison. Sample
SMB-4 has been omitted from this figure as well as Fig. 8Fig.
9Fig. 10 because syenite assimilation has altered its trace element
systematics, as illustrated in Fig. 2a.
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The V-shaped patterns on (a) and (b) are difficult to reconcile
with a two-component mixing model unless variations in partial
melting are affecting these ratios. Degree of partial melting ap-
pears to increase from low to intermediate “"°Pb/ 2*Pb values,
and then to decrease again toward higher values. The inferred
point of maximum melting (***Pb/ 2**Pb approximately 19.64)
corresponds to the east end of the waist region of Sdo Miguel.
Th/Pb and U /Pb ratios in the basalts are lowest where degree of
partial melting is highest. and are controlled by both source
differences and variation in degree of partial melting. The curved
as opposed to linear trend of Th/U vs. “**Pb/ 2*Pb (c) also
attests to variation in degree of partial melting, but the lack of a
V-shaped pattern indicates that vartations in Th/U ratios are
dominated by source differences.

show pronounced variation across Sio Miguel and
display correlations with isotopic ratios. This sug-
gests that these element pairs have distribution coef-
ficients similar enough to one another or that there
are large enough differences in these element ratios
between the enriched and depleted S&o Miguel
sources, that these ratios are relatively unaffected by
variation in degree of partial melting. Nb /U, Nb /Zr,

Ti/Zr, Ba/Pb, Ba/Th and Ba/Rb ratios all de-
crease by approximately a factor of 2 with increasing
6pp / 24Pb ratio (Fig. 9a—f). These trends are con-
sistent with the observation from the trace element
concentration variations that Th, Pb and Zr are rela-
tively more abundant in the enriched source, and
furthermore indicate that U and Rb are enriched.
Fairly constant K,O/Rb ratios in the Sdo Miguel
basalts indicate a similar enrichment of the respec-
tive alkalis.

The decreasing ratios of Ba/Pb, Ba/Th and
Ba/Rb with increasing *°Pb/ 2*Pb are quite sur-
prising given that Ba is generally thought to be the
most incompatible of these elements. This and the
lack of correlation of Ba/Nb with “°Pb/2*Pb
(Fig. 9g), again emphasizes the previous conclusion
that neither Ba nor Nb is enriched in the SGo Miguel
enriched mantle source. The lack of correlation be-
tween Ba/Ti and ***Pb/ *Pb (Fig. 9h) also argues
that Ti is not enriched in the SGo Miguel enriched
mantle. In summary, the Sao Miguel enriched mantle
appears to have higher abundances of K, Rb, Th, U,
Pb and Zr than the S&o Miguel depleted mantle, but
comparable abundances of Nb, Ba and Ti.

5. Discussion

The isotopic variations on Sdo Miguel require
long-term trace element differences between the en-
riched and depleted mantle sources. In particular, the
extremely high **’Pb / 2**Pb ratios in the Sdo Miguel
enriched mantle require that the source of the radio-
genic Pb had a high U/Pb in the early part of
Earth’s history. The continental crust and the subcon-
tinental lithospheric mantle are two reservoirs where
enriched material may have formed early and re-
mained isolated for long enough periods of time to
develop the radiogenic Pb and Sr isotope ratios and
unradiogenic Nd isotope ratios displayed by the Sdo
Miguel enriched mantle source. While fairly radio-
genic Sr and Pb isotope ratios are characteristic
features of continental crust, terrigenous sediment,
and many arcs in which sediment is being subducted
(Gill, 1981; Taylor and McLennan, 1985), similar
isotope signatures are also known from xenolith
studies to exist in the subcontinental lithospheric
mantle (Kramers et al.,, 1983; Stolz and Davies,
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1988; Zindler and Jagoutz, 1988; Tatsumoto et al.,
1992). Thus, either recycling of sediment or delami-
nation of mantle lithosphere could plausibly account
for the origin of such signatures in the oceanic
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mantle. In the following discussion we show that, in
detail, neither bulk sediment nor subduction pro-
cessed sediment can produce the trace element and
isotopic signatures observed in the Sdo Miguel en-
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riched mantle source. The SZo Miguel enriched man-
tle source is more likely hydrous subcontinental
lithospheric mantle.

5.1. Sediment recycling

The elemental enrichment characteristics of the
Sdo Miguel enriched mantle source, namely enrich-
ment in K, Rb, Th, U, Pb and Zr relative to Ba, Nb
and Ti are qualitatively compatible with a terrige-
nous sediment component. For example, the Nb /U
ratio in the Sdo Miguel enriched mantle (Fig. 9a) is
below the relatively constant Nb /U ratio of 47 + 10
(Hofmann et al., 1986) found in MORB and most
non-EMII OIB, consistent with the suggestion that
the sources of EMII OIB may have a minor sediment
component (Hofmann, 1993).

The possibility of a sediment component in the
Sdo Miguel enriched mantle source can be investi-
gated quantitatively by calculating expected mixing
curves on element ratio—element ratio diagrams. The
composition of the Sao Miguel depleted mantle
source was estimated by assuming that it has concen-
trations of K,O, TiO,, Rb, Sr, Cs and Ba which are
approximately 10% of the values measured in the
least-fractionated Azores Platform tholeiites (Schill-
ing et al., 1983), assuming in effect 10% equilibrium
batch melting. Concentrations of other incompatible
elements in the Sao Miguel depleted mantle source
were calculated from observed ratios to K,O, TiO,,
Rb, Sr, Cs and Ba in the least radiogenic Sdo Miguel
basalts. An internally consistent set of element con-
centrations for the Sdo Miguel depleted mantle was
obtained by this method (Table 2).

The approach to calculating the Sio Miguel de-
pleted mantle source composition is justified in that
the Sr—Nd-Pb isotope signatures of basalts from the
depleted end of Sdo Miguel indicate that it taps the
same mantle source as the Azores Platform tholeiites
on the MAR. Furthermore, the fact that many incom-
patible trace element ratios are the same in alkali
basalts from the S3o Miguel depleted mantle source
as in the Azores Platform tholeiites indicates that
these incompatible trace elements are not greatly
fractionated from one another during melting. Least
well justified is the absolute concentration of ele-
ments in the calculated mantle source. However, the
only effect that the absolute element concentrations

of the mantle source have on the modeling which
follows is the net amount of sediment addition re-
quired to produce the enriched source composition.
Importantly, the curvature on the mixing diagrams is
controlled only by the element ratios in the mixing

Table 2
Calculated compositions of the Sdo Miguel depleted and enriched
mantle sources

Element Sio Miguel Sao Miguel
concentration depleted enriched
in ppm mantle mantle
K 415 830

Ti 726 726

Rb 112 224
Sr 24.4 24.4

Zr 7.14 12.18
Nb 2.07 2.07
Cs 0.01 0.02
Ba 18.25 18.25
Nd 131 2.01
Sm 0.275 0.38
Pb 0.073 0.118
Th 0.104 0.212
U 0.037 0.059
“ 31.3 30.9

© 90.5 115

K 2.89 k)
(3°Th) /(**2Th) 1.094 0.877
¥/ 805; 0.7032 0.7055
'“INd/ "4 Nd 0.51297 0.51267
26py, /204 py, 19.37 20.04
7pp, s 204pp, 15.58 15.80
28 py, 7 204py, 39.0 40.58

The calculation of the composition of the Sdo Miguel depleted
mantle source is outlined in detail in the main text. The composi-
tion of the Sdo Miguel enriched mantle source was calculated
based on the calculated composition of the Sdo Miguel depleted
mantle source as follows. The relative enrichment of U was
determined by the variation of Uy, in Fig. 6b. The Th/U ratio of
the enriched source was then fixed to be consistent with that
implied by its Th-isotope signature, and the Pb content assigned
such that Th/Pb and U/Pb were consistent with the respective
ratios in Fig. 8a,b. Other element concentrations were determined
by the variations in element concentrations and element ratios in
Fig. 6Fig. 9Fig. 10. The relative enrichments in the Sdo Miguel
enriched mantle source relative to the depleted source are consid-
ered to be minima, in that basalts from the enriched source may
have melted to a somewhat higher degree than those from the
depleted source, thus minimizing the element enrichments in the
basalts from the enriched source.
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end-members, and is unaffected by the absolute con-
centrations of elements attributed to either mixing
end-member.

Results of mixing a terrigenous sediment compo-
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nent into the Sdo Miguel depleted mantle source are
shown in Fig. 10. Element concentrations of the
terrigenous sediment are based on estimates of aver-
age post-Archaean shale (Krauskopf, 1967; Taylor
and McLennan, 1985). Note that high ratios of Th/U
and corresponding low ratios of Ti/Zr in the S@o
Miguel enriched mantle source could be explained
by bulk addition of approximately 5% terrigenous
sediment. Pelagic sediment, however, appears to have
a Th/U ratio too high to explain the Sdo Miguel
data trend (Fig. 10a). Furthermore, because U is
more mobile than Th (Bailey and Ragnarsdottir,
1994), the Th/U ratio of recycled sediment would
only be expected to increase during subduction zone
dewatering. Terrigenous sediment would therefore be
the more viable enrichment agent for the Sdo Miguel
enriched mantle source.

In contrast to Th/U and Ti/Zr, other trace ele-
ment systematics of the Sao Miguel basalts would
require significant mobilization of some elements
during subduction zone dewatering in order to ac-
commodate a recycled terrigenous sediment compo-
nent. The variations in Rb/Nb ratio, for example,
would require loss of approximately 75% of the
sediment Rb, assuming that Nb is relatively immo-
bile (Fig. 10b). This is somewhat higher than the
mobility estimated for Rb during dewatering of ser-
pentinite (Tatsumi et al., 1986), but not inconceiv-

Fig. 10. Mixing diagrams illustrating the effect of mixing terrige-
nous sediment into the Sdo Miguel depleted mantle source. The
composition of the Sio Miguel depleted mantle source is from
Table 2, and the sediment composition is average post-Archaean
shale (Krauskopf, 1967; Taylor and McLennan, 1985). (a) Th/U
(mantle source values based on (2*°Th) /(***Th) ratios) vs. Ti/Zr.
Recycling of approximately 5% bulk terrigenous sediment could
explain the variations in the Sao Miguel basalts of Th/U and
Ti/Zz. (b) Rb/Nb vs. Ti/Zr, indicating that loss of 75% of the
sediment Rb during subduction zone dewatering of the sediment
would be required. (¢) Ba/Th vs. Ti/Zr. The Ba/Th systematics
cannot be reconciled with sediment recycling unless subduction
zone dewatering mobilized ~ 80% of the Ba and 75% of the
sediment Th. Such a large loss of Th is unlikely. (d) Cs /Rb (data
from White et al., 1979) vs. Ti/Zr. The low and constant Cs /Rb
ratios in the S3o Miguel basalts would require the unlikely
situation in which subduction zone dewatering of the sediment
component resuited in a recycled sediment with precisely the
same Cs /Rb ratio as the Sdo Miguel depleted mantle source.
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able. Ba/Th systematics, however, are difficult to
reconcile with a recycled terrigenous sediment com-
ponent in the Sdo Miguel enriched mantle source.
Incorporation of bulk terrigenous sediment would
induce a low Ba/Th and low Ti/Zr signature, but
the mixing curve would be concave upward, in
contrast to the slightly concave downward trend of
the Sdo Miguel basalts (Fig. 10¢c). In fact, the only
way to produce a mixing trend which is remotely
consistent with the Sao Miguel data is by invoking
major losses of both Th and Ba during subduction
zone dewatering of the sediment (75% and ~ 80%,
respectively). Although Ba is known to be very
mobile (Tatsumi et al., 1986), Th is generally be-
lieved to be quite immobile (Bailey and Ragnarsdot-
tir, 1994), and such a large loss of Th from the
sediment during subduction zone dewatering is
therefore highly unlikely.

Also problematic for a sediment recycling model
for the Sio Miguel enriched mantle source is the
Cs/Rb signature of the Sao Miguel basaits. Cs /Rb
is one of the most sensitive indicators of sediment
contribution to mantle sources (Ben Othman et al.,
1989). Cs/Rb ratios in MORB and many OIB are
known to be relatively constant at about 0.012 +
0.002 (Hofmann and White, 1983), whereas Cs/Rb
ratios in sediment, upper continental crust and island
arc basalts are significantly higher and more variable
(Hofmann and White, 1983; Ben Othman et al.,
1989). However, basalts from across the island of
Sdo Miguel, representing the full range of isotopic
variation, all have relatively low and constant Cs /Rb
ratios (average 0.0094 + 0.0014; White et al., 1979),
despite the large variation in isotopic composition.
This low and fairly uniform Cs/Rb ratio places a
severe constraint on the mobility of Cs during sub-
duction zone dehydration if sediment recycling is the
cause of the S3o Miguel enriched mantle source.
Assuming a 75% loss of Rb, as required by the
Rb /Nb systematics (Fig. 10b), the Sdo Miguel basalt
data would be reproduced only with a 91-95% loss
of Cs (Fig. 10d). Either a greater or lesser loss of Cs
would produce a variability in the Cs /Rb ratio of the
Sdo Miguel basalts. Indeed, the only way to explain
the constant Cs /Rb ratios in the Sao Miguel basalts
by sediment recycling is if the relative loss of Cs and
Rb during subduction zone dewatering produced a
sediment with precisely the Cs/Rb ratio of the Sao

Rb/Sr

® Sao Miguel
S sediment
W hydrous
peridotite
X kimberlites
NA N. Antilles
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Fig. 11. Rb/Sr vs. Ba/Sr after Hawkesworth et al. (1985). The
Sdo Miguel enriched mantle source has low Ba/Rb relative to
average oceanic basalts, and falls within a field dominated by
continentally derived magmas and hydrous peridotites from the
subcontinental lithospheric mantle. Fields for island arc basalts
and their respective sediment inputs from Plank and Langmuir
(1993). Field for Spanish lamproites from Venturelli et al. (1984).
PKP and PP are average compositions from Hawkesworth et al.
(1990).
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Miguel depleted mantle source, a rather unlikely
scenario.

Further evidence against recycled sediment is the
very high K, signature of the Sdo Miguel enriched
mantle source. The S3o Miguel enriched mantle
source has a Kp, value of 4.2 (Table 1), which
requires that the sediment component would have to
have had a long-term, time-integrated Th /U ratio of
greater than 4.2. The Th-isotope and trace element
systematics of the Sdo Miguel basalts, however,
indicate that the sediment component would have to
have a present-day Th/U ratio close to 3.5 (Fig.
10a). In order for a sediment component to have a
time-integrated Th /U ratio greater than 4.2, but a
present-day Th/U ratio of approximately 3.5, it
would have to have undergone a substantial decrease
in Th/U during subduction. This is highly unlikely,
as U is by far the more mobile of the two elements
(Bailey and Ragnarsdottir, 1994).

5.2. Recycling of subcontinental lithospheric mantle

Given these difficulties with a recycled sediment
origin for the Sao Miguel enriched mantle source, an
alternate origin to consider is recycling of enriched,
subcontinental lithospheric mantle. Several aspects
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of the trace element and isotopic signatures of the
Sdo Miguel enriched mantle source are similar to
signatures found in the subcontinental lithospheric
mantle. One of the most distinctive characteristics of
the Sdo Miguel enriched mantle source is the lack of
an enrichment in Ba relative to other large ion
lithophile elements, which manifests itself as low
Ba/Rb. Ba/Rb ratios in MORB and most OIB
display limited variation (11.6 4+ 0.2) with an aver-
age value close to the primitive ratio of 11.3 (Hof-
mann and White, 1983), whereas the Sio Miguel
enriched mantle source has a Ba/Rb ratio of <8.
Low Ba/Rb ratios are also a characteristic of some
continental potassic volcanic rocks (Hawkesworth et
al., 1985), including many kimberlites, potassic
basalts from Vulsini (Rogers et al., 1985), and Span-
ish lamproites (Venturelli et al., 1984) (Fig. 11).
Also plotting in the distinctive low Ba/Rb field
(Fig. 11) are hydrous metasomatized phlogopite and
phlogopite-potassium richterite peridotites (PP and
PKP, respectively) and some MARID (mica, amphi-
bole, rutile, ilmenite and diopside-rich) xenoliths
from the Kimberly pipes in South Africa (Hawkes-
worth et al., 1985; Erlank et al., 1987).

Although low Ba/Rb appears to be a characteris-
tic of some hydrous metasomatized subcontinental
lithospheric mantle as well as a variety of continental
magma types, the origin of the low Ba/Rb is not
well understood. Both the Spanish lamproites and the
Vulsini potassic lavas are thought to owe their dis-
tinctive trace element signatures to mantle sources
that have been previously metasomatized by subduc-
tion-related fluids (Holm and Munksgaard, 1982;
Rogers et al., 1985; Hertogen et al., 1988). However,
artributing the low Ba/Rb signatures to subduction
related fluids is not straightforward in that most
island arc basalts do not exhibit a low Ba/Rb signa-
ture (Fig. 11) (Plank and Langmuir, 1993). Altered
oceanic crust, which has distinctly low Ba/Rb ratios
of roughly 1-10 (Hofmann and White, 1983), could
in some cases be the primary contributor of Ba and
Rb to slab-derived fluids which rise to metasomatize
the overlying mantle wedge.

The lack of Ba enrichment relative to other highly
incompatible trace elements in the S3o Miguel en-
riched mantle source also manifests itself in terms of
low and relatively uniform Ba/Nb ratios of approxi-
mately 9. Low Ba/Nb ratios are characteristics of
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Fig. 12. Compositions of the S3o Miguel enriched mantle source
and average hydrous PKP peridotite xenoliths relative to the Sao
Miguel depleted mantle source (data for PKP xenoliths from
Hawkesworth et al. (1990)). Both the S3o Miguel enriched mantle
source and the PKP xenoliths are enriched in Rb, K and Zr over
Ba. Nb and Ti relative to the S3o Miguel depleted mantle. The
trace element pattern of the S3o Miguel enriched mantle source is
well matched by addition of approximately 4% PKP-type peri-
dotite to the Sao Miguel depleted mantle source.

both the Vulsini potassic volcanic rocks and many of
the hydrous Kimberly xenoliths, although the Vulsini
volcanic rocks (Rogers et al., 1985) have Ba/Nb
ratios substantially lower than the Sdo Miguel en-
riched mantle source. The compiled average Ba/Nb
of PKP xenoliths (Hawkesworth et al., 1990), how-
ever, is close to 9, as is the Ba/Nb ratio of one
MARID xenolith (Erlank et al., 1987), and these
metasomatized continental mantle xenoliths are
therefore similar to the Sdo Miguel enriched mantle
source in terms of both Ba /Rb and Ba/Nb ratios.

Fig. 12 illustrates that the PKP mantle xenoliths
share many of the trace element signatures which
characterize the Sdo Miguel enriched mantle source,
including pronounced enrichments of Rb, K and Zr
relative to Ba, Nb and Ti. Indeed, addition of 4% of
an average PKP component to the Sdo Miguel de-
pleted mantle produces a mantle source with abun-
dances of Rb, Ba, Nb, K, Zr and Ti that closely
match those estimated for the Sao Miguel enriched
mantle (Table 2, Fig. 12). The major and trace
element composition of the S3o Miguel enriched
mantle source is therefore consistent with a similar
style of enrichment to that of the PKP hydrous
metasomatized continental mantle xenoliths.

The Sao Miguel enriched mantle source also
shares some isotopic characteristics with the PKP
xenoliths. Although the latter display a large range in
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Fig. 13. Xy, vs. Ky, showing variation of Sdo Miguel basalts
relative tc the oceanic mantle array (shaded) along which MORB
and most OIB plot (Allégre et al., 1986). The Sdo Miguel enriched
mantle source plots to the left of the mantle array, at a relatively
high Ky, of 4.2, greater or equal to bulk earth. High K, values
are also a feature of many continentally derived magmas including
those from Craters of the Moon (Reid, 1995) with K, < Kp, and
Gaussberg; and Nyamuragira (Williams et al., 1992) with K, >
Kpy.

"Nd/ "*Nd, ¥'Sr/%Sr and *°Pb/ 2**Pb, they
overlap in composition with the enriched Sdo Miguel
mantle in all three isotopic systems. **’Pb/ 2**Pb
and ***Pb/ 2%Pb ratios in the PKP xenoliths (Erlank
et al., 1987; Hawkesworth et al., 1990), however, are
substantially less radiogenic than the SZo Miguel
enriched mantle source, indicating that the SZo
Miguel enriched mantle source has undergone more
ancient enrichment events than the PKP xenolith
source. This is supported by the very high K, of
the Sdo Miguel enriched mantle, which indicates that
it evolved with a time-integrated Th /U ratio of 4.2
(Fig. 13), greater than or equal to bulk earth (Allégre
et al., 1986; Williams and Gill, 1992). The early high
U/Pb and high Th/U signatures are consistent with
a source: which has been metasomatized by a small-
degree silicate melt, where K, <K, <K, .

K, signatures, on the other hand, indicate that
the present-day Th/U ratio of the Sdo Miguel en-
riched mantle source is only 3.6 (Fig. 13). The
combined Kp —Kq, systematics therefore require
that the Sdo Miguel enriched mantle source has
undergone a decrease in Th /U ratio at some point in
time greater than on the order of 10° years, in order
that it be registered by the (*°Th)/(*?Th) ratio.

This relatively recent metasomatic event must either
have involved a low Th/U fluid or caused a low
Th/U phase to be stabilized in the metasomatized
mantle source. The high present-day U/Pb and
Th /Pb signature of the Sdo Miguel enriched mantle
source inferred from the respective ratios in the
basalts (Table 2), indicates that the process responsi-
ble for decreasing the Th/U ratio also produced or
maintained relatively high source U/Pb and Th /Pb.
Unfortunately, the u (*3%U/2%Pb), o
(*2Th/*Pb) and « (*?Th/**U) signatures of
hydrous mantle phases such as phlogopite and K-
richterite are poorly constrained, due both to limited
analyses and to great variability in the existing anal-
yses (Kramers et al., 1983; Stolz and Davies, 1988,
McDermott and Hawkesworth, 1991; Tatsumoto et
al.,, 1992; Rosenbaum, 1993; Ionov and Hofmann,
1995). However, if we consider only the PKP xeno-
liths, some likely have high u values in order to
produce *°°Pb/2*Pb ratios as high as 21.2
(Hawkesworth et al., 1990). Although no « values
have been measured in whole-rock PKP xenoliths,
the one analysis of a hydrous phase (K-richterite)
from a PKP xenolith produced a relatively low
value of 2.5 (McDermott and Hawkesworth, 1991).
Based on these limited data, the recent metasoma-
tism of the Sdo Miguel enriched mantle which pro-
duced a high w but relatively low « signature, is
consistent with metasomatism by a hydrous fluid
phase which stabilized phlogopite and K-richterite,
similar to the formation of the PKP xenoliths. In the
case of the Sao Miguel enriched mantle, the source
of the hydrous fluid is unlikely to be related to
subduction-zone dewatering, as this would be ex-
pected to impart on the metasomatized mantle a
relatively low K, signature inherited from sediment
(McDermott and Hawkesworth, 1991; Reid, 1995).
Rather, the metasomatizing fluid might have been
generated from melting deeper within the mantle.
The proposed model, in which the trace element
and Sr—Nd-Pb-Th isotopic signatures of the Sio
Miguel enriched mantle source are due to a 4%
component of PKP-type subcontinental lithospheric
mantle, is also consistent with Os isotopic signatures
in the S3o Miguel basalts. '*’Os/ '*30s isotope ra-
tios have been shown previously to be relatively
uniform across the island, with typical plume signa-
tures of approximately 0.132 (Widom and Shirey,
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1996). PKP-type subcontinental lithospheric mantle
is unradiogenic in Os relative to most mantle plume
sources due to early Re-depletion events (Pearson et
al., 1995), but the incorporation of only 4% of such
material into the Sao Miguel enriched mantle source
would have little effect (<0.5%) on the net Os
isotope signature of the resulting mixed source com-
position. In contrast, due to the very high concentra-
tions in PKP xenoliths of many incompatible trace
elements, 4% incorporation of PKP-type mantle
would dominate the incompatible trace element and
Sr, Nd, Pb and Th isotope signatures of the resulting
mixture (Fig. 12).

We propose that the Sao Miguel enriched mantle
source was formed by multiple enrichments of the
subcontinental lithospheric mantle beneath north-
western Africa or Iberia. The opening of the Atlantic
Ocean basin beginning about 200 Ma may have
caused this enriched material from the base of the
continental lithosphere to delaminate and remain
close to the present-day plate boundary, where it
now resides as a shallow, low-density contaminant at
the base of the oceanic lithosphere beneath the east-
ern end of Sdo Miguel. Upon heating by the Azores
plume, this recycled hydrous mantle would melt and
contribute its distinctive isotopic and trace element
signatures. The hydrous subcontinental lithospheric
mantle would be expected to melt to a higher degree
rhan the bulk of the plume mantle, which would
explain the apparent higher degree of melting of the
hasalts from the Sdo Miguel enriched mantle relative
ro those from the Sdo Miguel depleted mantle. This
1s in contrast to a ‘plum pudding’ model in which
rhe enriched component dominates basalt signatures
during lower degrees of melting, when less of the
surrounding depleted mantle is melted.

6. Conclusions

The Sao Miguel enriched mantle source is en-
riched relative to the predominant Azores plume
source in K, Rb, Th, U, Pb and Zr, but not Ba, Nb
and Ti. These elemental variations as well as varia-
tions across the island in many incompatible trace
clement ratios, are qualitatively consistent with a
recycled terrigenous sediment origin for the Sdo
Miguel enriched mantle. However, a quantitative

assessment of sediment recycling indicates that the
Ba/Th and Cs/Rb systematics as well as the K, —
K, relationship of the Sdo Miguel basalts are in-
compatible with this model.

The similarity of the trace element signature of
the Sdo Miguel enriched mantle with hydrous meta-
somatized mantle peridotites leads us to prefer an
origin due to recycling of subcontinental lithospheric
mantle. At least two metasomatic events are required
to produce the Th and Pb isotopic signatures of the
S3ao Miguel enriched mantle: an early small-degree
silicate melt metasomatism, and a more recent hy-
drous metasomatism. Shallowly residing lithospheric
mantle from northwestern Africa or Iberia, left be-
hind during the opening of the Atlantic, may be
tapped by ascending Azores plume melts, producing
the enriched trace element and isotopic signatures
observed on Sao Miguel.
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