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[11 We report new trace element concentrations and Sr, Nd, Hf, and Pb isotopic ratios for basalts from the
three lava series of Mauritius. Older Series lavas, which represent the shield-building phase of Mauritius,
are isotopically similar to other lavas produced by the Réunion mantle plume. The Intermediate and
Younger Series lavas, erupted after a hiatus of millions of years, have more depleted isotopic signatures
than the Older Series. Incompatible element abundances and major element compositions suggest that the
extent of melting was greatest for the Older Series, smallest for the Intermediate Series, and intermediate
for the Younger Series. Volcanic evolution on Mauritius is thus broadly similar to the Hawaiian pattern,
with lavas of the rejuvenescent phase being produced by small degrees of melting of a more depleted
source than the shield phase. We propose that both shield and rejuvenescent phase magmas are derived
from a lithologically heterogeneous or “plum pudding” mantle plume that consists of pods or veins of
low-solidus-temperature material such as eclogite or pyroxenite embedded in peridotite matrix. The plums
have a less depleted isotopic signature than the matrix. In the vertical stem of the plume, melting is zoned:
at greatest depth, only the plums melt; at intermediate depth, both plums and matrix melt, and at shallowest
depth, only the matrix melts. Shield stage magmas are hybrids of melts produced in all three zones. As the
plume flattens out against the lithosphere and is dragged downstream of the stem, some melting continues
due to buoyant lateral spreading of the plume. In this region, although both plums and matrix are melting,
melts produced carry the isotopic signature of the matrix because incompatible elements in the plums were
previously stripped during melting in the vertical stem of the plume. The relatively small degree melts
produced in the melting tail, which give rise to rejuvenescent stage volcanism, thus carry the isotopic
signature of the matrix. From a consideration of thermal and isotopic equilibrium, we judge the scale of
heterogeneity to be about 10% m.

Components: 13,894 words, 11 figures, 4 tables, 2 animations.
Keywords: mantle plumes; Mauritius; oceanic island volcanism; posterosional volcanism; rejuvenescent volcanism.

Index Terms: 1065 Geochemistry: Major and trace element geochemistry; 1040 Geochemistry: Radiogenic isotope
geochemistry; 8121 Tectonophysics: Dynamics: convection currents, and mantle plumes.

Received 22 November 2004; Revised 25 March 2005; Accepted 21 April 2005; Published 21 June 2005.

Paul, D., W. M. White, and J. Blichert-Toft (2005), Geochemistry of Mauritius and the origin of rejuvenescent volcanism on
oceanic island volcanoes, Geochem. Geophys. Geosyst., 6, Q06007, doi:10.1029/2004GC000883.

Copyright 2005 by the American Geophysical Union 1 of 22



"k Geochemistr 3
Geophysics Y(M
_ ~ Geosystems {{ Jr

PAUL ET AL.. GEOCHEMISTRY OF MAURITIUS

10.1029/2004GC000883

1. Introduction

[2] The island of Mauritius, located at 57°30'E and
20°20'S (Figure 1), is 65 km long and is one of
several Indian Ocean volcanic islands: Mauritius,
Réunion, and Rodrigues, collectively known as the
Mascarene Islands. On the basis of eruption ages,
Mauritius can be divided into three distinct volca-
nic units [Baxter, 1972, 1975, 1976]: Older, Inter-
mediate, and Younger Series suites [Simpson,
1950; McDougall and Chamalaun, 1969].

[3] Older Series lavas comprise the erosional
remains of a single large shield volcano that was
built above sea level by the extrusion of lavas,
mainly between 7.8—6.8 Myr ago. The Older
Series can be further subdivided into an early and
late shield-building stage [Baxter, 1975]. The ear-
lier lavas are transitional basalts (they can be either
hypersthene or nepheline normative, although the
former predominate, but they plot on the alkali
basalt field on the alkali-silica diagram of Mac-
Donald and Katsura [1964]), that have experi-
enced moderate amounts of low-pressure
fractional crystallization [Baxter, 1975]. Subse-
quent eruptions, which persisted until about
5.5 Ma [McDougall and Chamalaun, 1969; Baxter,
1975], produced hawaiite and mugearite with lesser
volumes of basalt and trachyte. After a 2 million
year hiatus and extensive erosion of the Older
Series shield, small volumes of primitive, olivine-
phyric alkali basalt, basanite, and nephelinite com-
prising the Intermediate Series were erupted
between 3.5—-1.9 Myr ago [McDougall and
Chamalaun, 1969; Baxter, 1976]. Although earlier
maps [e.g., Baxter, 1975, 1976] show that the
remaining exposures of Intermediate Series lavas
are restricted only to the SW tip of the island, more
recent mapping (Figure 1) shows more extensive
outcropping of the Intermediate Series.

[4] The Younger Series lavas comprise predomi-
nantly K-poor alkaline olivine basalts with subor-
dinate basanite. Younger Series eruptions are
confined to localized vents along a major fissure
aligned NNE-SSW, collinear with the Southwest
Indian Ridge. The K-Ar radiometric dates suggest
an eruption interval from 0.7 to 0.17 Ma [McDougall
and Chamalaun, 1969]. Like the Older Series, but
unlike the Intermediate Series, the composition of
Younger Series lavas shows the effects of low-
pressure fractionation of olivine and pyroxene
[Baxter, 1976]. Earlier maps showed Younger Series
lavas blanketing about three quarters of the island
[e.g., Baxter, 1976], but more recent mapping

reveals a more restricted, but still extensive, expo-
sure (Figure 1).

[s] Mauritius is thought to be the product of
melting of the Réunion mantle plume, which in
addition to Réunion and Mauritius, was also re-
sponsible for the volcanism that created the Mas-
carene Plateau, and the Chagos-Laccadive Ridge,
and, in its initiating phase, the Deccan Traps of
western India [Morgan, 1981; Mahoney et al.,
2002]. Réunion consists of two shield volcanoes,
Piton des Neiges and Piton de la Fournaise. The
shield of Piton des Neiges, constructed from 2.0 to
0.43 Ma [McDougall and Chamalaun, 1969],
consists of transitional olivine basalts, called the
Oceanite Series by Upton and Wadsworth [1965]
and is capped by the olivine basalts, hawaiites,
mugearites, and trachytes of the Differentiated
Series, which erupted between 0.35 and 0.07 Ma
[McDougall and Chamalaun, 1969; Upton and
Wadsworth, 1965%. However, Deniel et al. [1992]
reported **°Th->*"U, and '*C age measurements
that suggest a period of even younger explosive
activity on the eastern flank of Piton des Neiges
around 0.05 to 0.02 Myr ago, with evidence of
volcanic activity on the western flank until
12,000 years ago. Piton de la Fournaise, which is
now in its shield-building stage and among the
world’s most active volcanoes, has erupted transi-
tional olivine basalts similar in composition to the
Oceanite Series of Piton des Neiges for the past
530,000 years [Gillot and Nativel, 1989]. The
Intermediate Series of Mauritius is contemporane-
ous with the early phase of Piton des Neiges, while
the Younger Series of Mauritius is contemporane-
ous with the late stage of Piton des Neiges as well
as with the early phase of Piton de la Fournaise.

[¢] The volcanic evolution of both Mauritius and
Réunion shows both similarities and differences
with the classic Hawaiian evolution [MacDonald
and Katsura, 1964; McDonald, 1968; Chen and
Frey, 1983; West et al., 1987]. In both Réunion and
Mauritius, the shield-building stage begins, as it
does in Hawaii, with eruption of relatively silica-
saturated basalts that have experienced moderate
low-pressure fractional crystallization. At the ter-
mination of the shield-building phase, highly dif-
ferentiated lavas come to dominate in both
Mauritius and Réunion, as they do in Hawaii. In
Hawaii, lavas erupted in the main shield building
stage are distinctly tholeiitic, whereas in both
Réunion and Mauritius, lavas of this phase are best
classed as transitional between tholeiite and alkali
basalt. Late stage shield capping lavas in Hawaii
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Figure 1.

Simplified geologic map of Mauritius modified from the recent 1:50,000 scale geologic map of the Water

Resources Unit, Mauritius. This mapping was done in 1999, during a joint Franco-Mauritian project studying the
detailed hydrogeologic setting of Mauritius. This map reveals more extensive outcrops of the Intermediate Series and
more restricted, but still extensive outcrops of the Younger Series, whereas earlier maps [e.g., Baxter, 1975, 1976;
Nohda et al., 2005] show limited exposures of the Intermediate Series (only to the SW tip of the island), and more
extensive exposures of the Younger Series covering about three quarters of the island.

are distinctly more alkaline than earlier ones,
whereas this is not the case on Piton des Neiges;
there are too few well-dated Older Series samples
from Mauritius to know if they become alkalic.
The Intermediate Series, consisting of highly silica-
undersaturated lavas erupted in small volumes
following a long hiatus and period of erosion, is
clearly analogous to the posterosional series of
Hawaii. The Younger Series of Mauritius, which
is less alkaline and erupted in larger volumes than
the Intermediate Series, has no obvious composi-
tional analog in Hawaii.

[7] Réunion has been the subject of numerous
geochemical studies [e.g., Upton and Wadsworth,
1966; McDougall, 1971; Oversby, 1972; Fisk et al.,
1988; Albarede et al., 1997; Luais, 2004] while
geochemical data on Mauritian basalts are unfortu-
nately scarcer [Norry, 1977; Mahoney et al., 1989;
Sheth et al., 2003; Nohda et al., 2005]. We report
concentrations for 36 trace elements and Sr, Nd, Pb,
and Hf isotopic ratios of 30 basalt samples covering
the three different volcanic series of Mauritius. Our
objective is to characterize the nature and temporal
evolution of the lavas in Mauritius, and to evaluate
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the causes of compositional evolution. In particular,
we wished to determine whether the similarities in
the geochemical evolution of Hawaiian and Mas-
carene Islands might have some shared origin.

2. Analytical Methods

2.1. Isotope Ratios

[s] Sr, Nd, and Pb isotope analyses were per-
formed at Cornell University using a FISONS
Sector-54 thermal ionization—mass spectrometer.
Samples were first leached for approximately 15
minutes in 1 ml of hot 6N HCI and then washed in
distilled H,O prior to dissolution in order to
remove surficial Sr and Pb contamination. Subse-
quent digestion, chemical separation and analysis
followed methods previously reported by White et
al. [1990, 1993], with one minor modification: for
the Pb purification, which is based on the method
described by White and Dupré [1986], we skipped
the 2N HCI wash prior to Pb collection, as it was
found that this step resulted in ~40% Pb loss from
the columns.

[s] Mass fractionation corrections for Pb isotope
ratios, typically 1.08%o/amu for 2°°Pb/***Pb and
0.95%o/amu for both **’Pb/***Pb and ***Pb/***Pb,
were determined by repetitive analyses of the NBS-
981 Pb standard assuming true values for the stan-
dard of **°Pb/***Pb = 16.937, **’Pb/***Pb = 15.493,
and 2°*Pb/2**Pb = 36.705 [Todt et al., 1996]. The 20
analytical uncertainty, based on reproducibility of
NBS-981, is £0.011 for *°°Pb/***Pb, +0.015 for
97Pb/***Pb, and +0.05 for *°*Pb/***Pb. Standard
mass fractionation corrections for Sr and Nd isotope
ratios were made by normalizing to ®°Sr/*®Sr =
0.11940 and "**Nd/"*Nd = 0.72190, respectively,
using an apgproximate exponential correction. The
mean *’Sr/*°Sr ratio of multiple analyses of the
NBS-987 Sr standard was 0.71024. The mean
'Nd/"**Nd and "*°Nd/'**Nd ratios of multiple
analyses of the AMES Nd standard were 0.512182
and 0.348403, respectively. On the basis of the
reproducibility of these standards, the 2o analytical
uncertainty is estimated to be +£0.00002 for ®’Sr/**Sr
and £0.000015 for '**Nd/'**Nd. Measured blanks
for all elements were trivial.

[10] Hf isotope ratios were determined by multi-
collector inductively coupled plasma mass spec-
trometry (MC-ICP-MS; VG Plasma 54) at ENS
Lyon using the method described by Blichert-Toft
et al. [1997]. The IMC-475 Hf standard was run
systematically after every two samples and gave
0.282160 + 0.000010 (20) for '7°Hf/'""Hf,

corresponding to an external reproducibility of
0.35¢. '°Hf/"""Hf was normalized for mass frac-
tionation relative to ' "Hf/'’"Hf = 0.7325. Hafnium
total procedural blanks were less then 25 pg.

2.2. Rare Earth and Other Trace Elements

[11] Rare earth element analyses were performed
using a VG Plasmaquad 2+ ICP-MS at Cornell
University using methods described by Cheatham
et al. [1993]. Concentrations of the remaining trace
elements were determined using a Finnigan Ele-
ment inductively coupled plasma mass spectrome-
ter (ICP-MS). Chemical preparation for these
elements was essentially similar to that described
by Cheatham et al. [1993], except that the final
solutions were more dilute (0.025% total dissolved
solids compared with 0.1% total dissolved solids).

[12] About 25 mg of sample powder along with
five external calibration standards (BHVO-2, BEN,
BIR-1, AGV-1, and W-2 prepared in parallel with
the samples) were weighed into Teflon capsules.
An in-house standard (PAL) was analyzed repeat-
edly to assess the reproducibility of the machine.
The samples were digested in hot acid containing 3
ml of HNO; and 1.5 ml of HF for 24 hours. After
evaporation to dryness, samples were dissolved in
dilute HNO; and the solutions diluted to 100 ml
with quartz-distilled water.

[13] Samples were analyzed on the Finnigan Ele-
ment in two resolution modes: low resolution for
Rb, Sr, Y, Ta, Pb, Th, and U, and medium resolu-
tion for the remaining trace elements. Because of
the greater stability of the Finnigan Element com-
pared with the Plasmaquad 2+, the complicated
drift correction procedure of Cheatham et al.
[1993] was not necessary and concentrations were
calculated by simple external calibration. Wash out
and sample uptake times were set to 30 sec. Typical
analysis runs consisted of 1 blank, 5 external
calibration standards, 1 in-house standard, and 14
to 18 unknowns. During a single run, all five
external calibration standards were run 3 times
between unknowns and the average of 3 runs were
used during the data reduction. Data reported
herein are the means of 2 replicate analyses of
each solution run on different days.

3. Results

3.1. Rare Earth and Other Trace Elements

[14] The rare earth element (REE) results are
reported in Table 1. The last two rows in this
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Table 1. Rare Earth Element Analyses of Mauritius Basalts®
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Younger Series
M-59 7.04 1589 240 1095 295 1.06 3.64 063 361 074 188 029 170 026
M-63 1223 23.61 355 1550 382 133 453 074 411 083 208 03] 1.75  0.27
M-79 12.70  26.37 374 1593 377 138 414 068 381 076 193 029 1.74 026
M-82 1872 36.17 480 19.80 453 154 489 079 430 0.84 208 0.31 1.81  0.26
M-84 9.19 18.81 274 1227 316 1.12 384 064 362 074 1.88 029 1.66 0.25
M-86 10.05  21.95 319 1396 355 122 406 069 38 078 198 030 1.79 027
Intermediate Series
B-5 3455 54.97 811 3252 688 220 725 118 6.07 1.15 278 038 201 0.29
B-19 1632 3299 454 1927 458 152 505 083 459 091 227 034 197 030
B-21 14.75  30.03 415 17.57 419 141 465 077 424 083 207 031 182 027
B-24 20.54  40.79 537 2205 509 165 543 085 458 085 211 030 1.69 025
B-25 19.65 35.41 504 2132 504 171 565 08 471 091 220 0.31 .73 0.25
B-27 1229 2535 3.62 1550 379 129 425 071 391 077 191 029 1.66 024
B-33 30.56  59.64 774 31.08 657 209 646 099 503 093 217 031 .72 0.25
M-20 22.19  38.96 555 2317 532 176 563 093 491 092 223 032 1.80 026
M-23 9.03 20.12 289 1316 365 131 423 074 406 077 190 028 1.59 023
M-25 778 16.82 249 1146 3.08 1.09 3.64 064 376 075 198 030 1.75 027
M-67 10.70  22.45 312 1349 339 119 378 067 381 075 190 030 1.74 026
M-81 22.85 46.58 593 2449 547 175 508 084 436 084 205 029 1.69 025
Older Series

M-4 21.27 46.44 6.06 2596 6.02 191 576 096 480 094 218 0.31 1.74  0.25
M-18 29.71  65.19 862 3519 777 237 706 118 587 1.08 260 037 2.08 030
M-46 2521 5558 745 3148 715 222 682 116 595 1.1 274 041 229 035
M-50 25.62  56.72 7.60 31.83 722 226 689 116 620 1.17 291 044 254 037
M-53 26.40 58.23 776 3209 722 227 686 115 606 111 269 039 223 032
M-61 39.77 82.67 10.01 41.03 817 270 7.14 1.18 584 1.08 262 039 221 0.34
M-69 29.15 6232 8.00 3436 787 242 721 117 591 1.13 259 036 204 030
M-70 3145 6880 9.13 3792 831 262 781 131 677 123 296 044 247 037
M-74 20.16 44.83 6.12 2648 625 203 605 1.01 539 101 247 036 208 031
BHVO-1 16.08 38.80 570 2591 637 207 647 106 554 1.04 251 036 2.06 030
1 s.d. 39%  3.1% 48% 4.0% 4.0% 34% 51% 29% 4.0% 33% 4.1% 48% 42% 2.8%

 All concentrations reported are in parts per million (ppm).

column give the mean and standard deviation of
USGS Standard BHVO-1 analyzed as an unknown
with the samples. As can be seen, precision is
generally 2 to 3%, but is up to 5% for Gd and Tm.
Figure 2 reveals three distinct chondrite-normal-
ized REE abundance patterns for the three different
series. Older Series lavas exhibit parallel REE
patterns with a uniform enrichment of the light
relative to the heavy rare earths. Both the patterns
and absolute abundances are similar to those seen
in Réunion lavas [e.g., Fisk et al., 1988], but show
somewhat steeper patterns than Hawaiian tholeiites
[e.g., Chen and Frey, 1985]. In contrast, all the
analyzed Intermediate Series lavas have very sim-
ilar heavy rare earth element (HREE) abundances,
but a range of light rare earth element (LREE)
abundances and consequently a range of fraction-
ation between LREE and HREE. Absolute abun-
dances of the LREE in the Intermediate Series
range from values similar to those of the Older
Series to values significantly lower than that.

Younger Series lavas also display a range of light
to heavy rare earth fractionation, although not as
great as in the Intermediate Series. On average,
they are less LREE-enriched than either the Older
or Intermediate Series. Absolute REE concentra-
tions in the Younger Series are generally lower
than those in either the Older or Intermediate
Series.

[1s] Other trace element concentrations are
reported in Table 2. Older Series lavas have higher
absolute abundances of a number of incompatible
elements, notably Rb, Sr, Y, Zr, Hf, and Pb, than
the two later series and lower absolute abundances
of compatible elements such as Ni and Cr. La, Nb,
Ni, and Cr are plotted versus MgO concentration in
Figure 3. Strong correlations between Ni and Cr
and MgO are apparent, suggesting their concen-
trations have been strongly influenced by fractional
crystallization. In contrast, Nb and La concentra-
tions are essentially uncorrelated with MgO, indi-
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Figure 2. Chondrite-normalized REE abundance pat-
terns for Younger, Intermediate, and Older Series lavas
from Mauritius. Dotted lines joining solid squares are
chondrite-normalized abundances in NMORB [from
Hofmann, 1988]. Chondritic concentrations are based
on those of Nakamura [1974].

cating that these, as well as other incompatible
element concentrations, primarily reflect other pro-
cesses or factors such as extent of melting and
source heterogeneity. Figure 3 also illustrates the
more fractionated character of Older Series lavas
compared with the Intermediate and Younger Se-
ries, as was pointed out by Baxter [1976].

[16] Figure 4 shows several trace element ratios
plotted versus La concentration. For Sc/Yb versus
La, all three series define a single correlation, albeit
a weak one. For a given La concentration (e.g.,
20 ppm), the Younger and Intermediate Series have
higher La/Sm and La/Yb than the Older Series. In
contrast, the Younger and Intermediate Series
together form one correlation in plots of La/Sm,
La/Yb, and Zr/Nb versus La, whereas the Older
Series forms a separate, generally weaker, correla-
tion. In terms of La concentrations and La/Sm, La/
Yb, and Sc/Yb ratios, the Older and Younger Series
overlap only slightly, while the Intermediate Series
overlaps both other series completely, exhibiting a
range of La concentrations and ratios that essen-
tially encompass the range of the other two series
combined. In contrast, Zr/Nb ratios of the Older

and Younger Series overlap completely, with the
Intermediate Series having generally lower Zr/Nb
ratios.

[17] The ***Th/***U ratio (x) of Mauritius basalts
exhibits a distinctive feature of the Réunion mantle
plume. Excluding 3 samples (M-59, M-63, and
M-46) that have anomalously high k values
greater than 5.5 (likely to result from U loss
due to posteruptional alteration), the average k of
all Mauritius basalts is 4.19 + 0.28 (1o). This is
similar to the time-integrated  value (chondritic)
of 4.02 £ 0.03 inferred from the radiogenic
208pp/2%Ph ratio [Galer and O’Nions, 1985].
This suggests that Mauritius basalts have similar
elemental and time-integrated Th/U ratios, a
feature characteristic of the Réunion plume and
observed in samples from only very few oceanic
island basalts (OIB).

3.2. Isotope Ratios

[18] Sr, Nd, Pb, and Hf isotope ratios are reported
in Table 3. Figure 5 shows that Sr, Nd, and Hf
isotopic compositions of Mauritius basalts are, for
the most part, intermediate between those of Central
Indian Ridge MORB (Mid Ocean Ridge Basalt) and
Réunion basalts. The three Mauritius series define 3
separate, but somewhat overlapping fields in Sr-Nd-
Hf isotope space. Although overall, isotope ratios
show the expected correlations, correlations be-
tween isotope ratios within individual series are
weak. A notable exception is the Older Series,
which shows a quite strong correlation between
Hf and Nd isotope ratios. In contrast, there is almost
no correlation between Nd and Hf in the Interme-
diate and Younger Series because Hf isotope ratios
are virtually constant within each of these two
series. The Intermediate Series is characterized by
lower ¥’St/**Sr and hi§her &ng and ey than the other
series (average: 87Qr/808r = 0.70377, eg¢=10.8, and
end = 5.5). The Younger Series lavas have Sr
isotopic compositions intermediate between the
Older and Intermediate Series, with an average
87S1/%°Sr = 0.70391, and generally lower values of
end> With an average eng = 4.9 and average ey¢ of
9.6. The Older Series (average ®’Sr/*®Sr = 0.70413,
enr=9.7 and eng = 5) overlaps considerably with the
field for Réunion basalts on the exg->’ Sr/°°Sr plot;
there is less overlap on the eng-cyr plot, but this
could simply be a consequence of the very limited
amount of Hf isotope data available for Réunion.
Mauritius basalts are also broadly similar in Sr and
Nd isotopic composition to other Indian Ocean
islands such as Bouvet, Rodrigues, N. Amsterdam,
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Figure 3. Compatible and incompatible trace elements plotted as a function of wt% of MgO. Strong correlations
between Ni, Cr, and MgO suggest extensive fractional crystallization in the Older Series and less fractional

crystallization in the other two series.

St. Paul, and Crozet [Hedge et al., 1973; O Nions et
al., 1977; Dupré and Allegre, 1983; Baxter et al.,
1985; Mahoney et al., 1996], as well as to Hawaii.
These isotopic data demonstrate that each series has
a distinct, and internally heterogeneous, source,
with the source for the Older Series being less
depleted than those of the Intermediate and Younger
Series lavas.

[19] Figure 6 shows variation of Pb isotope ratios
in Mauritius basalts. They exhibit high 2°*Pb/***Pb
and *”’Pb/***Pb relative to **°Pb/***Pb, which are
characteristic of both MORB and OIB from the
Indian Ocean g.e., the “DUPAL” signature). Un-
like ¥’St/*0Sr, '7°H{/!7Hf, and '**Nd/"**Nd, the Pb
isotopic compositions of Mauritius basalts extend
to both higher and lower values than Réunion
basalts, and overlap the Réunion field considerably.
(We point out that while there is extensive Pb
isotope data on Réunion, the data are heavily
biased toward very young and historical lavas of
Piton de la Fournaise [e.g., Viastélic et al., 2005].
Data from older lavas of Piton de la Fournaise and
Piton des Neiges are scarce. It may well be that
Réunion will show considerably more variation

when a more complete data set becomes available.)
Younger Series lavas have the lowest 2°°Pb/>**Pb
(average = 18.5930), 207pp/294pPh (average =
15.563), and 2°*Pb/***Pb (average = 38.611). The
Older Series lavas generally have the highest Pb
isotope ratios with average values of 2°°Pb/***Pb =
19.004, *’Pb/***Pb = 15.604 and ***Pb/***Pb =
39.1. The Pb isotopic compositions of Intermediate
Series lavas is, for the most part, intermediate
between the Older and Younger Series with an
average Pb isotopic composition of *°°Pb/***Pb =
18.906, *’Pb/***Pb = 15.578 and ***Pb/***Pb =
38.985, but they overlap the fields of the other
series considerably and three samples (B-5, B-24,
B-32) have higher *°°Pb/***Pb and *°*Pb/***Pb
than any Older Series lava. The shift toward more
depleted Sr, Nd, Hf, and Pb isotopic signatures
from the Older Series to the Intermediate Series is
similar to that observed between shield-building
tholeiites and posterosional volcanism in Hawaiian
volcanoes [e.g., Macdonald and Katsura, 1964;
Chen and Frey, 1985; West et al., 1987].

Lzo] Figure 7 shows the relationships of eygq and
'St/*°Sr to the 2°°Pb/2**Pb ratios in Mauritius
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Incompatible element ratios plotted against La concentration in Mauritius lavas. On all plots except

Sc/Yb, the Older Series form a correlation that is distinct from that of the Intermediate and Younger Series. For a
given La concentration, the Older Series has lower La/Sm and La/Yb and higher Zr/Nb ratios than the Intermediate

and Younger Series.

lavas. In Figure 7a, the Nd-Pb isotope trend in
Older and Intermediate Series are collinear with the
Central Indian Ridge (CIR) MORB, and plot away
from the Réunion field. Isotopic compositions for
Younger Series lavas define a distinct field between
CIR MORB and Réunion. In the ¥’St/*°Sr versus
206pp/294pp plot (Figure 7b) the three different
series define distinct fields.

[21] Animations 1 and 2 provide three-dimen-
sional views of the relationships between Sr,
Nd, Hf, and Pb isotope ratios. These views show
that while the 3 Mauritius series have isotopic
compositions that are broadly intermediate be-
tween those of Réunion and the CIR, they cannot
be thought of simply as mixtures between a
Réunion and CIR component, even if both end-
members are allowed to be heterogeneous. Fur-
thermore, each of the 3 series occupies a unique
region in isotope space. With our data alone,
there appears to be essentially no overlap be-
tween the series; with the inclusion of the new
data of Nohda et al. [2005], there is quite

significant overlap between the Younger and
Intermediate fields in exg-> Sr/%°Sr-2°°Pb/?**Pb
space, but the Older Series remains distinct.

[22] Figure 8 shows the relationship between a
variety of trace element ratios and ®’Sr/*°Sr.
There is essentially no correlation between trace
element ratios and ®’Sr/*°Sr. Correlations be-
tween trace element ratios and other isotope
ratios are similarlgl poor. Despite having
distinctly lower *’Sr/*°Sr than the Older Series,
La/Sm and Zr/Nb ratios of the Younger and
Intermediate Series are broadly similar to those
of the Older Series. Sm/Nd of the Younger and
Intermediate Series are slightly higher on average
and Rb/Sr ratios slightly lower than in the Older
Series. These latter relationships are what one
would expect, suggesting that some of the trace
element variability reflects source heterogeneity.
However, the overall poor correlation between
incompatible element ratios and isotopic compo-
sition indicates that some other factor, such as
the extent of melting, may exert a more impor-
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Table 3. Sr, Nd, Hf, and Pb Isotope Ratios in the Basalts From Mauritius®

87G,/86g, Esr 143Nd/M44Nd Exd 1766\ TTHE enr 2°PbO%Ph  207ph2%pp  208pp204py,
Younger Series
M-59  0.70399 + 1 —-72 0512927 +18 56 0.283042+5 9.5 18.469 15.559 38.454
M-63 0.70381 £ 2 —9.8  0.512907 £ 16 52 0.283061 £ 6 10.2 18.619 15.552 38.581
M-79  0.70394 + 2 —-79 0512863 +14 44 0.283035+6 9.3 18.718 15.560 38.740
M-82  0.70389 +2 —86 0512872+16 4.6 0.283051 +£6 9.9 18.690 15.551 38.720
M-84  0.70393 + 2 —8.1 0512871 +18 4.5 0.283037 6 9.4 18.585 15.591 38.677
M-86 0.512906 + 20 5.2 0.283047 £ 6 9.7 18.475 15.563 38.496
Intermediate Series
B-5 0.70369 +2  —11.5 0512874 +16 4.6 0.283056+6 10.0 19.170 15.599 39.352
B-19 0.70369 + 2 —11.5 0.512953 + 16 6.1 0.283082 + 6 11.0 18.849 15.583 38.880
B-21 0.70369 +2  —11.4 0512967 +18 6.4 0.283077+8 10.8 18.825 15.572 38.840
B-24 0.70371 +1 —11.3 0.512923 +14 56 0.283069 +6 10.5 19.095 15.578 39.312
B-25 0.70383 + 2 -9.5 0512893 +16 5.0 0.283084 5 11.0 18.848 15.566 38.871
B-27 0.70396 + 2 —-7.6 0512911 +£14 53 0283093 +7 114 18.768 15.557 38.733
B-33 0.70377+2 —104 0512930+ 16 57 0.283086+3 11.1 19.058 15.583 39.199
M-20 0.70376 +2 —104 0.512882 +18 4.8 0.283064+5 10.3 19.064 15.584 39.297
M-23  0.70377+1 —103 0.512945+20 6.0 0.283077+3 10.8 18.883 15.585 38.981
M-25 0.70374+1 —10.7 0.512927+16 56 0.283079+6 10.9 18.643 15.559 38.629
M-67  0.70369 + 1 —11.5 0.512938 + 20 5.8 0.283068 + 5 10.5 18.560 15.558 38.577
M-81 0.70372 £ 1 —11.0  0.512945 £ 18 6.0 0.283084 + 5 11.0 18.818 15.571 38.844
Older Series
M-4 0.70413 £ 1 —52 0.512903 £ 16 52 0.283071 £ 5 10.6 18.992 15.616 39.121
M-18  0.70407 + 1 —6.0 0512907 +14 53 0.283077+5 10.8 18.922 15.588 38.983
M-46  0.70417 + 1 —4.6 0512885+18 4.8 0.283031 =4 9.2 18.994 15.603 39.038
M-50  0.70425 + 1 —-3.6 051288718 49 0.283046 £ 5 9.7 19.002 15.611 39.102
M-53 0.70411 £ 1 —5.5 0.512901 + 18 5.1 0.283048 + 7 9.8 19.082 15.624 39.167
M-61  0.70404 + 1 —6.5 0512856 +12 43 0.282997 £6 8.0 19.079 15.605 39.318
M-69  0.70409 + 1 —5.8 0.512904 + 16 52 0.283063 + 4 10.3 19.011 15.583 39.033
M-70  0.70425 +2 —-3.6 0512880 +18 49 0.283048 £ 6 9.8 18.946 15.604 39.068
M-74  0.70407 + 1 —6.1 0512898 £18 5.1 0.283045+5 9.7 19.008 15.605 39.067

Sr, Nd, and Hf isotope ratio errors are 2 standard errors of the mean based on in-run statistics. The 2 standard errors for all the Pb isotope ratios
are <0.0001. See section 2 for the error estimates based on the NBS 981 Pb standard [7odt et al., 1996]. Standard error is given as (o/+/n)/mean,
where 7 is the number of measurements and o is the standard deviation. eng, €5, and ep¢ are the fractional deviations, in units of parts per 10,000,
from the present-day chondritic bulk Earth ratio, which is taken as 0.512638 for "**Nd/"**Nd, 0.7045 for ¥’St/*®Sr, and 0.282772 for '"*Hf/'""HI.

tant control on trace element composition than
source heterogeneity.

4. Discussion

[23] The location and timing of Mauritian volca-
nism imply it is a product of the Réunion mantle
plume, which apparently began by producing the
Deccan Traps flood basalt event in India around
65-66 million years ago [Mahoney et al., 2002] and
is now responsible for current volcanism on Ré-
union [e.g., Duncan and Richards, 1991; Duncan
and Storey, 1992]. The isotope data we report here,
along with previously reported isotope data
[Norry, 1977, Mahoney et al., 1989; Sheth et
al., 2003], support this idea. From analysis of
basalts recovered from the Réunion hot spot
track on ODP Leg 115, White et al. [1990] concluded
that the isotopic composition of the Réunion plume

has changed with time, shifting systematically to-
ward more enriched signatures. As Figure 9 shows,
the Older Series of Mauritius fit this gattem well,
having on average slightly lower *’Sr/*®Sr than the
somewhat younger basalts from Réunion. Thus we
conclude that the Older Series represent the shield-
building phase of Mauritius and were produced by
melting of the Réunion mantle plume.

4.1. Source of Rejuvenescent Magmas in
Mauritius and Elsewhere

[24] The Intermediate and Younger Series fit the
plume model considerably less well, being too
young and having Sr, Nd, and Hf isotopic compo-
sitions shifted toward MORB values (Figure 9).
The isotope data reported here and in other studies
suggest that the Younger and Intermediate Series
are products of melting of sources different from
that of the Older Series. Their alkalic character
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Figure 5. 87S1/86Sr, eng, and ey in Mauritius lavas. Shown for comparison are fields for Réunion [Fisk et al., 1988;
Albarede et al., 1997; Bosch et al., 1999; Luais, 2004; J. Blichert-Toft, unpublished data] and CIR MORB [lfo et al.,
1987; Mahoney et al., 1989; Chauvel and Blichert-Toft, 2001; Escrig et al., 2004]. Open symbols are previously
reported data on Mauritius lavas [Mahoney et al., 1989; Peng and Mahoney, 1995; Sheth et al., 2003; Nohda et al.,

2005].

suggests they are products of smaller extents of
melting than the Older Series, and thus seem
analogous to the posterosional series of Hawaii.
This raises the questions of what is the source of
these lavas and, more profoundly, what is the cause
of rejuvenescent volcanism on Mauritius and else-
where.

[25] There are 3 possible sources of the Younger
and Intermediate Series: the mantle plume itself

(though a component different from the source of
the Older Series), the overlying lithosphere, or
surrounding asthenosphere, or a mixture of two
or more of these. The idea of a mixed source for
rejuvenescent magmas has been a popular one.
Chen and Frey [1983] proposed that the source
of posterosional volcanism in Hawaii was a mix-
ture of the Hawaiian mantle plume and ambient
asthenosphere (i.e., MORB-source). Sheth et al.
[2003] suggested that the sources of the Mauritian
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Figure 6. Pb isotope ratios in Mauritius lavas. Note
that the analytical uncertainty for °°Pb/***Pb is smaller
than the size of the symbols. Shown for comparison are
data from Réunion, Hawaii (GEOROC database, MPI,
Mainz), and CIR MORB. Data sources are the same as
in Figure 5 except for Réunion, which also includes data
from Dupré and Allegre [1983], W. White (unpublished
data), and Viastélic et al. [2005].

volcanics, the Older Series as well as the Interme-
diate and Younger Series, were mixtures of depleted
upper mantle (MORB-source) and an enriched
mantle source metasomatized to various degrees
by melts derived from depleted upper mantle.
Their idea follows an earlier proposal by Roden
et al. [1984] to explain Hawaiian posterosional
volcanism.

[26] The crust and lithosphere upon which Mauri-
tius was constructed was created at the ancestral
CIR at about 50 to 60 Ma [Royer et al., 1992].
We have no samples of Indian MORB of that age,
but it seems reasonable to assume that MORB of
that age was similar in composition to modern
Indian Ocean MORB. This composition presum-
ably represents that of the asthenosphere that
melted to produce these basalts and as it cooled,
became the lithosphere underlying that crust. Thus
a reasonable assumption about the isotopic com-
position of both lithosphere and asthenosphere
beneath Mauritius is that it is similar to modern
CIR MORB. One might suppose that the compo-

sition of the lithosphere could be altered if it were
infiltrated by small degree melts of asthenosphere.
However, 60 Ma would not provide the necessary
time for Nd and Hf isotopic compositions of even
highly incompatible-element-enriched metasomatic
veins to have evolved to appreciably different
values from those of the Indian MORB source.
Hence there is no reason to think that either
asthenosphere or lithosphere under Mauritius
should have isotopic compositions different from
modern CIR MORB.

[27] Figures 5—7 and Animations 1 and 2 show
that the isotopic compositions of both the Interme-
diate and Younger Series lavas are distinct from
modern CIR MORB; this would seem to rule out
both asthenosphere and lithosphere as the source of
these lavas. This conclusion is further supported by
thermal studies of plumes and their interaction with
overlying lithosphere and surrounding astheno-
sphere. Several such studies have concluded that
neither the overlying lithosphere nor the surround-
ing asthenosphere is sufficiently heated by the
plume to melt [Ribe and Christensen, 1994,
1999; Farnetani and Richards, 1995]. The only
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Fi§ure 7. Variations in eng and ®7Sr/%°Sr with
206pp/294ph in Mauritius lavas. Note that in
206pp/294ph—87S1/%0Sr space the analytical uncertainties
are smaller than the symbols plotted. Data sources are
the same as in Figures 5 and 6.
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Figure 8. Variations in incompatible element ratios with ®’Sr/*Sr in Mauritius lavas. Symbols are the same as in
previous figures. La/Smy is normalized with respect to chondritic abundances. Correlations are poor overall. The
composition of Older Series lavas always plots in a distinct field.

other reason why lithosphere would melt is decom-
pression. Assuming the lithosphere is initially
below its solidus, simple thermodynamic calcula-
tions show that implausibly large amounts of uplift
would be required for lithosphere beneath oceanic
islands to undergo sufficient decompression melt-
ing (~1%) to generate rejuvenescent magmas (if
the lithosphere is initially 50°C below its solidus,
in excess of 15 km rise would be required to
produce 1% melting). Thus on both chemical and
physical grounds, we feel that both lithosphere and
asthenosphere can be ruled out as the source of
rejuvenescent magmas.

[28] Even if lithosphere and asthenosphere are not
the direct source of rejuvenescent magmas, they
still might contribute to these magmas. For exam-
ple, Farnetani and Richards [1995] suggested
some lithosphere might be assimilated by magmas
rising through it. The general linearity of the data
arrays on the Pb-Pb isotope plots gFigure 6),
particularly 2°*Pb/***Pb versus 2°°Pb/>**Pb, is sug-
gestive of such binary mixing. The scatter could be
explained if, as Sheth et al. [2003] propose, either
or both end-members are somewhat heterogeneous.
This linearity is, however, not present in plots

involving Sr, Nd, and Hf isotope ratios. In partic-
ular, the three-dimensional views of the data
afforded by Animations 1 and 2 show that, while
the Mauritian rejuvenescent volcanics tend to be
intermediate between MORB and both Mauritian
Older Series and Réunion, they do not define
mixing curves between these, or between any other
components for that matter. Indeed, in the Sr-Nd-
Pb animation, the fields of the three series are
neither linear nor curvilinear. This argues, we
believe, against the sources of Mauritian rejuve-
nescent magmas being binary mixtures of plume
and asthenosphere, or of plume and lithosphere.

4.2. Evaluation of the Ribe and
Christensen Model

[29] If neither lithosphere nor asthenosphere is the
source of rejuvenescent magmas, the source can
only be within the mantle plume itself. Further-
more, it is difficult to imagine any cause of melting
other than decompression. In their model of the
Hawaiian plume, Ribe and Christensen [1999] find
a weak secondary region of decompression melting
within the plume that occurs 300—500 km down-
stream from the primary melting zone within the
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Figure 9. Temporal variation of 87Sr/%6Sr in lavas from Réunion, Mauritius, Rodrigues, the Mascarene Plateau
(ODP Leg 115 Sites 706, SM-1, and 707), the Chagos-Lacadive Ridge (Sites 714 and 715), and the Ambenali
Formation of the Deccan Flood Basalts (~65 Ma). The Ambenali Formation is thought to represent the least crustally
contaminated of the Deccan Flood Basalts. Data are from this study, Baxter et al. [1985], Fisk et al. [1988], White et
al. [1990], Albarede et al. [1997)], Mahoney et al. [1982], and Lightfoot and Hawkesworth [1988].

vertical stem of the plume. In the model, this
secondary melt zone produces a secondary pulse
of volcanism about 3.5-5.5 Myr after the initial
episode, which agrees well with the timing of
rejuvenescent volcanism on many, albeit not all,
Hawaiian volcanoes. Melting extents are about 1%,
which would produce just the kinds of highly
alkaline magmas that typify rejuvenescent volca-
nism in Hawaii, Mauritius, and elsewhere.

[30] The secondary melting occurs as a conse-
quence of particle paths on the downstream side
of the plume. Material in the downstream side of
the plume first undergoes limited (<1%) melting at
the top of the stem of the plume (at depths of 100—
110 km), but the melting ceases as the rigid
lithosphere above prohibits further rise. The mate-
rial eventually rises slightly again as the plume
spreads laterally several hundred km downstream
from the vertical stem. Ribe and Christensen
[1999] reported that the secondary melting zone
was a robust feature of their model, but Jull and
Ribe [2002] subsequently found that its existence
was sensitive to boundary conditions. Numerical
models of the Hawaiian plume by Phipps Morgan
and Parmentier [1998] and Phipps Morgan and
Morgan [1999a] produced rather similar patterns of
melting as in the Ribe and Christensen model, with
melting well downstream of the plume stem as a

consequence of buoyant lateral spreading. There is,
however, a difference in that Morgan’s model has a
melting “tail” that extends hundreds of kilometers
downstream with no hiatus rather than the discrete
“secondary melting zone” that appears in the Ribe
and Christensen [1999] model.

[31] The possibility presented in both these models
that some particle paths within the plume might
lead to melt generation well downstream from the
main melting zone provides an appealing explana-
tion of rejuvenescent volcanism, in the Réunion as
well as the Hawaiian plume. Although there are
key differences between the Réunion-Mauritius
situation and Hawaii, such as lithosphere velocity
and the buoyancy flux of the plume, that might
affect particle paths and therefore the appearance of
secondary melting zones, application of these
models to Mauritius certainly merits examination.

[32] There are, however, two geochemical prob-
lems with these models. First, plume material in the
secondary melt region melting tail has already
undergone melt extraction in the primary melt
region. The extent of extraction is likely small,
but can mantle that has already undergone one
round of melt removal further melt to generate
the highly incompatible-element-enriched magmas
that typify rejuvenescent volcanism? Second, if
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Table 4. Partition Coefficients Used in Melting
Calculations

Olivine  Orthopyroxene  Clinopyroxene  Garnet
La 0.0004 0.002 0.05 0.02
Ce 0.0006 0.003 0.11 0.07
Pr 0.0008 0.0048 0.19 0.16
Nd  0.00093 0.0068 0.28 0.36
Sm 0.0013 0.01 0.40 1.00
Eu 0.0016 0.013 0.46 1.82
Gd 0.0016 0.016 0.51 2.45
Tb 0.0015 0.019 0.55 3.08
Dy 0.0016 0.022 0.60 3.20
Ho 0.0016 0.026 0.59 3.30
Er 0.0016 0.03 0.58 3.40
Tm 0.0015 0.04 0.57 3.50
Yb 0.0015 0.049 0.56 3.49
Lu 0.0015 0.06 0.55 3.40

rejuvenescent magmas originate within the same
plume that produced the shield-stage magmas, why
are they isotopically distinct?

4.2.1. Modeling Rare Earths of
Secondary Melts

[33] We address the first question with simple
calculations of incompatible element (specifically,
the REE) behavior during melting. We assume that
the plume is lithologically homogeneous garnet
peridotite (6% garnet, 9% clinopyroxene, and the
remainder olivine and orthopyroxene) and that
complete equilibration is achieved (as we shall
see, different assumptions must be made to ac-
count for isotope ratios). First, we took the Older
Series lava with the lowest REE abundances, M-
74, and calculated a parental magma composition
assuming M-74 had experienced 30% olivine frac-
tionation. Watson and McKenzie [1992] estimate
about 7% melting for production of Hawaiian
shield stage magmas. Because the Mauritius Older
Series magmas are somewhat more alkalic and
because magma production rates for the Réunion
plume are lower than for the Hawaiian plume, we
assume a somewhat lower extent of melting, 5%,
for production of the Older Series lavas (however,
assuming anything in the range from 4 to 7%
makes little difference to the final result). With
this assumption, we use this hypothetical parental
magma to calculate the source composition using
the continuous melting equation [A/baréde, 1995]
and assuming a porosity of 0.1%. Partition coef-
ficients were drawn from the GERM partition
coefficient database (http://earthref.org/GERM)
and are listed in Table 4. This is the “primary
plume source.” As Figure 10 shows, it is slightly

enriched in middle rare earths relative to both the
light and heavy REE (and has higher-than-chon-
dritic Sm/Nd, consistent with its positive enq). We
then calculated the composition of the secondary
source by removing between 0.5% and 2% melt
fraction from the primary source. Finally, we
calculate melt compositions produced by 0.5% to
2% melting of this secondary source. The contin-
uous melting model with a porosity of 0.1% was
also used in the latter two melting calculations.

[34] We found that magmas produced by the lowest
extent of melting (0.5%) of the least depleted
secondary source (loss of 0.5% melt) would have
REE abundances and patterns that fall within the
range of Mauritian Younger and Intermediate Se-
ries lavas (Figure 10). The fit to the Intermediate
Series is somewhat better than to the Younger
Series, but given all the uncertainties involved,
the fit seems reasonable for both series. At higher
extents of melting and high extents of depletion of
the secondary source, however, the model patterns
begin to differ significantly from Younger to Inter-
mediate Series lavas in becoming concave down-
ward in the LREE; i.e., La/Cen < 1. This feature,
although sometimes seen in other OIB, such as
some from Hawaii and the Galapagos, is not
present in the rejuvenescent lavas of Mauritius.
The turn-over occurs when the melt extraction in the
primary melting zone exceeds ~0.5%, or when the
extent of melting in the secondary melting zone
(generating the rejuvenescent magmas) exceeds
~0.5%. The conditions under which concave down-
ward patterns appear depend somewhat on the
melting model used; if the batch melting equation
is used, concave downward patterns do not appear
until the extent of depletion or degree of melting
exceed about 1%; they appear at even smaller extents
for pure fractional melting. Increasing the porosity in
the continuous melting model allows higher extends
of depletion or melting before concave downward
patterns appear.

[35] Thus the Ribe and Christensen and Morgan
two-stage melting models could produce rejuve-
nescent-stage magmas with REE abundances and
patterns similar to those of Mauritian Younger and
Intermediate series lavas, but only if the melt
depletion in the primary melting zone is very small
(0.5%) and the extent of melting in the secondary
melting zone is similarly small (0.5%). Concave
downward rare earth patterns seem to be a charac-
teristic feature of melts produced by two-stage
melting models at all except the lowest extents of
melting. The absence of such rare earth patterns in
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Figure 10. Model of REE patterns for magmas produced by the two-stage melting implicit in the model of Ribe and
Christensen [1999]. The “primary source” is calculated assuming that this source produces lava sample M-74 by 5%
melting and 30% subsequent olivine fractional crystallization. The source is assumed to consist of 58% olivine, 27%
orthopyroxene, 9% clinopyroxene, and 6% garnet. Partition coefficients were compiled from the GERM database
(http://earthref.org/GERMY/) and are listed in Table 4. Continuous melting [A/baréde, 1995] with a porosity of 0.1% is

assumed. The “secondary source”

is calculated by removing 0.5—-2.0% melt from the primary source, also by

continuous melting. Secondary melts (the rejuvenescent-phase magmas) are then calculated as 0.5—2.0% melts of the
secondary source. Only those melts produced by the lowest extent of melting of the least depleted source match the

patterns of Younger and Intermediate Series lavas.

Mauritius, and among rejuvenescent magmas else-
where, however, raises some doubts about appli-
cability of this model.

4.2.2. A Lithologically Heterogeneous
Plume?

[36] Isotopic compositions represent a greater dif-
ficulty for the Ribe and Christensen and Morgan
models. If rejuvenescent magmas originate within
the same plume that produced the shield stage
magmas, why are they isotopically distinct? One
might speculate that the plume is laterally hetero-
geneous and different parts of the plume contribute
to the shield-building and rejuvenescent phases.
The problem with this is that rejuvenescent volca-
nism seems always to have a more depleted isoto-
pic signature than the shield-building stage. This is
the case not only in both Hawaii and Mauritius, but
in Samoa, and the Society Islands as well. Further-
more, the vast North and South Hawaiian Arch
volcanic fields that lie on the seafloor well off to
the side of the Hawaiian chain consist of lavas with
isotopic signatures that are broadly similar to
Hawaiian rejuvenescent magmas. The South Arch

is on the up-drift side of the plume, whereas the
North Arch is down-drift of the plume. Thus there
is simply no reason that the downstream side of a
plume should have a more depleted isotopic char-
acter than parts of the plume that feed shield-
building volcanism. Furthermore, in these models
volumes that ultimately melt in the secondary
melting zone undergo some melting in the primary
melting zone, and thus contribute to shield-build-
ing magmas.

[37] The only way that the Ribe and Christensen
and Morgan models can account for the isotopic
observations is if isotopic equilibration is not
achieved during melting such that the isotopic
signature of melts somehow depends on extent of
melting. This could occur if the plume is both
lithologically and isotopically heterogeneous; in
other words, it consists of a plum-pudding, mar-
ble-cake, or veined mantle in which the veins or
plums carry much of the incompatible element
inventory as well as the more enriched isotopic
signature [e.g., Hanson, 1977; Zindler et al., 1979;
Allegre and Turcotte, 1986; Phipps Morgan and
Morgan, 1999b]. For example, refractory peridotite
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might be embedded with veins, dikes, pods, or
strings of low-solidus material that is somewhat
more “basaltic” in composition (e.g., pyroxenite,
eclogite, kimberlite). Any small-scale isotopic het-
erogeneity is likely to be destroyed by diffusional
mixing once melting begins [Hofinann and Hart,
1978], but larger scale (>1 m) heterogeneity might
be immune to this as melts of the various compo-
nents could only be homogenized by advective
transport and mixing. Indeed, the observations that
melt inclusions are sometimes much more isotopi-
cally heterogeneous than their host oceanic island
basalts [e.g., Saal et al., 1998] suggest that magma
sources are indeed quite heterogeneous on inter-
mediate scales, scales larger than what can be
homogenized by diffusion but smaller than the
scale of the melting region.

[38] If the Réunion mantle plume is heterogeneous
on this scale, both lithologically and isotopically,
we speculate that the most isotopically enriched
signature, carried in the low-solid veins and pods,
might be extracted in Ribe and Christensen’s
[1999] primary melting region, leaving the more
refractory matrix to produce rejuvenescent magmas
in the secondary melting zone, or in the melting
“tail” of Phipps Morgan and Parmentier [1998]
and Phipps Morgan and Morgan [1999a]. At face
value, such a model would seem capable of ac-
counting for the more depleted isotopic signatures
of rejuvenescent magmas, not only on Mauritius,
but also on other oceanic islands such as Hawaii,
Samoa, and the Societies. If this model is correct, it
is nonetheless surprising that the isotopic compo-
sitions of the Younger, Intermediate, and Older
Series do not fall along mixing arrays, as it would
seem difficult to extract a melt from the “plums”
without getting some of the isotopic flavor of
the “pudding” or visa versa. This is somewhat
troublesome and we have no good explanation for
it. In this respect, Mauritius seems somewhat
unusual, as isotopic compositions of posterosional
lavas from Hawaii, Samoa, and the Societies do
form arrays pointing toward the fields for the
corresponding shield-stage lavas [e.g., Chen and
Frey, 1985; Wright and White, 1987; White and
Duncan, 1996]. There is yet another possibility,
which is that the more enriched isotopic signature
is carried by the most refractory material, which
melts only in the higher regions of the primary
melting zone. We can think of no observations that
allow us to rule out such a scenario; however, it
makes less geologic sense. Incompatible-element
patterns of oceanic basalts suggest that, ultimately,
melting and melt transport is primarily responsible

for chemical heterogeneity in the mantle (this is
true even in models such as that of Hofmann
and White [1982], where subducted oceanic crust
carries the enriched isotopic signature). For this
reason, we suspect the more enriched isotopic
signature should be associated with the least
refractory (lowest solidus) material.

[39] A lithologically heterogeneous plume and
failure to achieve equilibrium during melting
would violate the assumptions we made in mod-
eling REE patterns in the previous section and
therefore invalidate the conclusions. If equilibrium
is not achieved, and if melt can be extracted from
the “plums” without reacting with the surround-
ing more refractory matrix, the matrix may remain
undepleted in incompatible elements before melt-
ing in the “melting tail” of Morgan or the
“secondary melting zone” of Ribe and Christen-
sen, thus allowing somewhat greater extents of
melting in both the primary and secondary melt-
ing zone without producing concave downward
REE patterns. Whether this is possible depends on
the scale of the heterogeneity and how quickly
melt flow transitions from compaction-driven po-
rous flow to channelized flow. In porous flow,
melt flows along grain boundaries, making both
chemical and isotopic equilibrium much more
likely than if melt is restricted to veins or dikes.
Spiegelman and Kenyon [1992] found that vein
spacing of as little as 10 cm could result in
significant disequilibrium. Spiegelman et al.
[2001] demonstrated that it is possible for melt
migration to transition from porous to channelized
flow on length scales comparable to the mantle
compaction length (10°—10% m). Their calcula-
tions assume a homogeneous medium with the
solubility of solid in the melt, a key factor,
dependent only on depth. It is unclear just how
applicable their calculations are to a lithologically
heterogeneous medium. Nevertheless, their results
suggest that if the scale of lithologic heterogeneity
is greater than the compaction length (i.e., greater
than 10°—10% m), it might be possible to extract
melt from enriched plums without it equilibrating
significantly with the surrounding matrix.

[40] Sleep [1984] pointed out that when low-soli-
dus temperature plums or veins in a more refrac-
tory matrix melt, heat will flow from the matrix
into the plums and thereby enhance melting of the
plums. This occurs because the plums and matrix
attempt to maintain thermal equilibrium, yet ther-
mal energy in the plums is being consumed as
latent heat of fusion. Hirschmann and Stolper
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Figure 11. Model of decompression melting in a lithologically heterogeneous plume based on the numerical models
of Ribe and Christensen [1999] and Phipps Morgan and Morgan [1999a] and thermodynamic considerations of
Phipps Morgan [2001]. Double arrow lines show the flow of material in the core and downstream margin of the
plume. The plume is assumed to consist of plums of eclogite or pyroxenite whose solidus is tens of degrees lower
than that of the surrounding matrix. Plums begin to melt deep in the interior of the vertical stem of the plume.
Thermal energy consumed in melting the plums keeps the matrix from melting until much shallower levels are
reached. Plume material then passes into a region where both plums and matrix are melting. Material in the core of
the plume eventually reaches a region where only the matrix is melting. Material in the downstream margin passes
into the “melting tail,” where both plums and matrix are melting. However, the incompatible elements in the plums
are effectively all extracted in the vertical stem, so melts generated in the melting tail have the isotopic composition of

the matrix.

[1996] and Phipps Morgan [2001] subsequently
considered the thermodynamics of this scenario in
detail. Phipps Morgan’s [2001] analysis reveals
that a number of interesting effects can occur. First,
melt productivity (i.e., dF/dP) can be enhanced by
a factor of 3 to 5. Second, if the plums are
volumetrically significant, then the initial depth
of melting of the peridotite fraction will be 5 to
10 km shallower than otherwise, enlarging the
region over which only the plums melt. Third,
because the solidus temperature increases as melt-
ing proceeds, the solidus temperature of the plums
may exceed that of the matrix, so that the plums
will stop melting and only the matrix will be
melting. In that case, thermal energy flows from
the plums to the matrix, enhancing melting in the
latter. Consequently, melting in a lithologically
heterogeneous plume will be stratified: at the
deepest level, only the plums will be melting, at
a higher level both plums and matrix will be
melting, and finally, only the matrix may be
melting. These effects assume that the matrix and
plums remain in thermal equilibrium, which in turn

limits the scale of heterogeneity to <100—500 m
[Sleep, 1984; Phipps Morgan, 2001].

4.3. Model of Volcanic Evolution
of Mauritius

[41] The model we envision is illustrated in
Figure 11. The Réunion mantle plume is litholog-
ically heterogeneous with plums of eclogite or
pyroxenite embedded in a peridotite matrix. From
a consideration of the need to maintain isotopic
disequilibrium and thermal equilibrium we deduce
that the scale of heterogenelty must be ~10°> m

The plum solidus is first reached in the center of
the plume, where temperatures are highest. Plum
melts rise vertically and mix with melts from the
region where both plums and matrix are melting.
Provided the plume is hot enough and rises to
sufficiently shallow levels, hybrid melts generated
at deeper levels will mix at shallower levels with
melts generated by melting of only the matrix.
These hybrid melts eventually reach the surface
as the shield-building lava series (the Older Series
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on Mauritius). Downstream from the plume center,
the plum-only melting region pinches out as the
plume flattens against the lithosphere, so the melts
arriving at the surface are increasingly derived
from the plum-and-matrix and matrix-only melt-
ing regions. Consequently, the erupted lavas have
more depleted isotopic signatures characteristic of
late-stage and postshield eruptive phases. Thus
our model predicts that stratigraphically controlled
geochemical studies on Mauritius, which have
yet to be carried out, should reveal that the
youngest Older Series lavas should have increas-
ingly depleted isotopic signatures, as they do in
Hawaii.

[42] Although the lithosphere deflects the plume
horizontally, there is a continued gentle rise of
material due to buoyant lateral spreading of the
plume [Ribe and Christensen, 1999; Phipps Morgan
and Parmentier, 1998; Phipps Morgan and Morgan,
1999a], and consequently continued, albeit very
limited, melting on the underside of the plume.
Higher up, the plume is already below its solidus
due to heat loss to the lithosphere. Melts generated
here are from the plums and matrix-melting region
and form the rejuvenated stage magmas. Although
the plums continue to melt in this region, they
contribute little to the incompatible element budget
because these elements have been effectively
stripped by earlier melting. The radiogenic elements
are therefore almost entirely derived from melting of
the matrix; hence isotope ratios in the rejuvenated
stage lavas reflect isotope compositions of only the
matrix.

[43] It may ultimately be possible to test the model
we propose by detailed comparison of incompati-
ble element ratios and abundances between shield-
stage and rejuvenescent-stage magmas. In our
model, a pyroxenite or eclogite-derived melt com-
ponent should be present in the incompatible
element patterns of shield-stage magmas, but ab-
sent or nearly absent in rejuvenescent-stage mag-
mas. Stracke et al. [1999] suggested that trace
element ratio—isotope ratio correlations provided
a test for the presence of pyroxenite-derived com-
ponents in OIB magmas. They concluded that the
correlations observed in Hawaii were inconsistent
with predicted correlations for mixing between
peridotite- and pyroxenite-derived melts. However,
Pertermann et al. [2004] argued that the partition
coefficients assumed by Stracke et al. [1999] were
inappropriate and concluded that both garnet
peridotite and garnet pyroxenite lithologies can
induce similar trace element fractionations during

partial melting. Thus at present, a straight-forward
test is not available.

[44] A final problem arises if plumes have a
melting “‘tail” as in the Phipps Morgan and
Morgan [1999a] model rather than a discrete sec-
ondary melting zone as in the Ribe and Christensen
[1999] model because the former fails to explain
the hiatus in volcanism. We speculate that the
extent of melting in the melting tail may be too
small for melts to actually escape and rise through
the lithosphere. Their actual eruption might then
require some sort of trigger. There are several
possibilities. First, it is possible that erosion of
the original shield reduced compressive stresses on
the lithosphere to allow melts resident in the
melting tail of the plume to migrate through the
lithosphere. It is also possible that erosional
unloading might have provided sufficient decom-
pression in the plume to enhance the extent of
melting in the tail to the points that melts could
escape. Jull and McKenzie [1996] and Maclennan
et al. [2002] found that eruption rates in Iceland
increased 100 fold at the end of the last glacial
period (12 kyr BP). Lavas erupted during this
period are also poorer in incompatible elements.
Jull and McKenzie [1996] and Maclennan et al.
[2002] attribute both the higher eruption rates and
more depleted nature of the lavas to higher melting
rates that occurred as a consequence of unloading
of the ice sheet.

[4s] The timing of the eruption of the Younger
Series, erupted between 0.7 and 0.17 Ma, coincides
with the construction of volcanic edifices on Ré-
union. Piton des Neiges appears to have been
constructed between 2.0 and 0.43 Ma, while con-
struction of Piton de la Fournaise began at about
0.53 Ma [McDougall and Chamalaun, 1969; Gillot
and Nativel, 1989]. As the mass of the Réunion
volcanoes grew, the lithosphere would have been
progressively depressed by the volcanic load and
flexural stresses would have developed in response
to the load, thereby forming a flexural depression
directly under the volcano and a flexural bulge
surrounding it. Ten Brink and Brocher [1987]
suggested that posterosional volcanism in Hawaii
occurs as a consequence of such regional extension
and crustal thinning. Watts and ten Brink [1989]
argued that construction of the youngest volcano at
the end of the chain causes the lithosphere 200 km
downstream of the hot spot to be flexed upward by
hundreds of meters. According to ten Brink and
Brocher [1987], the consequent extension opens
pathways to the surface for melts already present at
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depth. If this same flexure occurred in response to
the growth of Piton des Neiges, Mauritius, then
located some 170 km downstream, would have
been on or near this bulge. This mechanism might
be most appropriate for the Younger Series, which
was erupted between 0.7 and 0.17 Ma, than the
Intermediate Series, erupted between 3.5 and
1.9 Ma, because ages of the former match overlap
those of the volcanic edifices on Réunion.

5. Conclusions

[46] Older Series volcanism on Mauritius erupted
lavas that are isotopically similar to other lavas
produced by the Réunion mantle plume, strength-
ening the relationship between the two. The two
subsequently erupted series have isotopic signa-
tures that, while similar to that of Réunion mantle
plume products, are more depleted than those of
the Réunion plume. Each series exhibits isotopic
heterogeneity comparable to the total heterogeneity
observed in the two Réunion volcanoes, but the
total heterogeneity in Mauritius is substantially
greater than observed in neighboring Réunion.

[47] Volcanic evolution on Mauritius, while differ-
ent in some respects from the Hawaiian pattern,
nevertheless bears some important similarities to
Hawaii. In both cases, the shield stage terminates
with the eruption of differentiated lavas and volca-
nism is renewed after a period of erosion with
eruption of small volumes of highly alkaline lavas
with steep REE patterns. In both cases, the late
stage lavas exhibit more depleted isotopic signa-
tures than the shield-building stage. Mauritius is
different in that following the eruption of the
Intermediate Series, large volumes of magma pro-
duced by greater extents of melting than the
Intermediate Series, resurfaced much of the island.

[4s] We suggest that volcanic evolution is con-
trolled by similar processes in Mauritius, Hawaii,
Samoa, and the Society Islands. In each case, the
main shield is constructed when the volcano is
located directly over the core of a lithologically
heterogeneous plume that consists of plums of
eclogite or other low-solidus-temperature material
embedded in a peridotitic matrix. The plums carry
a less depleted isotopic signature than the perido-
tite. In the primary melting zone in the vertical
stem of the plume, melting proceeds through
plums-only to plums-and-matrix and finally matrix-
only stages. Shield-stage magmas are thus hybrid
mixtures of melts from the plums and the matrix.
Although plums may continue to melt in the

secondary melting zone or melting tail located
downstream, these plums have been largely
stripped of incompatible elements in the primary
melting region, so that incompatible elements and
isotope compositions in the rejuvenescent-phase
magmas reflect that of the peridotitic matrix. De-
compression as a consequence of either unloading
of the lithosphere as the volcanic edifice erodes or
lithospheric flexure related to growth of the next
volcano in the chain may contribute to rejuvenes-
cent magmatism by making it easier for magma to
ascend to the surface. Our model is similar to that
of Phipps Morgan and Morgan [1999a], who
proposed that mantle plumes consist of fertile
(i.e., rich in a basaltic component and incompatible
elements) peridotitic plums embedded in a depleted
(in both basaltic component and incompatible
elements) peridotitic matrix. In their model, the
plums carry the OIB isotopic signature, whereas
the matrix has a MORB-like isotope signature. Our
model differs from theirs in two respects. First, in
theirs, the plums melt to produce OIB, with the
matrix melting later to produce MORB, whereas
both plums and matrix contribute to OIB magmas
in our model. Second, in our model, while the
isotopic signature of the matrix is more depleted
than that of the plums, it is nonetheless distinct
from and less depleted than that of MORB, as are
the signatures of rejuvenescent-phase magmas.
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