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Abstract

The Rodrigues Ridge is a linear east-west trending volcanic ridge, located between 18°S and 20°S in
the western Indian Ocean. The trend of the Rodrigues Ridge is contrary to the ocean floor fabric of the
underlying crust, which formed on the Central Indian Ridge (CIR) between ca. 48 My and 10 My.
Dating of dredged basalts from the Rodrigues Ridge showed them to be 8-10 My, with no systematic
variations with longitude.

All samples recovered from the Rodrigues Ridge were olivine and plagioclase phyric with traces of
chrome spinel. Only the most western site contained any phenocryst clinopyroxene. Phenocryst olivine
was in the range Fog, 5 and plagioclase was in the range An,, ¢, Where present the clinopyroxene was
titaniferous (2.0-3.7% TiO,) in the range Ca,, ;,Mg;o.1sF€ 033

The Rodrigues Ridge lavas are transitional alkali basalts which display systematic geochemical
variations with longitude. Most notably the trace elements Ba, Nb, Rb, Sr, Th, Y, Zr and the LREE
increase from east to west, while Sc decreases. These variations may be described as ranging from
depleted (in incompatible elements) MORB-like compositions in the east, to enriched OIB-like
compositions in the west. This is manifested by at least a three-fold increase in the concentration of the
incompatible elements. In accordance with the model presented by Ellam (1992) it is proposed that this
behaviour is controlled by the depth to the base of the lithosphere, which acts as an upper limit to
melting. In this model the upper limit on the melting is much deeper under the older thicker lithosphere
than it is under the young lithosphere. Thus melt composition will increasingly be influenced by the
presence of residual garnet under older ocean crust. Even in the absence of residual garnet
clinopyroxene in the upper mantle may be capable of retaining the HREE and some trace elements
such as Y and Zr. Furthermore shallow mantle is more likely to have been subjected to one or more
previous melting episodes beneath spreading ridges, leading to melts depleted in incompatible elements
being derived from beneath young ocean crust.

Rayleigh-type modelling for most sites along the Rodrigues Ridge produced only a poor correlation
with the observed data. At several sites, notably RR3, some incompatible elements (eg.. Zr, Y, REE)
show buffered or decreasing trends with decreasing MgO. Although the causes of this behaviour
remain ambiguous, it is possible that these melts have not experienced significant high-level
fractionation, and this unusual behaviour has its origin in melt-rock reactions within the upper mantle.
At these depths the partition coefficients for Zr, Y and the mid-HREE in clinopyroxene have been
shown to be greater than unity (Blundy et al., 1998 and Vannucci et al., 1998). Thus the reaction
between the melt and coexisting clinopyroxene within the upper mantle, in conjunction with the
crystallisation of olivine, may explain how these buffered and declining trends (with declining MgO)
have developed.

To characterise their isotopic signature a subset of samples were analysed for Sr, Nd and Pb. Like the
trace elements, the isotopes display clear linear trends with longitude. On paired isotope plots the
Rodrigues Ridge lavas form similar linear trends between samples from the CIR (the Marie Celeste
Fracture Zone) and the Réunion hotspot (notably Mauritius), suggesting that they are products of
mixing between the mantle sources of the CIR and Réunion. It is proposed that the upper mantle has
been passively contaminated by the Réunion plume (with circa ¥Sr/*Sr = 0.7042, '*Nd/**“Nd =
0.51284, **Pb/**Pb = 18.788, 2"Pb/**Pb = 15.585 and *®*Pb/**Pb =38.849). At shallow levels,
immediately below the lithosphere, the upper mantle is made up predominantly of a depleted MORB-
like source, with circa ¥Sr/*Sr = 0.7031, '*Nd/'“Nd = 0.51305, 2*Pb/**Pb = 18.354,



27pp2%Ph = 15.517 and **Pb/***Pb =38.214, while at greater depths more Réunion plume material is
available. The observed linear array, on paired isotope plots, reflects the differing contributions made
by these deep and shallow sources to the Rodrigues Ridge lavas.

It is proposed that the Rodrigues Ridge was formed due to a build up of stress, possibly resulting from
its proximity to the Ridge-Ridge-Ridge triple junction (see Patriat &Ségoufin 1988), causing the rigid
African plate to rupture parallel to the principal stress direction. This would have resulted in
decompression melting in the upper mantle, so facilitating rapid but short-lived volcanism. Although
volcanism has ceased, there is still elevated heat-flow within this area, suggesting that the upper mantle
is still anomalously hot (von Herzen & Vacquier 1966). Isostatic readjustment could account for the
magmatic reactivation at 1.5 My which formed Rodrigues island.
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Chapter 1

1. The Rodrigues Ridge

1.1 Introduction

The Rodrigues Ridge is situated between 18°-20°S and 58°30'-64°45'E in the West-Central Indian
Ocean. It is an east-west trending linear feature which lies at an oblique angle to the NNW-SSE
trending fabric of the underlying ocean floor (fig. 1). The Ridge is surmounted towards its eastern end
by the volcanic island of Rodrigues (fig. 1), whose lavas are dated at 1.5 my (McDougall ez al., 1965).

This project originates from the CD21/87 cruise of the RRS. Charles Darwin to the West-Central
Indian Ocean. During this cruise 15 sites were dredged (of which 9 yielded igneous specimens), and
3632 km of bathymetric, magnetic and gravity data, together with 950 km of seismic data were
collected. Palaeontological and sedimentological samples were also collected as part of related projects
on these aspects of the Rodrigues Ridge geology.

The aims of this work are :-

1. To provide a greater understanding of the geology, petrology, petrogenesis and geochemistry of
the Rodrigues Ridge.

2. To explain the paradoxical relationship between the east-west trend of the Rodrigues Ridge and
the underlying ocean floor which formed at the NNW-SSE trending Central Indian Ridge (CIR).

3. To examine the relationship between Rodrigues Island and the underlying Ridge.

4. To establish whether any relationship exists between the Rodrigues Ridge and other major
volcanic features in the region, in particular the CIR and the Réunion hotspot.

5. To present an explanation of how and why the Rodrigues Ridge formed.

To achieve these aims, 15 dredges were undertaken on the Rodrigues Ridge, of which nine
successfully yielded igneous samples. 76 basalts from these dredges were studied, of which 62 were
subject to geochemical analysis.

The Rodrigues Ridge is built on a region of ocean floor formed on the present CIR between 8-30 my
(Dyment 1999, pers comm.). At its western end it intersects the Mascarene Plateau, which, together
with the Chagos-Laccadive Ridge, Mauritius and Réunion, forms the trace of the Réunion hotspot.
West of this Plateau is older ocean crust formed at about 80 my on an extinct spreading ridge, the trace
of which is situated south of Mauritius (Dyment 1999, pers comm.). During this chapter I shall outline
the history and geochemistry of these surrounding areas, paying particular emphasis to those areas

which may be related to the Rodrigues Ridge.



Figure 1 Map Showing the Location of ODP Holes in the

Western Indian Ocean and the Location of the Current Work.
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1.2 The Evolution of the Indian Ocean

The earliest evidence for the existence of the Indian Ocean is found in the form of transgressive
marine sediments of Permian age in northern Madagascar and East Africa (Kent, 1974). Open marine
conditions are not recorded until the early Jurassic in Somalia and northern Madagascar and the late
Jurassic in Mozambique (Kent, 1974). The earliest magnetic anomaly recorded in the Indian Ocean is
M-22 in the Mozambique Basin (Ségoufin, 1978), which is dated as Kimmeridgian [ 147 my] (Couper,
1989). By the end of the Cretaceous (magnetic) Quiet Zone (85-111 my) the Indian Ocean was
opening rapidly along a NW-SE trending spreading ridge, driving the Indian subcontinent quickly
north east towards Eurasia. The record of this movement is preserved in magnetic anomalies 34-20
(85-45 my) found in the Madagascar-Mascarene Basins, the Crozet basin, the northern Central Indian
Ocean Basin and the Arabian Basin (Couper, 1989). Between anomaly 20 and 18, the active spreading
ridge jumped, forming a new NNW-SSE trending ridge (Patriat & Ségoufin, 1988). This ridge is the
CIR, which has been active since anomaly 18 (44 my), forming the present central Indian Ocean floor,
including the region which underlies the Rodrigues Ridge. Evidence for the Palacocene (pre-anomaly
18) spreading ridge is preserved in the magnetic anomalies of the Mascarene Basin (fig. 1). In addition
to the magnetic anomalies, the sub-parallel linear volcanic ridges and lines of islands which run across
the Indian Ocean floor provide further evidence for this movement. These are the traces of both active
and extinct hotspots [hot mantle plumes which result in increased magmatic activity on the sea floor
(Morgan, 1971)]. Norton & Sclater (1979) and Mart (1988) speculated that the Mascarene Plateau-
Chagos-Laccadive Ridge was the product of incipient volcanism associated with the Vishnu and other
fracture zones situated on the Palaeocene spreading Ridge. Mart (op. cit.) suggested that Eocene
subsidence (from shallow marine to abyssal depths) of the Northern Mascarene Plateau-Seychelles
Bank was contemporaneous with the onset of spreading at the present CIR. This spreading resuited in
the separation of the Chagos-Laccadive Ridge from the Mascarene Plateau. In contrast Morgan (1982)
suggested that this 5000 km disrupted lineament was the trail of the Réunion hotspot, a view also
expressed by Duncan & Hargraves (1990), Backman et al. (1988), Vandamme & Courtillot (1990),
Duncan & Richards (1991) and Miiller et al. (1993). The hotspot hypothesis implies that the youngest
lavas on the Mascarene Plateau should be found in the south, at Réunion, and that the age of the lavas
should serially increase northwards. Dating of the leg 115 sites of the Ocean Drilling Project (ODP) by
Duncan & Hargraves (1990) and Miiller et al. (1993) (fig. 1), together with data for Réunion,
Mauritius, and the Deccan lavas (McDougall, 1971, McDougall & Chamalaun, 1969 and Duncan &
Pyle, 1988) shows just such an age progression.

A hot mantle plume will continue to supply melt to the base of the lithosphere over a long time period.
As the lithosphere drifts over this hotspot, new volcanoes will form while the older ones drift away
from the source and eventually become extinct, resulting in an island chain or aseismic ridge, e.g. the

Hawaiian chain. Experimental studies have demonstrated that, in order for mantle plumes to ascend



(initially) through the asthenosphere, they must have a large diapiric “head' (Whitehead & Luther,
1975, Olson & Singer, 1985 and Richards ef al., 1989). In this model, once established, the plume can
be sustained by a very much smaller conduit. Since Morgan (1981) first observed the relationship
between hotspots and flood basalts, many authors have pointed to the Deccan Traps as the
manifestation of the diapiric ‘head’ of the Réunion hotspot (Richards et al., 1989, Duncan, 1990,
Duncan & Richards, 1991 and Sleep, 1990).

The Deccan Province covers an area of about 5x10° km? at the present day (Paul ef al., 1977), but may
have covered 1.5x10° km? at the time of its formation (Krishnan, 1953). The Traps reach a thickness in
excess of 2000 m and consist predominantly of tholeiitic basalts (Beane et al., 1986). Despite their
volume, the Deccan lavas were all extruded during a very brief time period at the Cretaceous-Tertiary
(K-T) boundary, fuelling speculation that this event was the cause of the mass extinction which also
occurred at the K-T boundary (Courtillot, 1990). “Ar/**Ar incremental heating gives ages in the range
67-68 my for the Deccan basalts (Duncan & Pyle, 1988).

The Réunion hotspot has an exceptionally well preserved history; from its dramatic onset in the
Deccan Traps (67-68 my) (Duncan, 1990, Duncan & Hargraves, 1990 and Duncan & Pyle, 1988),
through a period of steady magma flux (Chagos-Laccadive Ridge and Mascarene Plateau), to a waning
stage producing the islands of Mauritius and Réunion. The initiation of Réunion also heralded the
onset of spreading on the CIR (Patriat & Ségoufin, 1988). Despite this history, the combined processes
of erosion and sedimentation have left no igneous material outcropping between Mauritius and the
Deccan Traps on this substantial topographic feature. Prior to the onset of spreading on the CIR in the
late Eocene, the Mascarene Plateau and the Chagos-Laccadive Ridge formed a single feature (Schlich,
1982, McKenzie & Sclater, 1971, Fisher et al., 1967, Fisher et al., 1971, Patriat & Ségoufin, 1988,
Norton & Sclater, 1979 and Duncan, 1990).

Evidence for the origin and age of the basement between the Seychelles and the Saya de Malha Bank
is very limited. Deep Sea Drilling Project (DSDP) hole 237 (fig. 1) failed to encounter igneous
basement; but the oldest sediments recovered were dated as Palacocene (57.6-60 my) (Mart, 1988).
Basalts from ODP hole 707C (fig. I) were erupted at 63.7+1 my (Backman et al., 1988, Duncan &
Hargraves, 1990). Both of these dates suggest that the basement south-east of the Seychelles is related
to the volcanicity of the Deccan Traps, rather than the 45 my Saya de Malha Bank (Duncan &
Hargraves, 1990, White et al., 1990 and Miiller ez al., 1993).

1.3 The Physiography of the Rodrigues Ridge

The Rodrigues Ridge is a narrow (maximum width 50 km), east-west trending linear volcanic ridge
600 km long and dated at 8-10 my (Duncan, 1989 unpubl., see table 1). West of 62°30'E its trend
changes from 090° to 110°. The Ridge is cut by two major fracture zones (at 60°30'E and at 59°30'E).
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The first of these is the smaller feature and is un-named, but called FZA by de Ribet (1989), whereas
the second is the 2000 km long Mauritius Fracture Zone (MFZ). The MFZ forms the eastern flank of
the Mascarene Plateau (fig. 1). At the intersection of the Rodrigues Ridge and the Mascarene Plateau
lies the prominent feature known as the Soudan Bank with a second un-named bank to the west of it.
Though the affinities of these are uncertain, their bathymetry and trend suggest that they are related to
the Rodrigues Ridge (figs. 1 & 2). Fig. 2 (see Ch. 2 for sources) also shows a NE-SW trending ridge
on the western flank of the Mascarene Plateau from which the samples prefixed RR13 were dredged.
This feature proved to be 48 my oceanic crust (table 1) from south of the Rodrigues Ridge and east of
the MFZ which has been thrust up on to the Mascarene Plateau.

The Rodrigues Ridge rises from sea-floor depths of about 4 km in the west and 2.5 km in the east, to a
flat wave-cut platform at about 50-60 metres below sea level (mbsl) along much of its length. This
form suggests that at the time of its formation it had a subaerial expression as a chain of volcanic
islands subsequently reduced by marine planation. It is capped by lithified or semi-lithified carbonates
with occasional fossilised patch reefs. Most of the surface corals are dead (Heward, pers. comm.),
suggesting that recent subsidence was in excess of coral growth rates. The steep slopes (=30°) on the
margins of the Ridge are largely devoid of sediment and are often associated with flanking normal
faults and rotational slip planes (fig. 3). On the lower slopes extensive slump and re-sedimented

carbonates, some containing basalt clasts, are present.

Table 1 “Ar-*Ar Ages for Basaltic Rocks Dredged from the Rodrigues Ridge during
the RRS Charles Darwin Cruise 21/87.

Sample Description % Radiogenic “Ar Total Fusion Incremental Heating

Number Age (my) Age (my)

RR2.4 basalt 3.6 8.31+0.31

RR4.1 basalt 7.8 7.53+0.23

RR8.4 basalt 12.0 9.71+0.74 9.18+0.38*
9.70+0.20**

RR9¢.37 basalt 4.4 8.34+0.74

RRI10.1 basait 16.1 9.77+0.55 8.06+0.49*
11.1+£0.50**

RR13c.3 basalt 11.8 48.5+0.5

Ages calculated using the following abundance constants: A= 0.581 x 10"%yr; A,- 4,962 x 10°yr'; “K/K = 1.167 x
10*mol/mol.

* isochron age

** plateau age

NB. RR12d.5 was reported to be 11my. (Duncan, 1989 pers. comm.)



It was established during the CD 21/87 cruise that the Rodrigues Ridge extends east beyond
Rodrigues island, as suggested by Fisher et al. (1967), to at least 64° 45'E. Although the termination
was not identified formally, it is not thought to be significantly further east than is shown in fig. 2
because the ocean crust beyond this point is younger than the 8-10 my of the Rodrigues Ridge. The
termination lies within anomaly S (9-20 my, Patriat & Ségoufin, 1988), which indicates that the
Rodrigues Ridge would have been on, or very close to, the CIR when it formed.

1.4 Rodrigues Island

Situated some 650 km northwest of Mauritius in the west-central Indian Ocean, the island of
Rodrigues is the only subaerial exposure associated with the Rodrigues Ridge (fig. 1). With a surface
area of 120 km?, the island is dominated by a steep central ridge trending west-south-west, upon which
the highest peaks, including the 396 m Mt. Limon, are situated.

The earliest reference to the geology of Rodrigues suggested that, like the Seychelles, the island was
granitic (Higgin, 1848). Balfour (1879) and later Snell & Tams (1920), however, described, in some
detail, the volcanic form of the island and also the limestones of the fringing reef. The petrology of the
basalts and dolerites was first described by Maskelyne (1879) who, based on the appearance of both
the lavas and the island, estimated that the island was formed during the Tertiary period. In practice
0K /*Ar dating of two lavas by McDougall et al. (1965) gives an age of 1.30-1.58 Ma.

The lavas are variably vesicular, olivine + hypersthene-normative, transitional basalts to nepheline-
normative, alkali basalts (table 2) intruded by three small teschenite bodies (Baxter ez al., 1985).
Olivine and plagioclase (labradorite) are the major phenocryst phases present. Within the Rodrigues
lavas a megacryst suite is present, consisting of olivine, plagioclase, kaersutite, clinopyroxene (augite),
apatite, magnetite and hercynitic-spinel. Either weathering or late-stage hydrothermal alteration has
resulted in the decay of the groundmass plagioclase and augite, the replacement of the olivine
phenocryst cores, indicating zoning, and the growth of secondary minerals such as aragonite, zeolites
(Upton et al., 1967) and quartz (Perroud, 1982 unpubl.).

The phenocryst assemblage is olivine (Fog ), + plagioclase (An,;, 4,) with rare clinopyroxenes
(CayesMg,s 5sFes. ). The anorthite content of plagioclases from these lavas overlaps that of the more
anorthitic megacrysts. Matrix phases are olivine (Fog, ), plagioclase (An, ;,), pyroxene
(Ca,,Mg,s.;;Fe; 50), titanomagnetite and analcime. Ilmenite (instead of titanomagnetite) and the more
iron-rich pyroxenes are confined to the teschenites (Baxter et al., 1985 and Upton et al., 1967).
Xenoliths of troctolitic-anorthositic gabbro, often showing a layered fabric, are widely dispersed and
locally common (Upton et al., 1967 and Baxter et al., 1985). These are often found as disaggregated
and partially resorbed xenocrysts. High-level fractionation is invoked to explain the xenolith and

xenocryst suites, but the lavas of Rodrigues Island cannot be directly related to those of the underlying



Rodrigues Ridge, which are at least 6 my older (table 1, Duncan, pers comm. and Duncan, 1990).

Although quantitatively insignificant there are also a few small pyroclastic bodies, chiefly tuffs and
agglomerates, in which the majority of the brown basaltic hornblende is found. There is also no
evidence to suggest that the hornblende was stable during the initial crystallisation of the gabbro, at
depth. It is suggested instead, that the localised development of hydrous magma, which led to the
explosive eruption of pyroclastics, also allowed the replacement of pyroxene by hornblende. This high
water-vapour pressure must have persisted for enough time to allow the complete replacement of the
pyroxene within the pyroclastics (Upton et al., 1967). Single broken crystals of brown basaltic
hornblende, of uncertain origin, were found in limestones from RR13 on the Mascarene Plateau.

Among the lavas, clearly defined fractionation trends are found in SiO,, Al,O,, TiO,, CaO, P,O;,
MnO, La, Zr, Sc, Nd, Ni, Cr, Cu, Ce, and Y. Broad, less well defined, fractionation trends can be
found in Na,0, K,0, Ba, and Sr, and a general scatter with no discernible trends in Zn, Rb, V, Pb, and
Th (Baxter et al., 1985). Overall these patterns are consistent with Rayleigh modelling, which required
ca. 45% crystallisation of the phenocryst phases; plagioclase, olivine, clinopyroxene and magnetite in
the ratio 20:39:35:6 (Baxter et al., 1985) to produce the most evolved lavas from the most primitive.
Compared with the observed xenolith suite, this calculated assemblage is pyroxene-poor. This led to
the conclusion that gabbros and/or ultrabasic rocks rich in clinopyroxene, must occur lower down in
the layered complex (Baxter et al., 1985). The high AL,O,/CaO ratio of the lavas suggests that there
was a high clinopyroxene/garnet ratio in the remaining refractory residua after the extraction of these
melts. Patterns of Ni, Cr, Sc and Cu content are consistent with this interpretation of the fractionation
history of these lavas.

Scattered trends of K,O, Rb, Ba and Sr with respect to MgO are probably the result of either deuteric
alteration, or of tropical weathering (despite the samples being selected on the basis of their fresh
appearance) and should be considered with some caution (Baxter et al., 1985). The mobility of these
elements has been investigated by Wood et al. (1976), Hart et al. (1974) and Cox & Hawkesworth
(1985), and is discussed in chapter 4. The scattered distribution of V with MgO is strange, since Ti, Cr
and Fe show consistent trends which V might be expected to follow. The partition coefficient for V in
spinel (and presumably magnetite) is given as 38.0 by Ringwood (1970). Thus magnetite would be
expected to show substantial control over V during its fractionation. The PhD work of Lindstrom
(1976 unpubl.) shows that the partition coefficient of V in both clinopyroxene and magnetite varies
substantially with oxygen fugacity. He suggests that with further research the partitioning of V could
be used to estimate the oxygen fugacity of a melt. Rampone et al. (1993) suggest that a distribution
coefficient of D, = 0.1 would be more appropriate for terrestrial rocks. This is supported by the lack
of correlation between V and the elements partitioned by magnetite (Fe, Cr and Ti).

The light rare earth elements (LREE) increase, as might be expected, with decreasing MgO, although
within this generalisation there is substantial variation in the LREE/HREE ratio. The enrichment of
heavy rare earth elements (HREE) in some samples suggests that they, at least, have a garnet-poor

source. Only three samples were found which showed negative europium anomalies even though the



calculated extract has 39% plagioclase. The plagioclase/liquid partition coefficient for Eu (Dg,) is
strongly susceptible to variations in oxygen fugacity, since this controls the ratio Eu**/Eu?* and hence
the availability of Eu** capable of substituting for Ca*" (Irving, 1978 and Drake, 1975). At low oxygen
fugacity (1 x 10"%) Dg, is 1.2, whereas at high oxygen fugacity (0.1) it is 0.03 (fig. 4). Baxter et al.
(1985) concluded that the lack of any significant Eu anomaly was the result of the lavas having an
oxygen fugacity of around 107, This value is derived from the suggested value of 107 given for
terrestrial basalts by Drake (1975), from which they seem not to vary significantly. At such oxygen
fugacity Dy, (in plag.) is 0.2 (see appendix 1) and the bulk distribution coefficient is about 0.137, ie.
lying between the bulk distribution coefficients of Sm and Gd (Ds,, = 0.084, D, = 0.149). Thus a
substantial Eu anomaly would not be expected.

The lavas are unusually uniform in terms of their isotope composition (Baxter et al., 1985). Sr and Nd
isotopes (*’Sr/**Sr 0.70357-0.70406 and *Nd/'**Nd 0.51283-0.51289) are consistent with a mantle
source depleted in LREE.

1.5 The Mascarene Plateau

The basalts recovered during ODP leg 115 are primarily vesicular, porphyritic tholeiites with
plagioclase > augite > olivine at sites 706, 707 and 713, while site 715 is almost exclusively olivine-
phyric (Baxter, 1990). None of these sites shows the evolved chemistry of the later series from the
Mascarene islands. Indeed they can all be considered to be part of the shield-building phases of the
respective volcanoes (Fisk et al., 1989). Site 715 has a more evolved chemistry typical of ocean island
basalts (OIB). Sites 706C, 707C and 713A have a mildly differentiated character in terms of their
compatible elements, more akin to a mixed OIB-mid ocean ridge basalt (MORB). This should not be
surprising in view of their proximity to the CIR at the time of their eruption (fig. 1) (Patriat &
Ségoufin, 1988). This situation is analogous to the present tectonic setting of Iceland where the hotspot
is on the mid-ocean ridge, and the resulting lavas show incompatible element characteristics indicative
of mixed OIB-MORB (Fisk et al., 1989). Al sites are hypersthene-normative (10-24% at 706, 20-30%
at 707, 7-19% at 713A and 0-25% at 715A), with only 715A having significant normative olivine
(0-23%). All sites, except 715A, show major and trace element trends consistent with the fractionation
of the observed phenocryst phases: plagioclase, augite and olivine (Baxter, 1990). The lavas of site
715A are more differentiated and resemble those of Mauritius and Réunion, which might be expected
since they formed in a similar tectonic environment. They show major element fractionation trends
controlled by olivine and plagioclase. This site has been subjected to greater amounts of seawater
alteration than the other ODP sites.

The data for site 706C upper group, presented in table 3, shows the samples to have a clear affinity

with Réunion. The source for these lavas must have been depleted in Ba relative to the current Réunion
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source, as evidenced by the Ba/Y and Ba/TiO, ratios (Baxter, 1990). The lower group, units 31 and 32,
when compared with Réunion and the upper group, have low Ce/Y, Zr/Y, Nb/Y, Zr/Nb and Ba/Y
ratios, with higher Ti/Zr and Ba/TiO,. These lavas have closer affinities with the CIR (Baxter 1990),
and are, like those from 707C, bracketed by the ratios for N-type MORB and E-type MORB (table 3).
Baxter (1990) suggests that 706C-lower group, like the enriched lavas at site 707C-lower group and
the lavas of 713A, may be related to the Ambenali Formation of the lower Deccan Traps. The
Ambenali Formation lavas are relatively uncontaminated when compared to other Deccan lavas (Cox
& Hawkesworth, 1985 and Lightfoot et al., 1990), yet the 706C lower group lavas are depleted in

incompatible elements when compared to Ambenali lavas of similar MgO content.

Figure 4 Plagioclase Liquid Distribution fficien
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The MORB-like affinities of the 706C lower group and the OIB-like affinities of the upper group can
be explained by the close proximity of the CIR and Réunion hotspot at 33 my (Patriat & Ségoufin,
1988). The 706C upper group lavas were extruded during a period when a greater upwelling at the
hotspot caused it to dominate the melting regime at/near the CIR crest. The resulting lavas have a
greater Réunion component than those erupted during the period when the CIR dominated the melting
regime, and therefore the chemistry. In this model, the depth and amount of' partial melting would
control the chemistry of the magma (Baxter, 1990). This model can also be used to explain the greater
component of Deccan material found in the lower group at site 707C. In general site 713A is most like
MORB, despite higher Nb/Zr ratios. This ratio is very sensitive to source enrichment (in highly
incompatible elements), and appears to have declined over time for the Réunion hotspot (table 3).The
significantly higher Ce/Y ratio for the upper group supports the view that the deeper Réunion source

made a greater contribution to these lavas.



1.6 Réunion and Mauritius

Together with Mauritius, Réunion is the only subaerially exposed part of the hotspot trail south of the

Deccan Traps. Réunion island, which rises from ocean floor depths of 4 km, is composed of two
volcanic centres:- the extinct Piton de Neiges and the active Piton de la Fournaise. Piton de Neiges
(3096 m) forms the two thirds of the island northwest of Piton de la Fournaise (2361 m), one of the
world's most productive volcanoes, situated to the southwest. Piton de Neiges is now deeply dissected
by erosion, resulting in the development of three large amphitheatre-headed valleys (Upton &
Wadsworth, 1965). These deeply incised valleys expose a 2500 m succession of varied rock types,
both intrusive and extrusive, detailing the history of this volcano over the last 2 my (Upton &
Wadsworth, 1965, 1966, Zielinski, 1975, McDougall, 1971). The stratigraphy of Réunion is given in
table 4, which shows the main extrusive rock types within each group.

The volcanic rocks of Mauritius can be divided into three distinct series, separated by two periods of
quiescence. Younger Series rocks makes up the majority of the exposure on the island, whereas the
volumetrically small Intermediate Series lavas are confined to the south-west of the island. The
exposed remnants of the shield-forming Older Series form the mountains and the floors of deeply
incised valleys.

Although the majority of the Réunion lavas lie to the hypersthene side of the “critical plane of silica
undersaturation’ of Yoder & Tilley (1962) (Fisk et al., 1988), some are quartz-normative (Upton,
1982). The shield lavas (older series) of both islands are transitional (between alkali and tholetitic)
olivine basalts (as defined by Macdonald & Katsura, 1964 for Hawaii) (Upton & Wadsworth, 1972a,
Baxter, 1975).

The Mauritian Older Series are more alkaline compared with Réunion, straddling the critical plane of
silica undersaturation, and have normative olivine with either hypersthene or nepheline. Since the
critical plane of silica undersaturation approximates to the position of the basaltic thermal divide, these
lavas must have acquired their transitional character at pressures in excess of 8 Kb, beyond which the
thermal divide does not operate (Baxter, 1975). Transitional basalts are not uncommon among oceanic
island lavas and have been recorded, for example, from Réunion (Upton & Wadsworth, 1972a),
Rodrigues (Baxter et al., 1985), Torfajokull volcano, Iceland (Macdonald et al., 1990) and Anjouan in
the Comores archipelago (Flower, 1973, Strong, 1972a, b). Like Rodrigues and Anjouan, the lavas of
Mauritius plot on an evolutionary trend towards the more alkali compositions, whereas those of
Réunion and Torfajékull adopt a trend towards the more silica-saturated compositions. For both
islands the phenocrysts suites are olivine + chrome spinel + augite + plagioclase. Additionally
kaersutite is present as a phenocryst phase on Mauritius (and also in lavas from Piton de la Neiges and

Rodrigues) in some of the more evolved compositions (Baxter, 1975; Upton, pers. comm.).
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Table 3 Incompatible Element Ratios for the Indian Ocean and Deccan Traps
Including Average Results for the Rodrigues Ridge

Lava Group Zr/Y Ba/Y Zr/Ti Ba/TiO, Nb/’Y  Nb/Zr CelY
Leg 115
706C Upper 5.5 27 0.0128 38 0.50 0.0909 1.084
706C Lower 2.6 1.9 0.0092 42 0.26 0.1031 0.417
707C Upper 1.42 0.72 0.0069 21 0.10 0.0833 0.005
707C Lower 2.39 0.99 0.0094 23 0.18 0.0714 0.220
713 Upper 2.50 1.35 0.0109 35 0.17 0.0714 0.251
713 Lower 2.10 1.03 0.0087 26 0.15 0.0714 0.147
715 low MgO 33 34 0.0100 62 0.39 0.1205 0.458
715 high MgO 3.0 3.4 0.0095 64 0.40 0.1333 0.407
General MORB 3 0.5 0.0125 20 0.06 0.0200 N/D
N-Type MORB 2.6 0.23 0.0097 5 0.08 0.0314 0.268
E-Type MORB 33 2.59 0.0122 57 0.38 0.1136 0.682
CIR
Triple Junction 3.56 0.78 0.0133 19 0.09 0.0224 0.429
RR13 2.69 2.01 0.0117 48.9 0.11 0.0452 0.391
238 Argo FZ 1.2 0.18 0.0090 6 N/D N/D N/D
OIB 9.7 12.07 0.0164 122 1.66 0.1724 2.759
Seychelles 3.23 15.41 0.0078 227 0.45 0.0789 1.088
Réunion 6 5.6 0.0122 70 0.87 0.1333 1.582
Mauritius 5 8 0.0119 95 0.65 0.1351
Rodrigues 6.0 18.01 0.0161 312 1.48 0.2439 1.889
Rodrigues Ridge:
RR2 High MgO 3.01 0.62 0.0116 14.5 0.05 0.0174 0.343
Low MgO 2.64 0.66 0.0105 154 0.05 0.0179 0.354
RR3 2.75 1.31 0.0114 32.8 0.05 0.0183 0.309
RR4 3.75 3.83 0.0131 80.8 0.28 0.0740 0.659
RR8 4.55 5.42 0.0132 96.9 0.56 0.1225 1.211
RR9c 5.04 5.71 0.0137 92.5 0.51 0.1022 1.177
RR10 6.59 9.97 0.0117 104.9 1.10 0.1671 2.051
RR12 4.25 6.36 0.0218 196.9 0.59 0.1398 1.212
Deccan:
Poladpur 4.0 3.9 0.0118 69 0.28 0.0714 N/D
Ambenali 3.8 2.0 0.0099 32 0.29 0.0833 N/D
Mahabaleshwar 4.5 4.3 0.0105 59 0.49 0.1075 N/D

Sources of data for table 3; Leg 24 lavas from Engel et al., 1974, Rodrigues Island from Baxter et al., 1985, Mauritius and
general MORB from Baxter, 1990, Réunion from Upton & Wadsworth, 1972a and Fisk et al., 1988, Deccan lavas from Cox &
Hawkesworth, 1985, Seychelles from Devey & Stephens, 1991 and Devey & Stephens, 1992, E-type and N-type MORB and
OIB from Sun & McDonough, 1989, Triple Junction lavas from Price et al., 1986 and leg 115 lavas from Backman et al., 1988.
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Table 4.

Volcano and Series
Réunion

Piton de Neiges

Differentiated Series

Younger Oceanite Series

Older Oceanite Series

Piton de la Fournaise
Caldera Series

Primitive Shield

Mauritius

Younger Series

Intermediate Series

Older Series

Réunion Extrusive Rock Types

Age

0.35-0.07 my.

2 my, 1.2-1 my and

0.55-0.43 my.

0.36 my.

0.7-0.2 my.

3.5-2 my.

7.8-6.8 my.

Rock Types

Hawaiite, mugearite, rare trachytes and
feldsparphyric basalts with interbedded
pyroclastic deposits.

Olivine basalts with interbedded

pyroclastics.

Zeolitized agglomerates, Porphyritic

basalts.

Olivine basalts and oceanites.

Olivine basalts and oceanites, rare
hawaiites, feldsparphyric basalts and

ankaramites.

Mildly alkaline olivine basalt, some

basanites.

Alkali olivine basalts, Basanites and

nephelinites.

Olivine basalt, oceanite and
ankaramite intercalated with agglomerate,
overlain by hawaiites, mugearites and

feldsparphyric basalts.

Data from Upton & Wadsworth (1969 & 1972), McDougalt (1971), McDougall & Chamalaun (1969) and Baxter (1972).
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Figure 5 Major Element Variations for the Mauritian Older Series
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Figure S cont...

Major Element Variations for the Mauritian Older Series

Mauritian Older Series Mauritian Older Series
b F 3
Py 54‘ A
61 4
A
4.
2 tl
4 3
3 3
2-
2{ a “3‘
1
Cinopyre ‘*
oxene
° Otvie Cnopyrarene Otvie
7+ T @
0 4 B 12 16 20 24 28 2 % 4 4 0 4 B 12 16 20 24 B R X 40 4
MgO0 % Mg0 %
Mauritian Older Series
12
A
1.
A
0s{ 4
Fvy
A
i 06 &
8 o8y
o A A
A
Q.41 é “A
021 Gropyraxens
[ J
A Olvire
O—— T T T T T T -
0 4 B 12 18 20 24 2B 2 “
Mgo %

After Baxter (1975)

17




Trace Element Variation for the Mauritian Older Series

Mauritian Older Series Mauritian Older Series
1200
A
[ ]
1000+
m].
3 3
a 6003 &
o -
o &)
4m.
'y A Olvire
0] 'y s 8 .
A
Cinopyraxene
ok —— o4 ——
0 12 16 20 24 28 R 0 12 16 20 24 282 X X% 40 4«4
MgO0 % MgO %
Mauritian Older Series Mauritian Older Series
2400
Olvire
®
2000
1811-‘
3 E
& 1200] &
b4 | rd
|
L™
| s
40 ad
[
Clnopyraxene Otvire
0 12 16 20 24 28 2R 2B R B 0 4
M0 %
Mauritian Older Series Mauritian Older Series
1200
1000+ ‘A
A
800- A‘
'
£
o 600 A A
@ A iy &A
400+ 4 o
4 “ Clinopyraxene
A
204
4 Chnopyraxene
0b hd e
0 6 20 24 B B 12 16 20 24 B 2 ¥ 4 M

After Baxter (1975)

18



Figure 6 cont...

Trace Element Variation for the Mauritian Older Series
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The major element chemistry of both Réunion and the Mauritian Older Series can be modelled by
fractionation of olivine and clinopyroxene for those lavas with >5-6% MgO (Baxter, 1975 and Fisk et
al., 1988). For those lavas with lower MgO contents there is a change in trend coincident with the
appearance of plagioclase and titanomagnetite as major phases in the phenocryst assemblage (fig. 5)
(op. cit.). These conclusions are further reinforced by the trace element variation, particularly the
compatible trace elements Cr and Ni. As would be expected, V mimics TiO, and FeO, i.e. with the
onset of titanomagnetite fractionation it shows a sudden change from steadily increasing with declining
MgO to sharply decreasing (fig. 6).

The Differentiated Series lavas of Piton de Neiges range from nepheline-normative basaltic
compositions (Upton & Wadsworth, 1972a, Oversby, 1972, Upton & Wadsworth, 1966) to silica-
saturated and oversaturated peralkaline rocks (Upton, 1982). The Differentiated Series can be
separated from the more primitive Oceanite Series by a lower MgO content, usually <6%, whereas the
Oceanite Series is usually >6%). These lavas show a pronounced deflection from the olivine control
line resulting from the fractionation of the additional phenocryst phases plagioclase, augite and
magnetite (Upton & Wadsworth, 1972a).

Chemically the Intermediate Series of Mauritius falls into a narrow compositional band for the major
elements, except TiO, and K,O. Clear major element trends are shown by CaO, P,0,, K,O and TiO,
which decrease with decreasing MgO, and by SiO, and Al,O,, which increase with decreasing MgO
(Norry, 1973). The former trends are too steep to be the result of fractionation of the phenocryst
olivine (fig. 7). [It should be noted here that the olivine composition used in fig. 7 is that of an Older

Series olivine phenocryst, with a similar Fo content to those of the Intermediate Series.] Among the
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Figure 7

Major Element Variation

for the Mauritian Intermediate Series
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Figure 7 cont... Major Element Variation

for the Mauritian Intermediate Series
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trace elements, a distinct positive correlation exists between Ba, Sr, Rb and Zr, and MgO. When
considered in conjunction with the major element characteristics of these lavas it is concluded that they
are the products of an earlier high pressure enrichment process (Baxter, 1976). These lavas form a rare
suite of melts unmodified by high-level processes, which are apparently the products of variation in the
degree of partial melting. The correlation between Rb and Rb/Sr is very significant in this respect since
Rb should go in to the melt more readily than Sr during partial melting. Gradually increasing the small
degree of melting should result in the observed positive linear correlation (Baxter, 1976).

Within the Younger Series, the oxidation and leaching of MgO and SiO,, and the addition of water,

lead to olivine phenocrysts frequently being pseudomorphed by iddingsite (Green pers. comm. and
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Norry, 1973 unpubl.) as it does on Rodrigues and the Rodrigues Ridge. The Younger Series lavas have
a transitional character with high-level fractionation of olivine controlling the majority of the major
element chemical diversity. The evolutionary history of the Younger Series reflects that of the
Intermediate Series (high pressure enrichment), with some low pressure olivine fractionation

overprinting this (Baxter, 1976).

Figure 8 Experimental Phase Diagrams for Réunion
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After Fisk et al. (1988)

Experimental studies on Piton de Neiges lavas showed that crystallisation sequences at low pressure
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(0-5 kbar) was olivine—~plagioclase-clinopyroxene. At higher pressure (5-8 kbar) the experimental
sequence was olivine-clinopyroxene, whereas above 8 kbar augite was the only liquidus phase (Fisk et
al., 1988). The chemical evidence shows that olivine is the dominant liquidus phase at low pressure
and that augite was the second most important, leading to the conclusion that fractionation of these
lavas took place at pressures greater than 3-5 kbar (Fisk et al., 1988) (fig. 8). For the Mauritian lavas
the principal crystallisation sequences are:- olivine + clinopyroxene + plagioclase for the Older Series,
+ chrome spinel + olivine + clinopyroxene for the Intermediate Series and + chrome spinel + olivine +

plagioclase in the Younger Series.

1.7 The Central Indian Ridge

Sampling of the Central Indian Ridge is limited to one drill hole - DSDP (Deep Sea Drilling Project)
Site 238 in the Argo Fracture Zone. In addition to this there have been several dredges, principally
concentrated around the triple junction and the Vema, Marie-Celeste and Argo fracture Zones (fig. 1
and table 5).

Lavas from the CIR are aphyric to porphyritic transitional basalts, with the majority being porphyritic
olivine tholeiites. The phenocryst assemblage present in these lavas is plagioclase > olivine > augite +
Cr spinel + magnetite, of which only plagioclase, in the range labradorite-bytownite (Bezrukov et al.,
1966), is common. At the triple junction plagioclase aggregates are often nucleated on the olivine
phenocrysts and occasionally partially enclosed by them; a feature also seen in the Rodrigues Ridge
samples. Plagioclase in MORB commonly shows extreme inter-site and intra-site variation (Ang; ,-
An,, , in a single specimen) (Price et al., 1986). These samples are deficient in highly incompatible
elements and have low Ti/Zr and high Hf/Zr ratios making these basalts distinct from those found in
other ocean basins (Price et al., 1986).

The primitive mantle-normalized rare earth element (REE) patterns of the Triple Junction basalts are
flat or slightly LREE enriched when compared to N-type MORB, which shows marked LREE
depletion (fig. 9). The Zr/Ti ratios for the Triple Junction samples are exceptionally high (0.011-0.013,
table 3) as a result of the high Zr values.
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Figure 9 REE's for Indian Ocean Samples
100

OIB

N-type MORB

Primitive Mantle Normalised Values
[
jam]

Triple hmctian

Duta from Price et al. {1986)

La Ce Pr N]dSImETuGIdT'inyH'o Er Yb Lu

Primitive M:ntle Normalising values used in fig.9 are those given by Sun & McDonough (1989)

Natland (1991) described three groups of Indian Ocean floor basalts, defined on the basis of their
geochemistry and petrography. Type 1 formed on pre-Miocene spreading ridges, had low Na,O and
low TiO, for a given Mg* (100MgO/MgO+FeO). Indeed these basalts have the lowest Na,O values of
any MORB so far analysed. Type 2 are more typical of oceanic tholeiites with respect to their Na,0
and TiO, contents. Type 3 basalts are found principally along the SWIR side of the Triple Junction.
They have Na,O values more typical of alkali basalts associated with high TiO, (Natland 1991).
Mineralogically type 3 basalts have only olivine and Cr spinel phenocrysts, joined on the liquidus by
plagioclase around Ang; at Mg* 0.65. In type 2 basalts both olivine and plagioclase are invariably on
the liquidus with Cr spinel at higher Mg®. The type 1 samples have more fayalitic olivine with
clinopyroxene, plagioclase (An,) and bronzite (Natland, 1991 and Bloomer et al., 1989). The presence
of two high temperature (Mg) pyroxenes is generally uncommon among MORB's but has been
reported in the North Atlantic (Sigurdson & Brown, 1970) and the East Pacific (Perfit & Fornari,
1983).
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Figure 10 Olivine-Diopside-Quartz (Ol-Di-Q) triangular plot

for Indian Ocean basalt glasses

Di

high Na,O
(>3.4%)

ol

The bold line is the 1 atmosphere cotectic, the fine lines are the pseudo-invariant points for 10, 15 and

20 Kb, 1, 2 an 3 indicate the basalt type.
From Natland (1991).

On the OI-Di-Q normative plot, type 3 lavas plot to the left of the Ol-Di join on the Ol side of the 1
atm cotectic, type | basalts plot on the Di side of the cotectic (in the centre of the diagram) and type 2
lavas fall between them (fig. 10). The three types form three distinct evolutionary paths, with the
matrix plagioclases becoming increasingly sodic from type 1 to type 3, for a fixed Mg* (Natland,
1991). On the basis of the liquidus mineralogy, Natland (1991) predicted the cumulates underlying the
type 3 lavas of the SWIR would consist of two layers, one made up of dunites or possibly chromitites
and troctolites, overlain by the second layer consisting of olivine gabbros and gabbro-norites. ODP
hole 735B on the SWIR yielded a sequence of olivine and Fe-Ti gabbros underlain by olivine gabbros
and troctolites (Robinson ef al., 1989). The crystallisation sequence for type 1 basalts is
olivine—plagioclase—~Mg-pyroxene suggesting that they represent shallow depths of partial melting.
Types 2 and 3 basalts are derived from progressively deeper levels (Natland, 1991). Although not
tested experimentally, low pressure crystallisation of similar refractory, silica-rich melts is thought to
be responsible for some of the gabbros containing high-Mg pyroxene at the Mid-Indian Ocean Ridge
(MIOR, this includes the CIR the Carlsberg Ridge and both Southeast and Southwest Indian Ridges)

fracture zones (Bloomer et al., 1989).
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1.8 Previous Studies of the Rodrigues Ridge

In the mid-1960's it was suggested that the Rodrigues Ridge formed the southern flank of a major east-
west trending "Rodrigues Fracture Zone,” (Heezen & Tharp, 1964, 1965 and 1966) [NB McKenzie &
Sclater (1971) prefer to reserve this name for the larger fracture zone at 21°S]. The relationship
between the Rodrigues Ridge and the fracture zone was apparently supported by an anomalously low
heat flow north of 20-21°S (von Herzen & Vacquier, 1966) and high values immediately to the south
of this (Fisher et al., 1967). The fracture zone model was initially supported by several other authors
(Fisher et al., 1967, Le Pichon & Heirtzler, 1968 and Perroud, 1982 unpubl.). With the improved
bathymetry available in the mid-1970s (Fisher ef al., 1971, Udintsev, 1975 and Hall, 1974) several
authors (Fisher et al., 1971, McKenzie & Sclater, 1971, and Schlich, 1982) raised objection to the
fracture zone model, since the CIR fracture zones trend at 050° and not the 090° of the Rodrigues
Ridge. Both Fisher et al. (1971) and McKenzie & Sclater (1971) had identified anomaly 5, east of the
Rodrigues Ridge, which led Fisher (op cit.) to conclude that the Rodrigues Ridge was "a later feature
not pertinent to the tectonics of the CIR." McKenzie & Sclater (1971) concluded that the Rodrigues
Ridge was related by some complex mechanism to the triple junction, but were unable to elaborate any
further on this.

Morgan (1978) proposed that magma was channelled away from the Réunion hotspot to the CIR as a
consequence of their proximity to one another. In his model an asthenospheric jet or flow would be
drawn from the hotspot (source) by the shortest route to the spreading ridge (sink). This would result in
the development of a seamount on the CIR. Addition of the spreading vectors for the CIR and South
West Indian Ridge (SWIR) gives a net east-west motion, hence the trace of such activity would also be
east-west. According to this model the Rodrigues Ridge should be oldest in the west and should be of
the same age as the ocean floor immediately alongside it. Bonneville et al. (1988), based on the age of
the surrounding ocean floor, and supported by the Rodrigues Ridge's low rigidity (<1x10*? Nm)
correctly suggested that the age of the Ridge was 10 my. Like Morgan, he, speculated that channelling
of sublithospheric melt from the Réunion hotspot formed the Rodrigues Ridge. The dates in table 1
show no age progression along the Rodrigues Ridge and are therefore inconsistent with the views of
Morgan (1978) and Bonneville et al. (1988). Several authors (Perroud, 1982, Morgan, 1978) have
suggested that Rodrigues Island, whose lavas are dated at 1.5-1.3 my (McDougall et al., 1965), is a
rejuvenation of the “older guyot' (Rodrigues Ridge). Perroud also suggested a maximum age of 2 my
for the island and an age of 7 my for the Rodrigues Ridge. This age for the island indicates
simultaneous activity on all three Mascarene islands (Réunion, Mauritius and Rodrigues) (Schlich,
1982 and McDougall & Chamalaun, 1969). It should be noted, however, that the dates presented by
McDougall et al. (1965) for Rodrigues island are bracketed by the quiescent period on Mauritius
between the Intermediate and Younger Series.

Mahoney et al. (1989) show a pronounced Réunion-like spike in Pb, Sr and Nd isotope data along the
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CIR, asymmetrically disposed about the Marie-Celeste Fracture Zone some 150 km north of the
Rodrigues Ridge (fig. 11). Although they do not rule out Morgan's channelised asthenospheric flow
model, they do point out that if such a channel exists then it must intersect the CIR at the Marie-
Celeste Fracture Zone and not at the Rodrigues Ridge. Alternatively the isotopic spike, which they
observed, may be the result of reduced partial melting and consequent enrichment of incompatible
elements within the resulting magmas (Mahoney et al., 1989 and Langmuir & Bender, 1984). Mahoney
et al. (1989) suggested that if an asthenospheric “channel' exists it is more likely to be a passive
‘tongue’ of Réunion-type mantle embedded in the asthenosphere, transported simply by convection
parallel to the fracture zones of the CIR (cf. Schilling et al., 1985 and Sleep, 1990). If the above
hypothesis is true then the Réunion isotopic signature should be recognised in the lavas of the
Rodrigues Ridge.

There are three other possible models for the formation of the Rodrigues Ridge:

(1.) the Ridge may be related to the reactivation of the north-north west trending Palaeocene
spreading ridge at 18°50'N 55°00'E (fig. 1), by the Réunion hotspot. This model would produce a
uniform age for the Rodrigues Ridge equivalent to the time of passage over the hotspot of about 16 my
(Backman et al., 1988 and Baxter et al., 1989 unpubl.). As with other previously presented models this
is inconsistent with the age data and with the evidence of a chemical trend from OIB-like lavas in the
west to MORB-like lavas in the east (presented later). The reactivation of the Palacocene spreading
ridge might be expected to produce some mix of both OIB and MORB lavas along the length of the
Ridge.

(2.) Backman et al. (1988) have suggested that the Rodrigues Ridge may be the trail of a
younger and weaker hotspot than Réunion. They point out, however, that the trend of the Rodrigues
Ridge seems somewhat inconsistent with a hotspot model. Furthermore, this model would require an
age progression from young in the west to old in the east (opposite to that required by Morgan (1978)).

(3.) Baxter et al. (1989 unpubl). speculated on the presence of sublithospheric mixing of two
magmatic sources or their products, one an Ocean Island Basalt (OIB) source (Réunion) and the other
a Mid-Ocean Ridge Basalt (MORB) source (the CIR). Though the latter model fits the chemical
evidence and does not negate the age data, the rheology of magmas is such that effective mixing of two
such distant sources would require a magma body whose (three) dimensions were of similar size (see
Bloomer & Meyer, 1992 and Oldenburg et al., 1989). Such a magma body seems prohibitively large,
and would be unlikely to produce a linear ridge.

The Rodrigues Ridge is then an anomalous feature, oblique to the tectonic fabric of the surrounding
ocean floor. It represents a marked boundary between rugged ocean floor to the south, denuded of
sediment by ocean bottom currents, and smooth sediment covered ocean floor to the north. To the east
of the Rodrigues Ridge, the CIR is shallower than elsewhere along its crest (Morgan, 1978) and shown
by GLORIA (Global Long Range Inclined Asdic) images to be of very regular morphology (Parsons
pers. comm.). To the north the CIR is off-set by right lateral transforms and to the south by left lateral

transforms, suggesting that it is still exerting an influence on the spreading ridge. Furthermore there is
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Figure 11.

Sr, €4 and Pb isotopes with latitude along the Indian Ocean Ridge System.
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a localized gravimetric high situated immediately to the east of the Rodrigues Ridge on the Central
Indian Ridge (Briais pers. comm.). Around 19°S 66°E the CIR is particularly shallow and is described
as a "Rodrigues hotspot" by Parsons et al. (1993) and Briais (1994 unpubl.). This is the region where
there is anomalously high heat flow (von Herzen & Vacquier, 1966) and a 5°He spike (Jean-Baptiste er
al., 1992) which may be associate with hydrothermal activity.

1.9 Qutline of Present Work

To understand the context of the mineralogical and geochemical data presented in chapters 3-6 it is
necessary to first look at the Rodrigues Ridge as a whole, examining the seismic data collected during
the 21/87 cruise in conjunction with the local bathymetry and the nature of the seabed geology. Once
the physiography, mineralogy and geochemistry have been examined conclusions can then be drawn
about the origins and evolution of the Rodrigues Ridge. Below is a brief outline of the content of the
following chapters considering each of these aspects in tern.

Chapter 2 presents details of the local bathymetry, followed by an examination of the seismic
profiles for ten transects of the Rodrigues Ridge. A local map is then constructed showing details of
the seabed geology. Finally the locations of all the dredges which yielded igneous material are
presented.

Chapter 3 examines the mineralogy of the samples recovered. This examination begins with
an assessment of the alteration state of the suite as this is critical to the subsequent discussion. There
follows an examination of the phenocryst mineralogy and then the matrix mineralogy. The chapter
concludes with the presentation of representative analyses for the major minerals present in the suite as
a whole.

Chapter 4 considers the geochemistry of the Rodrigues Ridge basalts. Initially their normative
mineralogy is presented, then a complete list of the major, trace and rare earth elements, analysed for
this work. The effects of alteration on the chemistry are examined in further detail, after which the
geochemistry of each individual site is reviewed. Finally the relationships between each site are
examined with particular emphasis on systematic variation with longitude.

Chapter 5 considers the radiogenic isotope characteristics of a subset of 21 samples.

Chapter 6 begins with an attempt to model the major and trace element characteristics of each
site using the observed phenocryst minerals. The incompatible element ratios are then examined. These
together with the isotope ratios for the Rodrigues Ridge are then compared with those of other near by
volcanic features, including the Réunion hotspot trail, the CIR and Rodrigues Island. The lavas are
then displayed in terms of the C-M-A-S quaternary system, and the nature of the melting regime is
examined.

Finally chapter 7 presents a summary of the conclusions reached, together with a model for

the formation of the structure.
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Chapter 2

2. Bathymetry and Seismic Sections

2.1 Introduction

Having discussed the surrounding areas it is now appropriate to examine the bathymetry and seismic
information available. Using data collected during the CD21/87 cruise and previously available data, a new
bathymetric map has been constructed. This was used to locate the sampling sites (section 2.4) and the

seismic lines described in sections 2.2 and 2.3.

2.2 Bathymetry

During the CD21/87 cruise of the RRS. Charles Darwin a total of 3632 km of bathymetric data were
collected, together with 3.5 KHz sub-bottom profiles, gravity and magnetic data for most of this distance.
In addition to this, 950 km of 48-channel seismic data were acquired in ten traverses across the Rodrigues
Ridge.

The bathymetric chart of the Rodrigues Ridge (fig. 2) was constructed using data from the cruise
CD21/87 with additional data from cruises A2015LO3, ANTIPOSMV, ANTIPO6MV, ANTIPOSMYV,
C1402, CIRCO6AR, CIRCO7AR, DME10, DSDP24GC, WI1343728, MONSO3AR, ODP115JR,
V2410, V2902, MONSOS, GGAL3, MMDNO, A2935 and A9311. All data were corrected to
minimize the effects of variations in the speed of sound in sea water, resulting from regional variations
in temperature and salinity, using the correction tables published by Carter (1980). Contours were
added manually, assuming the more recent data to be more reliable. Only one major discrepancy was
encountered; data from MONSO3AR deviated from other cruises between 19°31'S 58°30'E and
18°40'S 60°30'E, suggesting that the navigation on this track was suspect.

The new bathymetric chart has a number of modifications compared with those originally published
by Fisher et al. (1967, 1971 and 1983 unpubl.) and Hall (1986). Most notable is the extension of the
Rodrigues Ridge east by some 110 km to include the small seamounts reported by these authors. The
eastern termination was not conclusively located but it was not thought to be significantly further east
than shown in fig. 2. Other changes of note are the removal of the small pinnacle at 19°19'S 61°42'E
and improved resolution of the NW-SE trending ridge bounding the Mascarene Plateau between
18°10'S and 18°40'S.
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2.3 Seismic Sections

Ten lines of seismic data (fig. 12) totalling 8 days continuous recording over 48 channels were

collected. Analogue records of channel 3 were used to make the preliminary interpretations discussed
below. These interpretations have revealed several unconformities within the sedimentary sequence,
indicating a complex history of post-volcanic movements, possibly associated with sea-level
fluctuations. On all seismic lines an unconformity between 0.200 and 0.350 sec. 2-way time has been
identified. Some tilting of the Ridge has taken place during this break in deposition, resulting in the
development of an angular unconformity and the burying of a patch reef. In addition a second
unconformity at 0.100 sec. is recognized in lines 1 and 4. Lines 1, 2, 9 and 10 show an unconformity at
about >0.375 sec., with lines 6 and 9 showing one at about 0.500 sec. Line 9 also shows an
unconformity at 0.475 sec. not seen on any of the other lines. The Ridge flanks show slump and slip
units which have occasionally resuited in roll-over folding and chaotic units. The latter are very
common and often obscure all other structures below them.

Numerous small en-echelon faults are present in the sediments on all lines; these seem to be
facies-specific. Basement faults are also common, bounding the Ridge on both the north and the south
on many of the lines. In addition there are at least two major fracture zones, as discussed by Bonneville
et al. (1988).

The sediment-basement contact has been tentatively identified in those flank regions where slumping
is not so extensive as to obscure all underlying reflectors; multiple reflections obscure it below the
Ridge crest on most records. Also worthy of note is the tendency of some sedimentary units to dip
gently towards the ridge (eg.. line 4) which may be due to isostatic readjustment as a result of the
loading of the oceanic lithosphere in this area. It has been observed that the free air gravity anomalies
do not show the large negative anomaly normally associated with aseismic ridges of this age (Heward.
pers. comm 1989).

The discussions presented below represent the preliminary interpretations of the seismic data which
forms the basis of a PhD thesis by G. Heward.

In the following discussion seafloor slopes, where mentioned, have been recalculated from the
diagrams which show immense vertical exaggeration to give a true picture. Once vertical exaggeration

had been removed, the technique described in appendix 2 was employed to assess the true slope.

LINE 1:- MASCARENE PLATEAU (Fig. 13)

The basement in both the southern and central parts of this line is fairly shallow or exposed at <1.000
sec. 2-way time. The overlying sediments are slumped and contain numerous small faults associated
with the slumping. An unconformity is present throughout this section at about 0.250 sec. In the central

sedimentary basin a second unconformity is also present at 0.100 sec.
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To the north there is a thicker sedimentary basin (about 2.000 sec.) which is the thickest sequence
recognised on any of the sections from this cruise. This is disrupted by many small fauits, some of
which are associated with slumping. Listric normal faults are common and seem to be sensitive to
seismic facies, often terminating against strong, apparently conformable, reflectors.

The basement has been marked in tentatively across this line though its precise location is unclear in
places. It apparently surfaces as several irregular bodies in the south and central areas, usually capped
with a veneer of chaotic slumped sediment. A single small fault is apparently present within the

basement of the line, though its relationship with other structures cannot be demonstrated.

LINE 2 (Fig. 14)

This line (fig 12) forms an oblique traverse from the Mascarene Plateau in the northwest, running
across the Mauritius Fracture Zone (MFZ) and the un-named isolated seamount (B, in fig. 12 at
18°50'S 60°00'E) which forms the most western extent of the Rodrigues Ridge, to an area of
undisturbed seafloor at 19°30'S 60°48'E in the south. A second major fracture zone (A) southeast of
the seamount (B), in a region of strongly faulted ocean floor, was crossed in addition to the MFZ,.

The sediment is thickest in the northwest, in the sedimentary basin seen at the end of line 1. A notable
feature of this basin is a major basement growth fault with a normal component to its movement. The
vertical throw of this fault is 0.400 sec. in the basement and 0.100 sec. at the sediment surface, down-
thrown to the west, suggesting that it may be still active. Within the sediment this branching fault is
accommodated by several en-echelon, low angle, listric normal faults.

The north western wall of the MFZ rises to about 750 metres below sea level and is covered by a thin
layer of strongly disrupted sediment showing slump units on the north west flank. The MFZ is marked
by a small sedimentary basin about 13 km wide, in which an unconformity at 0.250 sec. is observed.
Unnamed seamount (B) is separated from the Mascarene Plateau by the MFZ. Like the north west wall
of the MFZ, the seamount shows slump units on its flanks. Southeast of the seamount there is a small
perched sedimentary basin (about 14 km across), containing some slumped sediments, whose southeast
wall is made up of exposed basement, forming the northwest flank of a major fracture zone. This F.Z.
(A in fig. 14) dips to the southeast as do numerous basement faults in the ocean floor southeast of it.
The foot-wall (on the southeast side of the F.Z.) is tilted back in the direction of the fault, towards
which the sediments diverge. The sea floor here is also slightly inclined suggesting that there may have
been some recent movement. Slump and chaotic resedimented units are also common notably on the
north sides of the relief, which is up to 1.400 sec., and made up primarily of exposed/thinly covered

basement.

LINE 3 (Fig. 15)
This line crossed the westernmost end of the main part of the Ridge, which is bounded by a basement
fault to the southwest. Chaotic slump units are present on both the north and south sides of the Ridge.

These reflect the seismic signal in a chaotic manner and are consequently opaque to it. Thus it is
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impossible to define the basement surface, though it appears that the Ridge in this area is made up of
exposed/thinly covered rock. The unconformity at 0.250 sec. is once again present and is disrupted by

numerous small, low angle, en-echelon normal faults, some of which are listric.

LINE 4 (Fig. 16)

The Ridge is seen in this line as a flat topped structure capped with sediment and bounded on both
sides by major basement faults. Ocean floor sediments on the northwest show several small thrusts and
associated roll-over folding, both features apparently associated with slope failures. Roll-over folding
may also be seen on the southeast side of the Ridge, associated with small slumps. In addition to the
unconformity at 0.250 sec. there is one at 0.100 sec. On the southeast flank both of these have been
subject to tilting, possibly due to movement along small faults in the area. This has resulted in the units

diverging as the ridge is approached.

LINE 5 (Fig. 17)

This line was abandoned after technical difficulties resulted in the loss of the record for part of the
northern flank. Despite this the southern flank shows several faults apparently bounding the Ridge,
though it is not known whether they penetrate basement. Slumping is again evident to the south as are
several slope-parallel reflectors, possibly individual slope failure units. Basement is shown tentatively
rising under the Ridge, which is again flat topped, with two strong apparently conformable reflectors

which are cut by three small normal faults and one reverse fault.

LINE 6 (Fig. 18)

The Ridge has a much more irregular form along this line, with numerous slumps and rotational slip
units on both flanks, resulting in a strong ocean floor relief to the north. The 0.250 sec. unconformity
is recognized only on the north side, away from the slump/slip units. The strong reflectors on top of the
Ridge (lines 4 and 5) are disrupted by faulting to the north. To the south they terminate against a small
fringing reef, exposed on its upper surface.

LINE 7 (Fig. 19)

In this line there is a return to the flat-topped form of the Ridge. This however, has been subject to
differential subsidence to the north, resulting in an inclined upper surface. Again there are numerous
en-echelon basement faults bounding the Ridge on both sides. The 0.250 sec. unconformity of
previous lines is present at this depth to the north, but is found at 0.300 sec. to the south, probably due
to greater sedimentation. This is contrary to the expectation that sedimentation would be greater to the
north since ocean floor circulation in the south, discussed by Stommel and Arons (1958, 1960a and
1960b) and more specifically by Kolla ez al. (1976) and Draper unpubl. (1988), would be expected to

scour the floor to the south, a feature apparent on the chart presented here and also on that of Fisher et
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al. (1967, 1971 and 1983 unpubl.).

Two unconformities are present on top of the Ridge, one at 0.200 sec. and the other at 0.500 sec. The
former is believed, to be that seen in other lines in the flank sediments at 0.250 sec. Here it is shallower
due to the scouring effects of waves and circulation at this depth. It is clearly identified by a sequence
of on-lapping reflectors in the north, below which there is a thick conformable layer, which overlies a
buried fringing reef. This is a well developed structure which shows some internal reflectors.

Several slip units can be identified on the southern flank in this line though disturbance is minimal to

the north.

LINE 8 (Fig. 20)

This line shows a major slope failure to the northwest, which has made depth to basement impossible
to assess on this flank. The flat top of the Ridge (towards the southeast of the traverse) is cut by several
steeply dipping normal faults probably associated with the failure. No unconformities are recognized in
the central part. However, two are recognized in the faulted south east part the first at 0.100 sec.,
which converges with the second at 0.250 sec. before the edge of the Ridge platform. The Ridge is
fault bounded on either side, more notably to the northwest. An unconformity is present in the
surrounding ocean floor, which terminates against the bounding faults, at 0.350 sec. (to the SE) and

0.300 sec. (to the NW) which may be the same feature seen at 0.250 sec. in previous records.

LINE 9 (Fig. 21)

Lines 9 and 10 are somewhat shorter than previous lines as the Ridge is narrower here (30 km as
opposed to 65 km in line 8). There are several bounding faults to the southwest and a major slope
failure. The northern flank seems to be made up of exposed basement, possibly with a thin sediment
cover. Ocean floor sediment reaches a maximum of 0.800 sec., and contains an unconformity at 0.225,
sec. tentatively correlated with the 0.250 sec. unconformity of previous records. To the southwest four
unconformities have been recognized at 0.225 sec., 0.350 sec., 0.475 sec. and 0.500 sec. The first of
these has been correlated with that of the same depth on the other side of the Ridge. The other three are

separated by several conformable reflectors, and dip gently (<1 °) towards the Ridge.

LINE 10 (Fig. 22)

This is the most easterly of the lines and is the only one with a major change of course in it. Here the
Ridge is made up of exposed basement with little sediment cover, and a deep valley (0.900 sec.) in the
crest. The northwest side has apparently slipped possibly along the major basement fault, which dips
north west at 11° and splits into two near the surface. West of this there is a major reverse fault which
also penetrates the basement displacing it by about 0.250 sec.. To the south east two unconformities
are present at 0.200 sec. and 0.375 sec.. The former is once again correlated with that at about 0.250

sec. on other lines.

46






2.4 Location of Dredge Sites

The CD12/87 cruise of the RRS. Charles Darwin successfully recovered igneous material from eight
sites on the Rodrigues Ridge and one site on the flank of the Mascarene Plateau. The details of the
location and depth of these dredges is give in table 6 and fig. 12. Several dredges were attempted in the
159.5 km between RR4 and RR8, but these snagged on the irregular bottom and were lost. Likewise
dredges RR11, RR14 and RR1S5 all failed to recover any igneous material.

Table 6
Dredge Site Number | Location Depth Comment
Rodrigues Ridge
RR1 19°44'S 64°29'E | 1700 m One small basalt specimen recovered
RR2 19°35'S 64°26'E | 1000-1800 m | Good recovery
RR3 19°43'S 64°00'E | 1000 m Half pillow basalt recovered
RR4 19°33'S 63°25'E | 1800 m North of Rodrigues Island
RR8 19°38'S 61°S9E | 1200 m Limited number of samples recovered
RR9a 19°19'S 61°26'E | 1880 m Unsuccessful
RR9b 19°20'S 61°28'E | 1450 m Limited number of samples recovered
RR9¢ 19°19'S 61°30'E | 1890 m Good recovery
RR10 19°17'S 61°02'E | 1050 m Good recovery, but samples altered
RR12a 18°56'S 60°00E | 1790 m Limited number of samples recovered
RR12d 18°52'S60°07E | 1210 m Good recovery
Mascarene Plateau
RR13a 18°31'S 59°21'E | 1460 m Limited recovery, samples altered
RR13b 18°30'S 59°20'E | 2215 m Limited recovery, samples altered
RR13¢ 18°29'S 59°23'E | 1620 m Limited recovery, samples altered

The freshest igneous samples recovered from these eight sites were the subject of the petrographic and

geochemical analysis which in conjunction with the seismic and bathymetric data, forms the basis of

this work.
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2.5 Discussion

The data from the seismic lines described above has been used in conjunction with the 3.5 KHz sub-
bottom profiles and the 10 KHz echo sounder profiles to produce the map of the surface of the seabed
shown in fig. 23. The map shows the structures also given in fig. 3 and the different seabed types
identified by their seismic signatures. Figure 12 shows the dredge locations listed in table 7 on the
bathymetric map presented in fig 2. Comparing fig. 12 with fig. 23 gives an indication of the type of
seabed which was dredged at each site and thus an indication of the likely down-slope displacement of
the recovered samples.

The Rodrigues Ridge is capped by a highly reflective flat carbonate platform. Attempts to recover core
samples from this surface were unsuccessful. Dredged material revealed that the surface was lithified
carbonate with the presence of dead corals, suggesting that the subsidence rate exceeded the coral
growth rate. This lithified carbonate platform gives way at a depth of around 500-600 m to either
exposed basement or carbonate turbidity current deposits. These units were sampled at sites SD1 and
SD2 (19°26'S 61°58'E and 19°21'S 61 °52'E, respectively). Geotechnical testing of these sediments
confirmed them to be resedimented at substantially greater depths than they were first deposited
(Draper 1988). Typically these turbidity current deposits occur as tongues stretching out over the apron
of slumped sediments which in turn give way to undisturbed sediments at 3500-4000 m. Both of these
deposits were cored on the Mascarene Plateau where they occur at the shallower depth of 2500-

3000 m. These two cores, SD3 (18°32'S 59°00'E) and SD4 (18°31'S 59°03'E) together with SD1 and
SD2 are discussed by Draper (1988). This study confirmed that the different seismic signatures
depicted on fig. 23 were the result of varying degrees of disruption among the sediments. Also
displayed on fig. 23 and on fig. 3 are the tectonic structures identified on the geophysical records.

The bathymetric map of the Rodrigues Ridge is given in fig. 2 while fig. 3 shows the location of faults
identified on seismic sections or inferred from the bathymetry. Of particular note is the strike-slip
faulting at the western end of the Ridge. Several major strike-slip faults occur in the region of the
Mauritius Fracture Zone (MFZ). These separate the seamount (B), from which samples prefixed RR12
were dredged from both the Mascarene Plateau and the Rodrigues Ridge. They also dislocate a series
of CIR parallel valleys, some of which are fault controlled. West of the MFZ and parallel to it, a
number of faults are identified, the first of which is the pronounced growth fault down-throwing west
and discussed in the section on leg 2. East of the MFZ are a number of small listric normal faults
down-throwing to the east. These faults bound a steep basement ridge, site RR13, from which basalts
have been dated at 48 my (Duncan pers. comm. 1989). Geochemically these basalts are MORBs and
not the OIBs of the Mascarene Plateau. Further east the long axis of the seamount at RR12 displays
24° of anticlockwise rotation from the line of the main body of the Rodrigues Ridge (fig. 3). These
two observations imply that a region of oceanic lithosphere, bounded by a series of a major NW-SE

trending sinistral and NE-SW trending dextral faults, has rotated, apparently due to compressive stress
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approximately along the line of the Rodrigues Ridge. A consequence of this rotation is that the oceanic
lithosphere near the MFZ (fig. 3) would be thrust up over the Mascarene Plateau. This movement
rotated the RR12 seamount about a pole at 18°55'S 59°30°E. Although the motion is shown on one
major NE-SW trending fault in fig. 3, several planes were recognised on the seismic profiles in this
region suggesting that this model is an over simplification. A further problem with this is that recent
information indicates that the ocean floor immediately east of the MFZ is only 30 my (Dyment 1999
pers. comm.). Thus the ocean floor material at RR13 must has been dislocated to the north as material
of this age can only be found some distance south of the Rodrigues Ridge. This further emphasises the

complexity of movements which have occurred in this region.
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3.

3.1 Introduction

Chapter 3
Mineralogy

In chapter 3 the mineralogy of the lavas recovered from the Rodrigues Ridge is examined in detail,

considering their alteration state and the minerals present both as phenocrysts, and in the matrix. This

information is then used to investigate the history of the melts and establish an order of crystallisation.

At the end of this chapter examples of the chemistry of the glass phenocryst and matrix crystals are

presented. For a more comprehensive list of analyses the accompanying disk may be consulted, this

lists the analyses in tabulated form in either WordPerfect 7 format (*.wpd) or ASCII format.

Table 7

Number Description
1. Fresh

2. Quite Fresh
3. Slight

4, Moderate
5. Severe

6. Total

Alteration Index

Comment

The matrix has more fresh glass than palagonite. Major rock-

forming minerals show no sign of alteration.

At least a trace of fresh glass is present in the matrix and clean

unaltered primary minerals are present.

No glass in the matrix but fresh plagioclase and either no or slight

alteration of the ferromagnesian minerals.

Secondary minerals present in the matrix. Olivine and/or plagioclase

show clear traces of alteration i.e. olivine to iddingsite or serpentine.

All major rock-forming minerals show significant alteration, e.g.
plagioclase to albite, olivine to iddingsite and/or serpentine and

clinopyroxene (where present) to clays.

All original rock-forming minerals altered, major new growth of

secondary minerals. The rock appears porous.

This alteration scheme was constructed to allow a quick visual assessment of the alteration state of all the samples in the

CD21/87 collection, and to permit comparison between samples and sites.
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3.2 Mineralogy

RR1 yielded one small sample of holocrystaline, glomerophyric basalt which displayed moderate-
severe (4-5) alteration according to the scheme, designed to differentiate these lavas, given in table 7.
Owing to the small size of the single RR1 sample and its degree of alteration, the sample as not
analysed. The remaining primary mineral suite consists of 4% (by volume) phenocryst olivine in a
matrix of 25% plagioclase and 5% titanaugite. The secondary minerals are iddingsite, opaques and
quartz, and these make up the remaining volume of the sample. The occurrence of secondary quartz in
this sample is unique among the Rodrigues Ridge basalts. Many of the crystals are broken, this
possibly having occurred during the extrusion process. The igneous samples from RR2, RR3, RR4,
RR8, RR9b and RR9¢ were exclusively porphyritic basalts (olivine-plagioclase phyric, plates 1-4)
many of which were glomerophyric (plate 1). Many of the samples recovered are clearly fragments of
pillows. One half of a pillow (RR3.1) was recovered from RR3. Flow alignment of the plagioclase
laths is observed at all the sites (e.g.. plate 1) but flow banding is only seen in samples from RR4,
RR8, RR9 and RR12d. Many of the samples from RR9c were coated or loosely cemented together by
carbonate sediments, collectively forming part of a debris flow deposit. Seismic data suggest that much
of the flanks of the Rodrigues Ridge are cloaked by such gravity-flow deposits. Table 8 summarises
the petrography of the Rodrigues Ridge basalts. The samples from RR10 are somewhat different to
those found at the sites discussed so far. Here dredging recovered both basalts and tuffs. Many of the
lavas are holocrystaline with pleochroic pink titanaugites within the matrix and numerous vesicles,
some filled with zeolites. Phenocryst clinopyroxene is absent from all the observed samples except
those of RR12d where rare laths of pleochroic pink titanaugite were observed (plate 4). Matrix glass
no longer exists in RR10 samples, having been totally replaced where it once existed, principally by
palagonite or secondary minerals. Many of the Rodrigues Ridge basalts are surrounded in a bright
orange palagonitic rind with or without a ‘manganese’ coat, principally made up of Mn-Fe oxides and
hydroxides with some organic material. The presence of ‘manganese’ both coating the lavas and as
nodules in the dredges was notably greater at sites RR10 and RR12. Qualitatively alteration seems
more extreme in the west; samples from RR10 and RR12 are considerably more altered than any of the
more easterly sites. All of the samples studied were selected on the basis that they appeared to be the
least altered of their particular dredge. Thus the higher level of alteration at RR10, which is the same
age as samples collected from further east, must be related either to its location (e.g.. near the end of

the Ridge; near several major fractures...) and/or to its chemistry.
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Table 8

Petrography of Rodrigues Ridge Basalts

Site and location | Alteration | Texture Primary minerals Secondary minerals,
and mineraloids
RR1 4-5 holocrystaline, | olivine, plagioclase, | iddingsite, opaques,
19°44'S 64°29'E glomerophyric | titanaugite quartz
RR2 most 2-3 porphyritic, olivine, plagioclase, | palagonite
19°35'S 64°26'E | (14) glomerophyric | Cr spinel
RR3 34 porphyritic, olivine, plagioclase, | palagonite
19°43'S 64°00'E glomerophyric | Cr spinel
RR4 1-3 porphyritic, olivine, plagioclase, | palagonite
19°33S 63°25'E flow banding, | Cr spinel, augite
glomerophyric
RRS8 34 porphyritic, olivine, plagioclase, | palagonite
19°38'S 61°59'E flow banding, | Cr spinel, augite
glomerophyric
RR9b 4 porphyritic, olivine, plagioclase, | palagonite
19°20'S 61°28'E flow banding | Cr spinel, augite
RR9¢ 1-4 porphyritic, olivine, plagioclase, carbonates, serpentine,
19°19'S 61°30'E flow banding, | Cr spinel, augite palagonite
glomerophyric
RR10 4-5 porphyritic, titanaugite, zeolites, iddingsite,
19°17'S 61°02'E holocrystaline, | magnetite, Cr spinel, | palagonite, Mn-
porous plagioclase oxides, serpentine
RR12a 4 porphyritic, plagioclase iddingsite, zeolites.
vesicular Palagonite
RR12d 4-5 porphyritic, plagioclase, iddingsite, zeolites,
18°52'S 60°07'E vesicular titanaugite serpentine, Mn-oxides
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.3 Phenocrysts

Representative electron microprobe analyses of the major phenocryst phases (olivine, plagioclase and
chrome spinel) are given in tables 10-12. Further analyses are included in tables A1-A25 on the
included disk.

Olivine

Olivine phenocrysts found in samples recovered from sites RR2-RR9c¢ display mostly hopper (plate
1), or less commonly amoeboid skeletal, or embayed forms (plate 3). Small inclusions of either glass or
altered glass were noted in olivines from RR9c. Olivine compositions are in the narrow range Foy, ;, at
both RR2 and RR4, Fogg 4 at RR3, Foy ;s at RR8 and Fog 4, at RR9c (table 10). A single matrix
olivine from RR4 had a composition of Fo,,, though others in this rock were around Foy,. Matrix
olivine at RR8 was in the range Fog, 5, while at RR9c it was more forsteritic at Fo,, (. No matrix
olivines were analysed from either RR2 or RR3 where they were uncommon. At RR10 olivine
phenocrysts are largely pseudomorphed by iddingsite. Where present, fresh olivine was in the range
Fogg g0 With the lower forsterite values occurring near the edge of the crystals (see table A21). At RR12
skeletal olivine phenocrysts are largely replaced by iddingsite, which also occurs within the matrix
(plate 4). No olivine analyses are available for this site since the few surviving crystals also proved to
be altered to varying degrees. Microprobe analyses of these failed to produce good totals for the major
element oxides, probably due to the alteration state of the crystals. Qualitatively these analyses showed

crystals were less forsteritic than phenocryst olivine found at any of the other sites.

Plagioclase

Plagioclase at all of the sites forms Figure 24

glomerophyric associations with olivine (plates RR4.6 Megacryst
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, - .
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estimated using optical techniques to be in the labradorite range at RR3, labradorite-bytownite (An,, ;)
at RR2, bytownite (An;,) at RR4 and labradorite-bytownite (An,, ,;) at RR9c. At RRS only one sample
was tested optically but this gave a value of Ang. Optically the unaltered plagioclase at RR12d gave an
anorthite value of An; though the larger crystals were noted to be zoned. Microprobe analysis revealed
the phenocrysts at RR2 to have anorthite contents of An,, . while the matrix crystals were around Ang,
(table 8 and table A2). At RR3 the phenocrysts occupy a slightly broader range An,, ., while the matrix
crystals are Ang 5, (table 11 and table A6). At RR4 the anorthite content of the plagioclase phenocrysts
is higher at Any, ;; with the margins as low as Any, (table A10). Phenocrysts from sample RR4.6,
which is chemically more evolved (lower in MgO, CaO, AL O; and Ni higher in TiO, and incompatible
elements e.g.. Zr, Th, REE), are notably less anorthitic at Ang, q,. This sample also includes one large
rounded, possibly resorbed, plagioclase megacryst, with a marginal composition of An, and core in
the range An, ;. Fig. 24 shows the variation in anorthite content with distance into this crystal. This
crystal, the only megacryst to have been identified in any of the Rodrigues Ridge lavas, may have been
derived from the other lavas at this site which have similar anorthite contents. Microprobe analyses of
plagioclase at RR8 revealed that phenocryst plagioclase falls in the range An,,  , whereas the matrix
crystals are around An,, , (table A14). These values are similar to both RR2 and RR3. Analytical data
for RR9c¢ displayed matrix plagioclase between Ang s,; this includes two crystals included in olivine
phenocrysts, both of which are around An,,. Phenocrysts compositions range from An,, near the edge
of crystals, to An, near the core; this is consistent with the values obtained optically. At RR10
plagioclase appeared albitised in thin section; analysis confirmed this, giving anorthite contents of An,
and An;, for the two crystals examined, which is somewhat less than at the previously discussed sites
(fig. 25). At RR12d the plagioclase phenocrysts are in the range An ;, with matrix crystals around
An,; (table A24 and fig. 25). This observation, in conjunction with the qualitative observation that the
olivines are less forsteritic (than at RR2-10), is consistent with the geochemistry in showing that the
RR12d lavas are more evolved.

Plagioclase at RR2-9c is very low in K,0 (0-0.40%), plotting along the An-Ab margin of the Ab-An-
Or triangular diagram (figs. 26, 27, 28, 25, 29). At RR10 there is significantly more K,O (0.49-1.28%),
and Na,O (5.25-7.23% compared with 2.18-5.28% at RR2-9c), probably as a result of albitisation.

Two groups can be distinguished at sites RR2-9; the phenocrysts and the matrix/included crystals, the
latter being substantially higher in Ab than the former. At RR2 the matrix crystals are generally
narrower than the 3 pm spot size of the microprobe beam. This resulted in insufficient data to establish
the range of anorthite contents among the matrix plagioclase in these samples. In tables 16-22 the left-
hand column indicates the normative anorthite content of plagioclase which is similar to the An content
of the matrix crystals for both sites. The quenched (skeletal) crystal forms, and this chemical difference
between the matrix and phenocryst plagioclase, both indicate that the final cooling stage of these melts

was very rapid, as would be expected for a lava erupted into seawater.
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Chrom inel

Chocolate brown chrome spinel occurs either included in the olivine phenocrysts, or in the matrix,
often associated with broken skeletal olivines, or away from any olivine but surrounded in a magnetite
coating. In extreme cases (at the more western sites) chrome spinel is apparently replaced by opaque
magnetite. This is probably due to the early formed Cr spinels reacting with the final stages of the melt,
in which they would no longer be in equilibrium. Microprobe analyses of these minerals reveal 20-
30% Cr,0;, typical of chrome spinel in Rodrigues Ridge lavas (table 12). At RR10 magnetite is present
within the matrix together with occasional chrome spinels. These occur as opaque crystals whose
identity was only confirmed by microprobe analysis. As will be demonstrated in ch.6 two
geochemically distinct groups exist; one with low MgO, TiO, and Zr, the other with high MgO, TiO,
and Zr. Within the high MgO group, chrome spinel is present within the matrix without any obvious
reaction rim. In the low MgO group it is generally less common and is either contained within olivine
phenocrysts or, if present in the matrix, with a magnetite reaction rim. This subtle variation in the
chrome spinel content of the two groups is reflected in slightly higher absolute values of Cr in the high
MgO group. Chrome spinel at RR8 is less common than at the more easterly sites, it is enclosed in

olivine and often coated or partially replaced by magnetite.

3.4 Chemical Zoning

All three major mineral phases show subtle chemical zonations which do not affect their optical
properties. This zoning is the result of failure to maintain equilibrium with the rapidly evolving melt
composition. Where crystal size and the state of the polishing permitted, multiple analysis of individual
crystals revealed this zoning. (In all cases the spot diameter was 3 pm). The olivine phenocrysts in
RR2 show chemical zoning which is displayed graphically in figs. 30-31. With the exception of crystal
6 in RR2.3, all the phenocrysts sampled show similar trends towards decreasing MgO and increasing
FeO’ content away from the centre of the crystal, towards the rim (fig. 31). Broadly similar olivine
behaviour is observed at all the sites (figs. 32-33, 34-35, 36-37, 38-39 and 40-41). The olivine samples
studied from RR9c display a more complex pattern than those from the more easterly sites. Here the
MgO content declines sharply close to the margin and is accompanied by a rise in the FeO" content
(figs. 38-39). The MgO content levels off around 50-80 pm from the margin, rises again to a peak
between 100 um and 250 pm, after which it declines to 400 um before climbing again (fig. 38). The
rise in MgO content between 250-400 pum suggests reinjection of a more magnesian melt causing a rise
in the MgO content of the magma and hence of the fractionating olivine. Continued fractionation
results in the MgO content declining as the crystal continued to grow. The levelling off of the curve

between about 50 pm and 100 um may indicate a further injection of melt immediately prior to the
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Figure 30 MgO Content of RR2 Olivines plotted against distance into the crystal
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Figure 31 FeO content of RR2 olivines plotted against distance into the crystal
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Figure 32 MgO content of RR3 olivines plotted against distance into the crystal
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Figure 33 FeO content of RR3 olivines plotted against distance into the crystal
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Figure 34 MgO content of RR4 olivines plotted against distance into the crystal
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Figure 35 FeO content of RR4 olivines plotted against distance into the crystal
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Figure 36 MgO content of RRS olivines plotted against distance into the crystal

Figure 37 FeO content of RR8 olivines plotted against distance into the crystal
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Figure 38 MgO content of RR9¢ olivines plotted against distance into the crystal
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Figure 39 FeO content of RR9¢ olivines plotted against distance into the crystal
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Figure 40 MgO content of RR10 olivines plotted against distance into the crvstal
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Figure 41 FeO content of RR10 olivines plotted against distance into the crystal
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Figure 42 An content of RR9c¢ plagioclase plotted against distance into the crystal
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eruption of these lavas. [Two crystals in figs. 38-39 do not show the sharp fall in MgO near the margin
of the crystal; this may be due to sampling (the form of the crystal and the angle it is cut), or to the
crystal being broken during eruption, or to difficulties in measuring the distance into the crystal
accurately.] In plagioclase, the Na,O content increases towards the margins of the phenocrysts and is
always higher in the matrix crystals. Plotting anorthite content as a function of distance into the
phenocryst for RR9c clearly displays the zonation in the plagioclase phenocrysts (fig. 42).

The variation in chemistry with distance into the crystal, although evident, is difficult to quantify for
chrome spinel as the crystals rarely exceed 40 um diameter. The FeO' contents invariably increase
from core to margin, MgO and Al,O, both decrease while chromium behaves in a less predictable

manner. In all cases the greatest change occurs close to the edge of the crystal.

3.5 Matrix Mineralogy

Clinopyroxene is clearly present within the matrix of the more westerly sites where microlites are
slightly larger than at the easterly sites. At both RR2 and RR3 clinopyroxene was identified as a matrix
phase in some samples. It does not exceed 2% by volume in any of the RR3 samples, whereas at RR2

microlites of clinopyroxene may represent 4-5% of some samples. All the samples in this collection

72



display some matrix alteration, where microlites form the nucleation sites for the growth of palagonite’'
minerals. The principal microlite phase present is clinopyroxene at sites RR2-9¢c, with magnetite
becoming increasingly important in the matrix from RR8 westwards. The heavy body colour of the
alteration minerals severely hampers both the identification and estimation of concentration of such
microlites (see for example plate 1 and 2 plane polarized light images). Consequently, estimates of the
concentration of clinopyroxene in samples from RR2, and to a lesser extent from other eastern sites,
should be considered with some caution. Microprobe compositions from the slightly larger matrix
crystals of clinopyroxene at RR3 are given in table 13 (and table A8). Three samples from RR4
contained matrix clinopyroxene crystals large enough to be analysed (ca. 3 pm); the results are listed in
table 13 (and table A12). The matrix crystals show widely varying chemistry between the three rocks,
probably reflecting the variation in the chemistry of the final melts from which they crystallised. In all
cases clinopyroxene is Ca- and Ti-rich and falls into the augite or salite fields of the pyroxene
tetrahedron. Clinopyroxenes at RR12d are typically titaniferous salite-ferrosalite in the range

Ca,,Mg, Fe,s-Ca,sMg, Fe,; (though no good quality analyses were obtained due to their slight
alteration). They are lower in Mg and higher in Ca and Fe than the matrix clinopyroxene recorded from
Rodrigues island which was in the range Ca,,Mg,,Fe,-Ca,,Mg;,Fe,, (Baxter et al., 1985). They are
however, contained within the broad range displayed by the matrix clinopyroxenes from other sites on
the Rodrigues Ridge (Cas, ;,Mg4s ;Fe15.46)-

Magnetite occurs as a fine dust within the matrix, and as a pseudomorph after the rare chrome spinels
in RR12d. At this site some other opaques, possibly skeletal ilmenite, were also noted within the
matrix, although no analytical data are available for these. At all of the sites the magnetite in the matrix
is invariably skeletal and generally too small (<3 pm diameter) for quantitative analysis although a

qualitative analysis is given in table 14.

3.6 Vesicles and Alteration

The lavas of the Rodrigues Ridge as a whole, show an increase in the amount of vesiculation and in
the quantity of alteration products, from east to west. Typically zeolites are more common in RR10 and
RR12d lavas than in those of the more eastern sites. The lavas of RR10 and RR12 aiso show a greater
degree of vesiculation and a higher degree of porosity caused by changes in volume associated with
formation of alteration minerals.

Lavas from RR2 have between 2-10% (by volume) of vesicles, occasionally infilled by calcite. At

RR3, RR4 and RR8 vesicles make up no more than 6% of the samples by volume, and are occasionally

1

Palagonite is actually a mineraloid devitrification product of volcanic glass, which itself is replaced principally by chlorite, serpentiqe
and clay minerals. The term “palagonite’ is used here for the yellow orange or brown amorphous replacement prodpct of volcanic
glass. The precise nature of this material is beyond the scope of this thesis and is the subject of research currently being undertaken
by M. M. Hall.
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partially infilled by either palagonite' (RR3 and RR8 only), serpentine (RR8 only) or calcite. Some
samples from RR4 display partially infilled vesicles with parallel surfaces, one side of which is filled.
These *geopetal” infills are the result of calcite filling the lower part of the vesicle and indicate the
orientation of the sample on the sea floor. One sample from RR12d was also noted to contain a
limestone clast with its own manganese coat and geopetal infills. At both RR8 and RR12d some
samples were noted to have foraminifera within the vesicles, indicating that the vesicles had been open
to the surrounding sea water. It is likely that these foraminifera, which are invariably juveniles
(Heward pers. comm.), are drawn into the vesicles during the cooling process. The occurrence of
microfossils in submarine basalts is not uncommon and has been related to the disruption and
reworking of sediments during the eruptive process (Nayudu 1972). At RR9c vesicles and amygdales,
do not exceed 8% by volume; they are lined or partially infilled by serpentine, zeolite, palagonite,
calcite, opaques and the red-brown pleochroic mineraloid, iddingsite. There is an increase in the
number of secondary mineral species from east to west along the Rodrigues Ridge between RR2 and
RR10, which is reflected in the greater variety of vesicle linings. Like RR10 the lavas of RR12d are
highly vesicular ranging from 12-38% by volume of the thin sections. At RR10 in particular, the severe
alteration makes the degree of vesiculation difficult to estimate. The replacement of original minerals
such as olivine, plagioclase or clinopyroxene by secondary minerals like serpentine, albite or the
mineraloid iddingsite results in slight volume changes, which in turn opens up fractures allowing more
seawater into the rock. Further secondary minerals like zeolites, which may reach 35% by volume,
grow in the vesicles and in the spaces left by the alteration and leaching of the matrix. Voids reached
20% in the RR12 lavas while in the single tuff studied they compose 65% of the volume. The major
element analyses display very high LOI (loss on ignition) values in conjunction with high levels of
K;0, H,0 and CO,. The high level of alteration minerals in these samples resulted in one sample
actually melting during ignition! The zeolites in the two RR10 lavas studied show consistently low Ca
contents with high K contents (see table 14). At RR10.1 the zeolites show the highest K, Si and Al
contents associated with lower Na and higher totals i.e.. lower unanalysed volatiles when compared to
the other Rodrigues Ridge sites. Calcite has been observed within the vesicles of some RR10 lavas,
suggesting that the CaO content (ca. 11-13%) of some RR10 lavas, although apparently typical of
basalt, is the result of secondary mineral growth and is not original. This demonstrates how the

presence of secondary minerals significantly affects the chemistry.

1

Palagonite is actually a mineraloid devitrification product of volcanic glass, which itself is replaced principally by clay minerals,
chlorite and serpentine. The term ‘palagonite’ is used here for the yellow orange or brown amorphous replacement producg of
volcanic glass. The precise nature of this material is beyond the scope of this thesis and is the subject of research currently being
undertaken by M. M. Hall.
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3.7 Discussion

This suite of porphyritic basalts was sufficiently fresh to permit the chemical characterisation of the

phenocryst and matrix mineral suites. Only RR10 displayed substantial replacement of the original
basaltic minerals. The phenocryst assemblage indicates that the liquidus phases were olivine + chrome
spinel + plagioclase. Skeletal textures are very common with phenocryst olivine displaying hopper or
less commonly ameboid forms. Plagioclase displays forked or ragged terminations in samples from all
sites except RR12d. These skeletal forms are consistent with the lavas having been rapidly cooled on
extrusion. The mineralogy of these lavas is typical of basaltic compositions although clinopyroxene
does not occur as a phenocryst in the lavas from sites RR2-RR10. At RR12d, where rare phenocrysts
of pink titanaugite were observed, no quantitative analyses were possible due to the effects of seawater
alteration. These crystals showed flow alignment, like the plagioclase at this site. Based on the
observed crystal relationships, the crystallisation sequence was; chrome spinel — olivine — plagioclase
(— clinopyroxene). Crystallisation of clinopyroxene phenocrysts only occurred at the western most site
RR 12, which was significantly more evolved than the other sites.

There is a general increase in the upper values for Cr# = 100Cr/(Cr + Al) of the chrome spinel crystals
present from RR2 to RR10 (table 9). This trend is apparently reversed at RR12 but the limited number
of crystals (and of successful analyses) makes this conclusion uncertain. The lower values at each site
vary in a less consistent manner. At RR2 the low MgO group has spinels which have higher AL,O,
contents and lower Cr# than the high MgO group. These spinels display opaque reaction rims where
they occur in the matrix, whereas the spinels observed in the matrix of the high MgO group do not.
Behaviour, such as that of the low MgO group, is indicative of crystallisation at higher pressure where
the Cr distribution coefficient is reduced (Dick & Bullen 1984). This would also account for the
apparent disequilibrium of these spinels. All the analysed chrome spinels from Rodrigues Ridge
basalts fall in to type 1 (Cr# <0.60) of Dick & Bullen (1984), i.e. they are typical of ocean ridges.
Lavas from this group have been derived from the melting of comparatively dry mantle where the
phase boundary Ol - En - Di - Sp + melt = Ol - En - Sp + melt (Ol = olivine, En = enstatite, Di =
diopside and Sp = spinel) has limited the degree of melting (op. cit.).

Table 9 Cr# and AlLO, for Chrome Spinel

Site Cr# ALO; % Site Cr# ALO; %
RR2 Low MgO Group  0.22-0.34 37.0-46.1 RR8  0.27-0.52 22.4-40.3
RR2 High MgO Group  0.26 - 0.36 33.3-42.8 RR9c 0.23-041 27.0-41.3
RR3 0.19-0.30 41.0-48.6 RR10 0.48 21.7
RR4 0.20-0.40 26.6-47.8 RR12d 0.37 29.8
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Table 10

Representative Olivine Analyses

Rock RR2.3 RR3.7 RR4.6 RR8.2 RR9c.36 RR10.1
Distance 100 pm Centre 15 pm Centre 540 pm 4 pm
SiO, 39.53 40.22 39.61 39.12 39.04 37.99
TiO, 0.05 0.00 0.05 0.00 0.05 0.22
ALO, 0.21 0.57 0.25 0.00 0.19 1.00
MgO 45.73 46.72 43.35 43.98 43.96 4143
FeO’ 12.88 11.55 15.89 16.03 15.35 17.99
Na,O 0.51 0.12 0.42 0.26 0.49 0.05
CaO 0.35 0.37 0.23 0.10 0.39 0.39
K0 0.00 0.03 0.02 0.00 0.00 0.03
MnO 0.17 0.04 0.11 0.07 0.15 0.23
P,O; 0.03 0.24 0.00 0.00 0.04 0.14
Cl 0.01 0.01 0.02 0.00 0.00 0.00
Cr,0, 0.00 0.11 0.00 0.14 0.15 0.09
S 0.04 0.02 0.04 0.00 0.00 0.00
Total % 99.51 100.00 99.99 99.70 99.81 99.56
Fo % 86.36 87.82 82.94 83.02 83.62 80.42

NB. Olivine phenocrysts in RR12d samples was rare and generally partially altered, hence no

satisfactory analyses were obtained.

* Total Fe is calculated as FeO
All measurements take from edge of crystal. ‘Centre’ indicates that the analysis is from the centre of

the phenocryst. Fo = forsterite content, ie. I00Mg/(Mg + Fe).
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Table 11
Representative Plagioclase Analyses

Rock RR2.18 RR3.3 RR4.1 RR8.2  RR9c.29b RR10.1 RR12d.1
Distance 55 pm Centre Centre Centre 50 pm Centre Centre
SiO, 50.08 49.58 48.89 48.95 48.73 57.91 S1.11
TiO, 0.08 0.07 0.11 0.22 0.09 0.28 0.16
AlO, 31.14 31.31 32.37 31.81 3142 24.34 30.08
MgO 0.00 0.00 0.00 0.06 0.31 0.00 0.19
FeO’ 0.51 0.45 0.38 0.33 0.70 1.22 0.75
Na,O 3.28 2.72 2.64 2.80 2.90 7.23 3.69
CaO 14.33 15.70 1542 14.90 15.34 6.34 13.32
K,O 0.00 0.04 0.00 0.16 0.13 1.28 0.10
MnO 0.06 0.05 0.00 0.06 0.04 0.01 0.18
P,Os 0.00 0.02 0.05 0.00 0.00 0.02 0.00
Cl 0.06 0.03 0.02 0.02 0.04 0.00 0.00
Cr,0, 0.00 0.06 0.07 - 0.14 0.21 0.03

S 0.00 0.00 0.00 0.00 - 0.00 0.00
Total % 99.54 100.03 99.95 99.31 99.84 98.84 99.61
Ab % 29.30 23.79 23.63 25.11 25.31 62.45 33.22
An % 70.70 75.97 76.37 73.96 73.98 30.28 66.18
Or % 0.00 0.25 0.00 0.93 0.71 7.27 0.61

* Total Fe is calculated as FeO

All measurements take from edge of crystal. ‘Centre’ indicates that the analysis is from the centre of
the phenocryst. Ab = Albite content, ie. 100Na/(Na+Ca+K), An = Anorthite content, ie.
100Ca/(Ca+Na+K), Or = Orthoclase content, je. 100K/(K+Na+Ca).
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Table 12

Representative Chrome Spinel Analyses

Rock RR2.18 RR3.7 RR43 RR8.7 RR9c.38 RR10.1 RR12d.4
Distance 10 pm 65um  Centre Centre 28 pm Centre Centre
SiO, 0.42 0.32 4.35 0.62 0.55 0.45 0.51
TiO, 0.42 0.44 1.00 1.21 0.59 2.90 1.41
AlLO, 38.74 46.09 35.61 28.12 39.27 21.66 29.84
MgO 15.84 18.06 13.65 13.48 15.51 11.26 11.24
FeO’ 18.63 14.57 20.83 22.50 20.05 31.43 29.74
Na,O 0.09 0.00 0.59 0.15 0.00 0.37 0.45
Ca0 0.11 0.08 0.51 0.05 0.00 0.14 0.13
K,O 0.05 0.00 0.15 0.01 0.00 0.01 0.01
MnO 0.03 0.12 0.31 0.17 0.13 0.38 0.35
P,O; 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.06 0.10 0.11 0.02 0.07 0.02 0.06
Cr,0, 25.48 20.20 2329 3347 23.78 30.34 26.15
S 0.03 0.00 0.00 0.08 0.00 0.00 0.01
Total % 99.96 99.98 100.40 99.88 99.95 98.96 99.90
Cr# 30.61 22.72 30.50 44.40 28.89 48.45 37.02

* Total Fe is calculated as FeO

All measurements take from edge of crystal. ‘Centre’ indicates that the analysis is from the centre of
the phenocryst. Cr # = 100Cr/(Cr+Al)



Table 13

Rock

SiO,
TiO,
AlLO,
MgO
FeO’
Na,O
CaO
K,0
MnO
P,0O,
Cl
Cr,0,
S
Total %

Ca
Mg
Fe

RR3.3
Matrix

48.77
2.36
9.18
3.59
14.53
3.50
16.25
0.12
0.18
0.12
0.00
0.04
0.05

98.69

47.28
10.45
42.27

Representative Clinopyroxene Analyses

RR4.1
Matrix

44.70
3.72
6.46
9.85
11.97
0.67

20.27
0.00
0.27
0.33
0.05
0.15
0.00

98.44

48.16
23.40
28.44

RR8.7
Matrix

50.30
1.99
13.17
7.98
9.61
2.88
12.34
0.16
0.18
0.56
0.10
0.00
0.01
99.28

41.79
22.81
35.40

RR9c.(2)a
Matrix

48.84
1.97
4.97

12.85
8.84
0.65

20.24
0.06
0.11
0.20
0.00
0.34
0.00

99.07

48.27
30.65
21.08

* Total Fe is calculated as FeO

All measurements take from edge of crystal. ‘Centre’ indicates that the analysis is from the centre of
the phenocryst. Ca = 100Ca/(Ca+Fe+Mg), Mg = 100Mg/(Mg+Fe+Ca) and Fe = 100Fe/(Fe+Mg+Ca)
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Table 14
Representative Analyses of Other Minerals

Rock RR10.1 RR12d.1 RR10.1 RR10.1
Mineral Zeolite' Zeolite' Calcite? Matrix
Magnetite®
SiO, 50.37 52.85 0.23 0.93
TiO, 0.05 0.10 0.00 21.39
AlLO, 21.49 22.26 0.08 2.17
MgO 0.00 0.01 NA 1.45
MgCO, NA NA 6.12 NA
FeO' 0.35 0.36 0.04 NA
Fe,O, NA NA NA 66.79
Na,O 3.26 7.12 0.21 0.35
CaO 0.28 0.26 NA 0.52
CaCoO, NA NA 91.63 NA
K,O 13.95 8.76 0.02 0.13
MnO 0.00 0.00 0.03 0.67
P,O, 0.08 0.05 0.00 0.02
Cl 0.00 0.01 0.01 0.05
Cr,0, 0.05 0.00 0.05 0.00
S 0.00 0.06 0.17 0.02
Total % 89.88 91.84 98.59 94.49

! Zeolites contain significant amounts of water, typically 9-25% (Deer e al., 1966) which is not detected by the electron microprobe. This has resulted in consistently low
totals for analyses of this mineral.

2 The carbonates in the calcite were calculated assuming stochiometry.

3Matrixmngneﬁteaymlsmdyexoeed3uminanyoflhmrocksmda.reoﬂenskddalmd/oruwduedwithﬂmmheconsequemlywnwdiﬁaﬂtyhasbeenacpeﬁawed
in analysing these. This result is presented here to demonstrate the titaniferous nature of the matrix minerals. Total iron is shown as Fe,0;.

* Total Fe is calculated as FeO
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Table 15

Representative Glass Analyses

RR2.11 RR2.18 RR2.18 RR9c.15 RR9c.32 RR9c.15
Point A Point B

SiO, 46.93 48.42 48.66 48.37 49.53 48.18
TiO, 0.74 1.82 1.67 1.78 2.06 1.82
AlLO, 16.31 16.60 16.80 16.20 17.01 16.18
MgO 11.25 7.48 7.36 6.40 4.44 6.36
FeO 11.85 10.29 10.41 10.18 11.04 10.12
Na O 3.56 3.50 3.13 3.87 3.90 3.97
Ca0O 7.60 11.09 11.10 9.99 9.84 10.22
KO 0.02 0.02 0.06 0.77 0.80 0.83
MnO 0.32 0.12 0.11 0.24 0.12 0.03
PO, 0.17 0.00 0.15 0.46 0.66 0.27
Cl 0.08 0.00 0.01 - 0.14 -
Cr0, 0.05 0.03 0.00 0.06 0.14 0.28
S 0.27 0.13 0.17 - 0.08 -
Total % 99.15 99.50 99.63 98.32 99.76 98.26
* Total Fe is calculated as FeO
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Chapter 4

4, Geochemistry
4.1 Introduction

In chapter 4 the chemistry of 62 Rodrigues Ridge samples is examined in detail beginning with
general characteristics, alteration and then examining the samples for each individual site. A fter the
inter-site characteristics have been considered, C-M-A-S diagrams are drawn to examine the

fractionation history of the lavas. The results are then discussed and the along-ridge variation

considered.

4.2 Geochemistry

A total of one tuff and 61 lava samples were selected for analysis from seven dredge sites along the
Rodrigues Ridge (localities of which are given on fig. 2). Sixty of these samples were selected on the
basis of their fresh appearance in hand specimen and thin section. Additionally two altered samples,
one from RR12d and one from RR10 were analysed to observe the effects of alteration on their
primary chemistry. XRF techniques were used to provide analyses of twelve major and minor element
oxides namely; SiO,, TiO,, Al,O;, Fe,0;" (" total iron as Fe,0,), MgO, CaO, MnO, Na,0, K,O and
P,O;. 47 samples were analysed for the volatiles H,O and CO, using an elemental analyser. 14 trace
elements; Ba, Cr, Cu, Nb, Ni, Rb, Sc, Sr, Th, U, V, Y, Zn and Zr. were analysed for all samples by
either ICP-AES or ICP-MS techniques. Hf was analysed in 25 samples across the suite by ICP-MS.
All 62 samples were also analysed for the rare earth elements (REE); La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Yb and Lu either using the ion exchange separation technique of Jarvis & Jarvis (1985)
followed by ICP-AES determination, or by ICP-MS directly on whole rock solutions. The results are
given in table 16, while details of the analytical techniques used can be found in appendix 3.

4.3 General Characteristics

Collectively the lavas of the Rodrigues Ridge are transitional alkali basalts in the range 8.37% ne
(normative nepheline)-7.47% hy (normative hypersthene) (tables 17-23), [NB. due to their severe
alteration the six samples from RR10 and one from RR12d have been excluded from this discussion].
Plotted on the normative basalt tetrahedron, they straddle the plane Fo-Ab-Di (olivine-albite-diopside),

which approximates to the thermal divide and separates alkaline and tholeiitic compositions (Yoder &
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Tilley 1962). This characteristic must have been acquired above ca. 8 kb (25 km) where the thermal
divide is absent. On the alkali-silica diagram of Macdonald & Katsura (1964) they straddle the divide
between tholeiitic and alkali basalts, with the majority of the samples being mildly alkaline

(figs. 43-49).

The Rodrigues Ridge lavas span a wide compositional range, with SiO, 43.9-48.6%, MgO 2.9-12.1%,
Al,0, 15.1-20.2%, CaO 7.8-15.1% and Na,O + K,O (alkalis) 2.9-6.1%. These ranges are similar to
those observed among basalts from Réunion (SiO, 45.2-48.1%, MgO 1.9-23.7%, Al,O, 7.9-21.4 and
alkalis 1.7-8.0%). Other oceanic basalts show some overlap with the Rodrigues Ridge but do not
display;

1. such low SiO, values, e.g. Rodrigues Island (46.7-50.1%), the CIR (47.5-51.4%), while the
Leg 115 samples from Mascarene Plateau and Chagos-Laccadive Ridge (i.e. the trace of the
Réunion hotspot) has 45.6-51.5% (Fisk et al., 1988, Baxter et al., 1985, Erlank & Reed 1974,
Hekinian 1982 and Backman et al., 1988).

2. such high CaO values, e.g. Rodrigues Island (7.6-10.8%), the CIR (10.9-12.9%), Leg 115
(8.3-11.9%), or Mauritius (0.7-11.8%) (op. cit.). Furthermore there is a progressive decrease
in CaO from east to west along the Rodrigues Ridge.

3. such high Al,0,, e.g. Rodrigues Island (15.3-17.4%), the CIR (13.8-17.0%), Leg 115
(13.11-18.55%) or Mauritius (9.6-19.1%) (op. cit.).

4. Such a broad range of alkali values, e.g. Rodrigues Island (3.33-5.74%), the CIR (2.38-
3.12%) or Leg 115 (1.68-4.14%) (op. cit.).

Like Réunion the lavas of Mauritius display considerable ranges in some of these elements, notably
MgO (0-16.1%) and alkalis (2.27-13.4%), which both encompass the values displayed by the
Rodrigues Ridge. Similarly the Older Series lavas of Mauritius display lower silica values (43.9-
62.2%)(Baxter 1972) like those of the Rodrigues Ridge. Such broad ranges for these two islands
probably reflects both the more complete sampling that has been possible here (as well as the wider
chemical variation. On the Rodrigues Ridge the sampling of individual sites (volcanic centres) is
limited and the broad chemical range reflects the variations between the different volcanic centres
sampled along the Ridge. It is notable that for many elements such as Na,0 and K;0O, the lavas from
RR2 and RR3 in the east have ranges similar to those of mid-ocean ridges, while the lavas from RRI0
and RR12d in the west have ranges more like ocean islands.

Trace element ranges are as follows; Ba 11.9-490.5 ppm, Cr 171-624 ppm, Cu 58.1-171.2 ppm, Hf
0.16-5.50 ppm, Nb 0.8-42.8 ppm, Ni 47.5-480.0 ppm, Rb <0.19-44.97 ppm, Sc 18.7-39.85 ppm, Sr
148.3-593.0 ppm, Th 0.07-6.37 ppm, U 0.06-4.80 ppm, V 173-339 ppm, Y 18.1-68.9 ppm, Zn 70.5-
196.0 ppm and Zr 57.1-291.4 ppm. The lavas display a broad range of trace element values, often
changing systematically with progression east to west along the Ridge. Despite this, single element
plots with MgO show no clear unifying trends linking all the dredge sites. Thus, the systematic trace
element variation along the Ridge cannot be explained by high-level processes. In general the

incompatible trace elements and Cr increase from east to west, i.e. from RR2-RR12d. For each of the
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above trace elements the range described by the Rodrigues Ridge is greater than that of Rodrigues
Island, the CIR or Leg 11S5. Only the well sampled and differentiated islands of Mauritius and Réunion
have wider ranges for Cr, Ni, V, Y and Zr. On these islands Ba and Nb are similar to the western sites
on the Rodrigues Ridge, but higher than at the eastern sites, where Ba and Nb values resemble those of
the CIR [8.5-180.3 ppm Ba and 1.2-2.4 ppm Nb (triple junction only)].

Although single element plots with MgO show no clear trends along the Ridge as a whole (see section
6.1), olivine + plagioclase fractionation trends can be recognised within individual sites, perhaps
indicating that the Ridge lavas were derived from several independently evolving volcanic centres. In
this model the Ridge results from the coalescence of a number of distinct volcanoes (islands or
seamounts). As a result of high-level processes each centre has its own unique geochemical signature,
which overprint the signature of the suite as a whole. The suite displays a clear progression from
depleted, MORB-like signatures in the east to OlB-like signatures in the west (compare figs. 51-52
with fig. 58, see also section 6.6).

Figure 43
Rodrigues Ridge
RR2
3.35
Alkali Basalt Field -
- i
mRR216
2 : .
o 319 1 ’;‘\ -RRZS \\
% LowMgOGrowp krag /',
: 37" g RR2ID
q 3.11 4 '\ RR218 g4
z \ Mcs o BRI
w ~_ High MgO Group
3.03 4 .- “CRR217
RR26 m -~
Tholeiitic Basalt Field
2.95 . r . . T
455 46 465 47 475 48 485
Si02 %

Silica-alkali diagram for the Rodrigues Ridge showing the position of RR2 samples relative to the fields of tholeiites and alkali
basalts (Macdonald & Katsura 1964). _
Similar diagrams for the other Rodrigues Ridge sites are given over the page.
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Na20+K,O Plotted Against SiO, for Sites West of RR2
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4.4 Alteration

All the Rodrigues Ridge lavas have been subject to some incipient seawater alteration. This is
manifested both as yellow/orange palagonite alteration of matrix glass, and by the growth of secondary
minerals such as serpentine, calcite and zeolites. The least altered samples still retain some matrix
glass, have clear olivine and plagioclase phenocrysts and do not have any secondary minerals (other
than palagonite). No matrix glass remained at RR3, RR8, RR10 or RR12d; secondary minerals were
observed in all the samples from sites RR10 and RR12d.

Studies of the chemical effects of seawater alteration (Hart et al., 1974, Wood et al., 1976 and Cox &
Hawkesworth 1985) suggest that, under zeolite facies alteration, Si, Mg, K, Rb, Ba, Sr and LREE are
mobile (Wood et al., 1976 and Cox & Hawkesworth 1985), whereas under even lower temperature
alteration (seawater weathering) Si, Al, Ca, S and Ga are lost and Fe**, Fe**, Mn, K, H,0, Cl, B, Rb
and Cs increase. Other elements which are mobile to a lesser degree, and in a less consistent manner,
are Mg, Na, P, Ba, Ni, and Cu (Hart et al., 1974).

The alkalis K,O and Na,O and the volatiles H,O and CO, are sensitive to the effects of seawater
alteration (Hekinian 1982 and Tlig 1991). For example on the CIR, low SiO,, with high K and Rb but
low K/Rb, were used to indicate alteration (Erlank & Reed 1974). Qualitatively these authors observed

that, under the electron microprobe, the

Figur: Plot of 100K,0/K,0+Na,O against H,0 for
most altered areas of the MORB's the Rodrigues Ridge lavas.

ed on DSDP leg 25 showed even ] .
recovered on g Wi Ro drlgues Ri dge

higher K values than the surrounding

rock. Fig. 50a shows a plot of -
100K,0/K,0+Na,O against water used

-]

-]

to distinguish between unaltered, R

metamorphosed and weathered ocean

floor volcanics (Hekinian 1982). For

100K20/K20 + Na2O
8 &

reference the fields of Rodrigues island 10

(solid line) and the weathered MORB o a : T ’ .
volcanics of RR13 (dashed line) are

shown on this figure. Hekinian (1982)
suggests that lavas with greater than 2% H,O (vertical line on fig. 50a) have been subject to either

seawater weathering and/or metamorphism. Since H,O (and CO,) data are only available for 47 of the
62 Rodrigues Ridge samples, 100K,0/K,0+Na,O was also plotted against LOI (fig. 50b). Loss on
ignition (LOI) is the change in weight which occurs when the sample is placed in a furnace at 800°C
for 20 minutes. This weight change is principally made up of three components;- 1. loss of water, 2.

loss of CO,, and 3. gain in oxygen due to oxidation of the ferric iron. Since both water and CO,
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increase during alteration (Tlig 1991), | Figure 50 Plot of 100K,0/K,0+Na,O against LOI for

high LOI is probably indicative of the Rodrigues Ridge lavas.
alteration. Fig. 50b shows all the Rodrigues Ridge

samples from RR10, RR12d.8 and and RR13

RR3.1 plot to the right of a line drawn
through 2.5% LOI. The value of 2.5%
LOI was selected to fit with the
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data show that RR10 and to a lesser
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degree RR12d have been subject to B

alteration and secondary mineral

growth. RR3.1 contains calcite in some
vesicles and consequently has high CO, and therefore high LOI.

The lavas of RR10 and RR3, together with RR9¢.11, RR8.3 and RR12d.8, are all low in SiO,.
Backman et al. (1988) observed that low silica lavas from site 715 (ODP leg 115) have been subject to
alteration. High *’St/*Sr is used to identify seawater alteration (Backman et al., 1988). Of the
Rodrigues Ridge lavas already mentioned as possibly altered, the samples from RR10 for which
isotopes are available (RR10.1 and RR10.8) both show elevated ®’Sr/**Sr, as does RR9c.11. None of
the lavas from RR3 or RR12d show enrichment in radiogenic Sr, suggesting that if these lavas are
altered they have not been contaminated by radiogenic Sr from seawater.

Primitive mantle-normalised trace element plots for the Rodrigues Ridge (figs. 51-58) clearly
demonstrate the erratic behaviour of Ba and Rb, probably indicating that these elements have been
mobilised. A number of Rodrigues Ridge lavas display elevated U and P on these plots, notably all
RR3, RR10 lavas and the low MgO group lavas of RR2, RR2.17 and RR9c.11. Slight enrichment of
these elements is also observed at RR12d. In contrast to U, Th remains low.

Since U and Th have very similar partition coefficients (table 2), partial melting and/or mineral
fractionation are unlikely to be effective mechanisms for their separation. However U, unlike Th, has
several different oxidation states and is strongly enriched during oxidation of crystalline MORB
(Verma 1992). Th is lost during palagonitization, but it remains more or less constant during oxidation
(Verma 1992), hence anomalously high U with normal or low Th can be developed. Faure (1991)
observed that there are a number of natural UO,** phosphates which develop in aqueous solutions but
which are insoluble. This may explain the apparent relationship between U and P during the oxidation

of these lavas.

103



Figure 51

Primitive Mantle-Normalised Curves for
RR2 LMgO (excluding RR2.12) + RR2.17
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Figure 52

Primitive Mantle-Normalised Curves for
RR2 HMgO (excluding RR2.17) + RR2.12

1000.00 -

100.00 -
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Primitive Mantle-Normalised Values
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0'10 T U ¥ 1 i U t 1 1 LK 1
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N-type MORB is indicated by filled triangles and E-type MORB by open squares. Primitive mantie, N-type MORB and E-type
MORB are from Sun & McDonough (1989).
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Figure 53
Primitive Mantle-Normalised Curves for
RR3 with E-type and N-type MORB
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Figure 54
Primitive Mantle-Normalised Curves for
RR4 with OIB, E-type and N-type MORB
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b
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E
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&
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N-type MORB is indicated by filled triangles, E-type MORB by open squares and OIB by crosses (fig. 54 only). Primitive
mantle, N-type MORB, E-type MORB and OIB are from Sun & McDonough (1989).
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Figure 55

Primitive Mantle-Normalised Curves for

RR8 with E-type MORB and OIB
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Figure 56a
Primitive Mantle-Normalised Curves for
RR9c (part 1) with OIB and E-type MORB
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E-type MORB by open squares and OIB by crosses. Primitive mantle, E-type MORB and OIB are from Sun & McDonough
(1989).
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Figure 56b

Primitive Mantle-Normalised Curves for
RR9c (part 2) with OIB and E-type MORB
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Figure 57

Primitive Mantle-Normalised Curves for
RR 10 with E-type MORB and OIB
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E-type MORB by open squares and OIB by crosses. Primitive mantle, E-type MORB and OIB are from Sun & McDonough
(1989).
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Figure 58
Primitive Mantle-Normalised Curves for
RR12d with E-type MORB and OIB
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E-type MORB by open squares and OIB by crosses. Primitive mantle, E-type MORB and OIB are from Sun & McDonough
(1989).

4.5 Site Characteristics

RR2

Fourteen samples from RR2 were selected for analysis. These are transitional alkali basalts as defined
by Macdonald & Katsura (1964) on an alkali-silica plot (fig. 43 page 100). On fig. 43 samples from
RR2 divide into two groups; one predominantly on the alkali side of the divide (the low MgO group,
see below), the other just on the tholeiitic side (the high MgO group). The normative mineralogy of
these lavas is given in table 17. The high MgO group were found to straddle the thermal divide having
2.35% hy-0.79% ne, implying that they last equilibrated above 8 kb. The low MgO group are all
nepheline normative (0.03-1.65% ne). These two groups at RR2 can best be distinguished on a plot of
TiO, with Zr (fig. 59) although, as will be discussed later, one sample does not fall clearly into either
group.

Variation diagrams for RR2 are given in figs. 60-80. Clear geochemical trends are observed for TiO,,
ALO,, Fe,0,", Ca0, P,0;, H,0, Ni, Sc, Sr, V, Y and Zr (figs. 61-64, 68-9, 73, 74-5, 76-7, and 78,)
while curved or diffuse trends are displayed by MnO, Cr, Nb, (figs. 67, 70 and 72), Rb, Th, U and Zn,
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(not shown); most diagrams show two groups. On the basis of these variation diagrams, RR2 can be
divided into two distinct geochemical groups. One (the low MgO group) with MgO <8.5%, TiO, 0.9-
1.1%, Al,0, 17.6-19.5%, CaO 10.8-12.2% and Zr 55-65 ppm (samples RR2.3-RR2.6, RR2.12b and
RR2.16). The second (the high MgO group) has MgO >8.1%, TiO, 1.2-1.3%, Al,0, 16.6-17.2%, CaO
10.7-11.1% and Zr 85-90 ppm. These two groups cannot be related by high-level fractionation of any
of the phenocryst phases present. The low MgO group displays clear olivine fractionation trends
whereas the high MgO group displays a weakly defined olivine trend. Some elements, however,
notably Y and the REE, show buffered trends which cannot be attributed to the fractionation of any
observed mineral phase. Fractionation trends based on Rayleigh modelling of the two groups are
shown on the variation diagrams. These models, discussed in chapter 6, are based on the fractionation
of the phenocryst phases olivine and plagioclase. Three samples (RR2.12b, RR2.4 and RR2.17) show
some characteristics associated with both groups. RR2.12b has 8.4% MgO, 0.917% TiO, but 89.1 ppm
Zr. It plots with the low MgO group for total Fe,

Figure 59
Ti and Al,O, but not for any of the trace TiO, against Zr for RR2
elements. Furthermore this sample is enriched in . .
P Rodrigues Ridge

radiogenic Pb compared to the other Rodrigues RR2
Ridge samples. In short this lava appears to have 14
acquired its trace element signature from the highl 13/ -
MgO group but its major element signature from .o -
the low MgO group (fig. 59). RR2.4, with 7.60%]| &

811 .
MgO, while falling into the low MgO groupin | 2 ,"
terms of its TiO,, ALO,, total Fe, Sc, U (not "
shown), V, Y and Zr values (figs. 61-3, 74, 76-7, 091 .
& 78), plots with the high MgO group in terms P I ———
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of SiO,, Na,0, H,0, Cr and Nb (figs. 60, 65, 69, Zr ppm

70 & 72). RR2.4 is also the only tholeiitic basalt
in the low MgO group and the only low MgO group lava to plot within the field of the high MgO

group on the alkali-silica diagram (fig 43). RR2.17 plots firmly within the field of the high MgO group
for most elements but shows U enrichment characteristic of the low MgO group (excluding RR2. 12b).

This U enrichment is probably the result of oxidation as discussed earlier.

Si0,, Na,0, K,0, CO, (not shown), Ba (not shown), and Cu show no discernible geochemical
correlation with MgO (figs. 61, 65-6, and 71). Elements such as K,0, Na,0, H,0, CO,, Ba and Rb,
which are susceptible to seawater alteration, often lack any correlation with MgO along the Rodrigues
Ridge, probably due to the incipient seawater alteration. The lack of correlation between Cu, which is
not particularly mobile, and MgO may reflect the formation of trace amounts of Cu bearing sulphides.
Most thin sections studied contained numerous tiny opaques, too small for meaningful analysis with
the electron microprobe. Most of these were apparently iron oxides, though some contained significant

levels of sulphide, suggesting that iron and/or copper sulphides were present in trace amounts.
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Primitive mantle-normalised trace element plots for RR2 (figs. 51-2) display slightly light REE
depleted trends similar to N-type MORB. On these figures an average N-type MORB and E-type

MORB (Sun & McDonough 1989) are shown. Some variation is observed among the most mobile

elements (Rb, Ba, Th, U and K) particularly among the low MgO group samples. Marked enrichment

of U is also observed in these lavas (and RR2. 17). Despite this there is no obvious enrichment in

radiogenic Pb. The *Sr/*Sr ratios, which are sensitive to seawater alteration, remain very low. These

observations suggest that these lavas have been subject to only limited alteration. The C1 chondrite

normalised plots for RR2 show slight LREE depletion, with the high MgO group showing greater

scatter among the LREE (figs. 81-2).

Variation Diagrams for RR2
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Rodrigues Ridge
RR2

0 2 4 8 B8 1012141618 20 22 24 26 28 30 32 34 36 38 40 42 44 46
MgO %

Rodrigues Ridge
RR2

Plagioclase

22 - Low MgO group

: High Mg0 group

0 2 4 6 B 101214 18 18 20 22 24 26 26 30 32 34 36 38 40 42 44 48
MgO %

Figure 61
Rodrigues Ridge
RR2
14
13 High MO grovp
12 4
11 -
1 {Lowneo
08 guup
£08 1
507
F06 -
05
04
03
gf ] Pragioctase Ot
(B ot o e e e e e

0 2 46 810121416 1820 22 24 26 28 30 32 34 36 38 40 42 44 48
MgO %

Rodrigues Ridge
RR2

Total Fe as Fe203 %

0 2 4 8 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 48
MgO %

iti i ivi hown joined. The modelled fractionation
In figs 60-68, the compositional fields for plagioclase and olivine phenocrysts are s action
pamgsfor both the highp:nd low MgO group are also shown, linking the parent and daughter to the proposed fractionating
assemblage. A full discussion of how these models were produced can be found in chapter 6.
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riation Di ms for RR2
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Yariation Diagrams for RR2

Figure 70 Figure 71
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riation Di ms for RR2
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Figure 81
Chondrite-Normalised REE for
RR2 Low MgO group
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RR3

Eight samples (fig. 44 page 101) were analysed from this site. Samples from RR3 are all nepheline

normative having 1.33-2.50% ne (table 18) and are mildly alkaline basalts. Variation diagrams for RR3
are given in figs. 83-106. These diagrams show fractionation trends based on the fractionation of the
phenocryst phases olivine and plagioclase. These models are described in more detail in chapter 6. In
general, the lavas of RR3 are somewhat different from those of the surrounding sites. The ranges of
Al,0, (15.08-19.41%) and CaO (7.86-11.96) for RR2, RR4, RR8, RR9c and RR12d (excluding
RR9c.11 and RR12d.8) show some overlap with those of RR3 (AL,O, 18.85-20.22% and CaO 10.07-
15.06%), but do not encompass them. Clear geochemical trends exist in plots of SiO,, TiO,, Fe,0;’,
Ca0, Na,0, K,0, H,0, Eu, Yb, Gd, Nb, Ni, Sc, V and Y against MgO. Less well defined trends are
also found with Al,0,, P,O,, CO,, MnO, Cr, La, Ce, Nd, Sm, Dy, Lu, U, Zn and Zr. RR3 displays
anomalous behaviour among many of the major, trace and REE, critically among elements such as Zr
and Ti which are not affected by alteration. TiO,, Nb and Zr display buffered trends with decreasing
MgO. Fe,0,’, Ca0, P,0;, H,0, Cr, Ni, U, Y and the REE all show decreasing trends with decreasing
MgO, many of which cannot be explained by fractionation of basaltic minerals or by secondary
processes. No discernible trends exist for Ba, Cu, Rb, Sr, Th.

A number of unifying characteristics have been observed among the RR3 lavas; they are all low in
silica (44.07-45.80%) and high in AL,0, (18.85-20.22%). TiO, (0.95-1.15%) is lower than in the high
MgO group at RR2 (1.23-1.29%), similar to the low MgO group (0.92-1.10%), while K,O (0.08-
0.13%) is similar to RR2 (0.08-0.28%) but lower than RR4 (0.12-0.63%). They display low absolute
values for LREE. Ce falls in the range 6.09-9.83 ppm compared to 6.16-12.61 ppm for RR2 and 9.40-
36.12 ppm for RR4. RR3 also displays the highest '“Nd/**Nd associated with the lowest levels of
radiogenic Sr and Pb found on the Rodrigues Ridge.

The half-pillow, RR3.1 (with 3.03% MgO) plotted significantly off the trend described by the other
samples for Si0,, AL,O;, Fe,0;’, Na,0, P,0,, CO,, Nd and Sc. This behaviour cannot be solely
attributed to the alteration state of this lava. Some compositional zoning across the pillow has been
observed (Hall pers. comm.) suggesting that the aberrant behaviour of this sample may have its origins
in post eruptive processes.

RR3 samples ail have high P and U as a consequence of their oxidation. Like RR2, they show
primitive mantle-normalised trends similar to N-type MORB (fig. 53). Like RR2, RR3 plots between
these two MORB types, but with somewhat greater scatter among the more mobile elements. The
chondrite-normalised REE signatures show a slight LREE depletion associated with low overall REE
concentrations (fig. 107 page 120).

In figs 83-91, the compositional fields for plagioclase and olivine phenocrysts are shown joir_led. 'I'he modelled t.'ractlonatlon path
is shown, linking the parent and daughter to the proposed fractionating assemblage. A full discussion of how this model was
produced can be found in chapter 6. Arrows shown on figs. 93-106 indicate the modelled fractionation trend for the trace
elements, also described in chapter 6.
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Variation Diagrams for RR3
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Variation Diagrams for RR3
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riation Di ms for
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Variation Diagrams for RR3
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Figure 107
Chondrite-Normalised REE for
RR3
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RR4

Eight samples from site RR4 were analysed. Like the lavas of RR2, they straddle the thermal divide
(fig. 45 page 101) having 0.62% hy-1.18% ne (table 19). Variation diagrams for RR4 are given in

figs. 108-125. Clear geochemical trends exist for SiO,, TiO,, Fe,0,", P,O,, Ni and V with MgO

(figs. 108-9, 111, 116, 119 and 122). Less well defined trends are present for Al,O;, MnO, Na,0, CO,
(not shown), Rb (not shown) and Y (figs. 110, 112, 114, and 123). At RR4, the narrow range of MgO
(7.52-8.97%) reflects the reduced role of olivine during its fractionation history. Qualitatively the role
of plagioclase and possibly clinopyroxene fractionation (see ch. 6) must be greater than at other sites to
explain the wide ranges found in elements like TiO, (0.861-1.814%) Fe,0," (8.63-9.43%) and CaO
(9.44-11.02%). Similar wide ranges can be found in the other incompatible elements notably P,O;
(0.07-0.25%), Y (18.06-36.71 ppm) and Zr (51.1-165.3 ppm) (table 16), confirming that these lavas
have undergone substantial fractionation (see ch. 6 for discussion of fractionation models). The
fractionation models described in chapter 6 which require the fractionation of the phenocryst phases
olivine and plagioclase are shown on these variation diagrams. The water content at RR4 is the lowest
of all the sites (0.3-0.6%), implying that these lavas were derived from relatively dry melts. No obvious
trends exist for CaO, K,O, H,O (not shown), Ba (not shown), Cr, Cu, Hf (not shown), Nb (not shown),
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Sc, Sr, Th (not shown), U (not shown), Zn (not shown) and Zr (figs. 113, 115, 117-8, 120-1, and 124).
On a plot of primitive mantle-normalised trace elements, the overall trace is most like E-type MORB
(fig. 54). The peaks in U and P, seen in the RR2 low MgO group and at RR3, are not found. The only
sample to plot above the E-type MORB line for all elements is RR4.6 which has a more evolved
chemistry. In general the lavas of RR4 are enriched in the most incompatible elements (Rb-Sm) when
compared to the more easterly sites. The lavas also show a small peak in Sr about which they are
tightly grouped with only RR4.6 being significantly higher. The cause of this grouping is not clear. The
range of Sr is narrow at 188-214 ppm, excluding RR4.6 which has 234 ppm. Similarly the chondrite-
normalized REE (fig. 126) show level or slightly LREE enriched traces.

In figs 108-116, the compositional fields for plagioclase and olivine phenocrysts are shown joined. The modelled fractionation

path is shown, linking the parent and daughter to the proposed fractionating assemblage. A full discussion of how this model
was produced can be found in chapter 6.

Variation Diagrams for RR4
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riation Di ms for RR4
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riation Di ms for RR4
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riation Diagrams for RR4
Figure 124 Figure 125
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Arrows shown on figs. 117-125 indicate the modelled fractionation trend for the trace elements, described in chapter 6.

Figure 126
Chondrite-Normalised REE for
RR4
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RR$

Six lavas were analysed from this site. These plot along a linear trend on the alkali side of the alkali-
silica divide in fig. 46 (page 101). Although all the samples from RR8 plot in the field of alkali basalts
they straddle the Ol-Ab (olivine-albite) join in the system Ol-Ne-Q (olivine-nepheline-quartz) i.e. the
critical plane of silica undersaturation. They have between 7.47% hy and 2.25% ne (table 20).
Variation diagrams for RR8 are given in figs. 127-147. The major, trace and REE variation diagrams
show linear relationships between Al,O,, H,0, CO,, Zn, Yb and MgO. Additionally SiO,, TiO,,
Fe,0,", MnO, Cr, Rb, Y, La, Gd and Sm, show a consistent change in trend at about 10% MgO,
although the limited data set makes this a rather tentative observation. The olivine-plagioclase
fractionation trends shown on the variation diagrams are based on models described in chapter 6.

The basalts from RR8 include some of the most magnesian samples recovered from the Rodrigues
Ridge, with the MgO content ranging from 12.13-6.21%. Generally the more magnesian samples at
this site have higher olivine contents. TiO, at RRS is slightly higher than at the more easterly sites
(1.35-1.53%), similar to RR9¢ (1.43-1.62%) but substantially lower than at RR10 (2.33-3.00%),
reflecting the tendency for this element to increases from east to west along the Rodrigues Ridge.
ALO; (15.08-17.55%) and CaO (9.18-10.30%) are lower than at RR4 (16.91-17.73% and 9.44-
11.02%), while SiO, has a much wider range (43.89-48.56%) encompassing that of all the other
unaltered lavas from the Rodrigues Ridge. RR8 is richer in Cr, Nb, V and Y (453-624 ppm, 6.19-
17.43 ppm, 180-326 ppm and 21.86-39.77 ppm) than RR4 (171-268 ppm, 3.61-15.79 ppm 173-

230 ppm and 18.06-36.71 ppm respectively).

At RR8, clear enrichment of the more incompatible elements is observed on a plot of the primitive
mantle-normalised trace elements (fig. 55). These elements (Rb-P) also show greater variation between
the individual samples. Two traces (RR8.5 and RR8.3) show a slight peak in U and to a lesser extent in
P and Zr, similar to the behaviour observed at RR3. The trace element patterns for RR8 (including any
enrichment in U) are confined between the patterns for E-type MORB and OIB. Similarly the C1
chondrite-normalised REE (fig. 148) show clear LREE enrichment while the HREE are broadly similar

to those of the more easterly sites and also RR9c.

In figs 127-135, the compositional fields for plagioclase and olivine phenocrysts are shown joinec_i. The. modelled fraf:tionation
path is shown, linking the parent and daughter to the proposed fractionating assemblage. A full dlscu'ssxon. of how this model
was produced can be found in chapter 6. Arrows shown on figs. 136-147 indicate the modelled fractionation trend for the trace
elements, also described in chapter 6.
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riation Di ms for RR8
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Variation Diagrams for RRS
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riation Di ms for RR8
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Variation Diagrams for RR8

Figure 14 Figure 14
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Figure 148
Chondrite-Normalised REE for
RR8
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RR9c

The fourteen samples from RR9c all plot on the alkali side of the divide on the alkali-silica diagram
(fig. 47 page 101). Of these, only RR9c.11 is nepheline normative. This sample can been seen as
anomalous on many of the variation diagrams. Collectively the lavas fall into a narrow range in terms
of their normative mineralogy (4.36% hy-1.67% ne see table 21). At this site SiO, is in the range
(46.36-48.35%) for all but RR9c.11, which may be altered and is excluded from all the ranges quoted
here. CaO, FeO’, MgO and Al,O, are in the ranges 8.84-1 1.25%, 7.90-9.22%, 6.19-10.41% and 15.56-
17.95%. Variation diagrams for RR9c are given in figs. 149-171. When plotted against MgO, clear
olivine controlled fractionation curves are expressed by; SiO,, ALO;, TiO,, Fe,0;", Ca0, K,0, MnO,
P,0, Cr, Ni, Sc, U (not shown), V, Y, Zr, (figs. 149-153, 156-7, 158, 160, 162, 164-5, 166) Sm, Gd,
Dy (not shown), Eu and Yb (figs. 167-69). Fractionation trends shown on all diagrams were based on
modelling described in chapter 6, of olivine fractionation only. Scattered trends are also expressed by;
Na,O (fig.154), H,O (not shown), Nb, Rb, Sr, (figs. 159, 161, 163) Th, La, Ce and Lu (not shown).
CO,, Ba, Cu, Zn and Nd show no obvious trends (not shown).

At RR9c, K,O is in the range 0.32-0.87%, the lower value being that of RR9¢c.11 which shows

anomalous behaviour which cannot be attributed solely to alteration processes for; SiO,, Fe,0,’, MnO,
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K,0, P,0;, Cr, Th, U, V, Nb and Zn. Some trace elements at RR9¢ show a broad spread of points,
apparently forming independent trends crossing the olivine control line. Most notable of these are K,0,
Nb, Rb, Sr, V and Zr (figs. 155, 159, 161, 163-4 & 166). RR9c.11 falls on the extremity of one of
these trends. This unusual behaviour was noted on data obtained from several different instruments
and on replicate preparations, negating the possibility of analytical error as a cause (see appendix 4).
The primitive mantle-normalized trace element pattern (figs. 56a & b) for the anomalous sample,
RR9c.11, displays the peaks over U and P which were seen at RR2-low MgO group and RR3. Another
smaller peak is also present over Zr in this and the other RR9¢ samples. The RR9c lavas also show
some elevation of Rb, K,0 and Sr values. In short, the RR9¢ lavas show peaks on these primitive
mantle-normalised traces for those elements which show a spread of data on the variation diagrams.

The C1 chondrite-normalised REE curves (figs. 172a & b) for RR9¢ show smooth mildly LREE
enriched patterns.

Variation Diagrams for RR9¢
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Variation Diagrams for RR9¢
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Variation Dij ms for RR9Y
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s Variation Diagrams for RR9¢
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In figs 149-157, the compositional field for the olivine phenocrysts is shown. The modelled fractionation path is shown, linking
the parent and daughter to the proposed fractionating assemblage. A full discussion of how this model was produced can be
found in chapter 6. Arrows shown on figs. 158-168 indicate the modelled fractionation trend for the trace clements, also
described in chapter 6.

134




Figure 169a
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RR10

Five basalts and one tuff (RR10.19) from RR10 were analysed. Like the lavas of RR3, RR§ RR9c¢ and

RR12d they are all mildly alkali basalts (fig. 48 page 101). RR10.8 was selected to study the effects of
alteration, however all the lavas analysed from this site were subsequently found to be altered. They
contain significant quantities of zeolites and calcite which have radically affected the whole rock
chemistry. For most Rodrigues Ridge sites Al,0, is in the range 15.08-19.41%, SiO, is 43.89-48.56%,
TiO, is 0.87-2.08% and alkalis (K,O + Na,0) are 2.92-6.12%, whereas at RR10 ALO; is 13.39-
17.07%, SiO, is 27.58-40.34%, TiO, is 2.34-2.95% and alkalis are 2.80-9.41%. This selection of major
elements demonstrates the extreme deviation of RR10 from the fields defined at the other Rodrigues
Ridge sites. The lavas from RR10 show enrichment of the alkalis and depletion in SiO,, probably as a
consequence of alteration and zeolite growth. This causes them to display unusual normative
mineralogies (table 22). The lavas of RR10 also show enrichment of (immobile) incompatible elements
such as Nb, Zr and Ti.

Variation diagrams for RR10 are given in figs. 170-191. Major and trace element plots with MgO
reveal clear trends in TiO,, P,O;, Sc and Sr (excepting RR10.7 which shows exceptionally high Sr
values) (figs. 171, 178, 182 and 183). Less distinct trend can also be recognised in SiO,, Fe,0,’, MnO,
Cu (not shown), Hf (not shown), Nb, Rb, Th, Zr and the REE (figs. 170, 173, 175, 180-1, 184,
188-91). RR10.7 was observed to have very low CaO (2.56%) in conjunction with very high Sr
(6975 ppm). This sample appeared relatively fresh in hand specimen but in thin section it was apparent
that the vesicles were filled by zeolites. In zeolites Sr, derived from sea water, may substitute for Ca
(Deer et al., 1971). On the major element variation diagrams the compositional fields are shown, for
the most likely fractionating phases; olivine, plagioclase and clinopyroxene. These fields are based on
the composition of these minerals at this and/or surrounding sites. Since the degree of alteration of
these rocks prevented the development of sensible fractionation models, no attempt has been made to
show possible fractionation paths at this site.

The primitive mantle-normalised trace element (fig. 57) curves for RR10 clearly show that the
strongly incompatible elements (Rb-P) excluding Nb, La and Ce, show substantial scatter between
these samples, whereas Nb, La, Ce and Nd-Lu still plot along the typical OIB curve. The C1 chondrite-
normalised traces for RR10 (fig. 192) are strongly LREE enriched, as would be expected for a typical
OIB although the HREE tend to plot below those of typical OIB.

In figs 170-178, the compositional fields for plagioclase, olivine and clinopyroxene phenocrysts are shown. No modelling was
attempted at this site due to the alteration state of the lavas. Further discussion can be found in chapter 6.
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Variation Di ms for RR1
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for RR1
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riation Diagrams for RR10
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Figure 192
Chondrite-Normalised REE for
RR10
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RR12d

Five samples from RR12d were selected for geochemical analysis on a visual assessment of their
freshness. One further sample RR12d.8 was altered and was selected to see what effects alteration had
on the lavas. All the RR12d lavas are mildly alkali basalts on fig. 49 (page 101). All samples from
RR12d were found to be nepheline normative (table 23). RR12d.8 had 8.37% ne, whereas the other
RR12d samples were in the range 0.76-3.28% ne, suggesting that, in this case, severe alteration has
caused the sample to become progressively more ne normative (silica poor). Seawater alteration results
in the loss of SiO, (Hart ef al., 1974) as has been observed at RR10. Variation diagrams for RR12d are
given in figs. 193-211. Geochemical trends with MgO are difficult to recognize at this site as the
samples display a narrow range of MgO. Scattered trends are found for TiO,, Al,O;, Na,0, Ba, V, Zr,
(figs. 194-5, 199, 202, 206 and 208) and the REE (if the most magnesian sample RR12d.8 is ignored)
(figs 209-11). The six RR12d samples studied are all low in MgO, with a narrow range (2.91-4.30%)
compared to the other Rodrigues Ridge sites. Only the more evolved compositions from RR2 and RR3
have similar MgO contents (2.91-4.30% at RR12d compared to 3.9-8.8% at RR2 and 3.0-8.3% at
RR3). Comparing them with the evolved lavas from the eastern end of the Rodrigues Ridge only serves
to underline the dramatic change in basalt chemistry which takes place along this structure (compare
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RR3.11 with RR12d.5 both of which have 3.09% MgO in table 16). In addition to the MgO content,
the more evolved character of these lavas is also demonstrated by Ni, Y and Zr which are in the range
139-480 ppm, 18.06-39.77 ppm and 57.1-205.1 ppm for all the other sites, but from 48-143 ppm,
40.86-76.81 ppm and 131.6-291.4 ppm at RR12d. Major element fractionation models are described in
chapter 6 and are shown on the variation diagrams. The fractionation paths shown on the trace element
plots are based on the same model which requires the fractionation of olivine, plagioclase and
clinopyroxene, however since the absolute amount of fractionation is very low the observed variation
between parent and daughter is often close to instrumental detection limits. For this reason these
models are presented on these diagram only as a guide to the expected fractionation paths.

At RR12d primitive mantle-normalised trace element plots (fig. 58) show curves similar to typical
OIB, but unlike RR10 they are enriched in the HREE. Ce/Yb ratios for RR12d are 12.04-21.53
compared to 2.62-4.89 for RR2 and 23.33-31.35 at RR10 (typical values for MORB are 2.5 while for
OIB they are 37.0). The decrease in Ce/Yb between RR 10 and RR12d reflects the increase in the
concentrations of HREE at RR12d compared to RR10 (Yb = 2.98-5.71 ppm at RR12d compared with
1.58-2.84 ppm at RR10). RR12d basalts display peaks over P, Zr, U, and Y similar to RR2-low MgO
group, RR3, RR8.3, RR8.5, RR9¢c.11 and RR10. Two other peaks are also observed over La and Gd in
both figs. 212 and 58.

riation Diagrams for RR12d
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In figs 193-201, the compositional fields for plagioclase, olivine and clinopyroxer.le ph‘enocrysts are shown join;d. Tl)¢ modelled
fractionation path is shown, linking the parent and daughter to the proposed fractwngtmg assemblage. A full dlsgussnpn of how
this model was produced can be found in chapter 6. Arrows shown on figs. 202-211 md_lcate the'modellefi ﬁ'actxor_latlon trend
for the trace elements. The reader should take note of the discussion in chapter 6 regarding the difficulty in modelling very small

amounts of fractionation.
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Variation Diagrams for RR12d
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riation Di for RR12d
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Figure 212
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4.6 The C-M-A- uatern m

One of the primary difficulties in handling a natural muiti-component system such as the basaltic
system is relating experimental data from much simpler chemical analogues and visually imaging the
data in a way which can be readily interpreted. In 1968 O'Hara devised the C.M.A.S ternary system for
displaying phase relationships in a suite of lavas. In this ternary system (molecular proportions);

C = 56.08(Ca0 - 3% P,0; + 2Na,0 + 2K,0)

M = 40.31(FeO + MnO + NiO + MgO - TiO;)

A = 101.96(AL0, + Cr,0, + Fe,0, + Na,0 + K,0 + TiO,)
S = 60.09(SiO, - 2Na,0 - 2K,0)

Whole rock analyses and mineral compositions can be expressed in terms of these four components
and plotted, along with phase boundaries, in the volume described by the tetrahedron. In interpreting
triangular diagrams (two dimensional expressions of this three dimensional system) it is important to
bear in mind; (I). The possibility that the data may plot above, below or on the plane being viewed,
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(2). the possibility that the data may be distorted by the angle from which it is viewed, this causes
spurious trends such as the trend towards MS (enstatite) on the plane CS-MS-A when viewed from
M,S (forsterite). (3). Increasing the (Na + K)/Ca ratio results in the projection scheme breaking down,
hence evolved compositions should be avoided. When selecting which projection to use, it is best to
use the primary crystallising phase to ensure correct reading of crystallisation sequences. The primary
crystallising phase in the Rodrigues Ridge lavas is olivine (i.e. M,S). The Rodrigues Ridge lavas are
shown in figs. 213-215 using the M,S (forsterite) projection on to the plane CS-MS-A, the CMS,
(diopside) projection on to the plane C,A-S-M and the MS (enstatite) projection on to the plane C,S,-
A;S;-M,S. Included on these diagrams are the 1 atmosphere and 10 Kb phase boundaries; additional
phase boundaries can be found on figs. 216-218 (O'Hara 1968).

On the plane CS-MS-A (projection from olivine) (fig. 213), the lavas of RR2 plot along 1 atm
plagioclase-clinopyroxene cotectic, whereas the majority of the remaining sites plot between this and
the 10 Kb plagioclase-spinel-clinopyroxene cotectic. This suggests that they may have begun to
fractionate at greater depths, where clinopyroxene was stable, before rising into the plagioclase
stability field. It is notable that all the RR12d lavas plot on the 10 Kb plagioclase-clinopyroxene
cotectic in a group distinct from the rest of the Rodrigues Ridge.

On the plane C;A-S-M (projecting from diopside) (fig. 214) the entire Rodrigues Ridge lava suite
plots in a narrow band close to the olivine-gabbro plane straddling the 1 atm, 5 Kb and 10 Kb cotectics
in the fields of olivine and plagioclase + spinel. These two projections suggest that the lavas have
experienced some polybaric fractionation. Using the enstatite projection onto the plane C,S;-A,S;-M,S,
separates further the 1 atm and 10 Kb phase boundaries. On this diagram, all the Rodrigues Ridge
lavas plot in a tight group around the 10 Kb cotectics of olivine, plagioclase, clinopyroxene and spinel
(fig. 215). Collectively the lavas plot either on the eutectic or they plot along a line from the
plagioclase-clinopyroxene cotectic across the field of clinopyroxene into that of olivine. The
mechanism controlling this trend is not clear.

RR3.1 and RR12d.8, the two samples noted for their unusual chemistry and behaviour inconsistent
with their site, have been omitted from these diagrams. RR3.1 was taken from the half pillow
recovered from site RR3. It has substantially high CaO (15.06 compared to 10.07-11.97) and has the
lowest MgO value. It plots notably off the evolutionary path for SiO,, Al,O,, Fe,0,, CaO, Na,0, CO,
(not shown), Sc and V (figs. 83, 85-86, 88-89, 97 and 99) and has substantially less normative olivine
than the other RR3 samples (9.13% compared with 11.84-23.81%). RR12d.8 was known to have been
affected by seawater alteration and was found to plot well outside the field described by the other
Rodrigues Ridge lavas. Clearly both these samples are distinct from the others at their site; they were
therefore omitted.

The more evolved lavas from RR12d plotted on the olivine-plagioclase-clinopyroxene cotectic at
10 Kb on all three diagrams presented, whereas plagioclase does not feature on the liquidus for most
other samples. This reflects the greater importance of plagioclase in the thin sections from this site and

its dominant role in the modelled fractionating assemblage (shown on the variation diagrams).
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4.7 Discussion

On the variation diagrams presented in this chapter, clear olivine-plagioclase controlled fractionation
trends can be seen at sites RR2, RR3, RR4 and RR8, while RR12d with its limited range of MgO
shows evidence of olivine, plagioclase and clinopyroxene fractionation. At RR9c, olivine alone seems
to be controlling the evolution of the lavas. At RR9c, the modelled fractionation is able to reproduce
the observed trends well, whereas at the other sites, notably RR3, the model trends often seem to show
a mismatch with the observed trends. At some sites, models involving clinopyroxene produce better
matches with the data (see appendix 5), although this cannot explain the REE trends observed at RR3
and some other sites. On C-A-M-S plots (section 4.6) sites RR3-RR9 all plot between the 1 atm and
10 Kb cotectic on the plane CS-MS-A (projection from olivine), whereas RR2 plots close to the 1 atm
cotectic and RR12d close to the 10 Kb cotectic. On the plane C,A-S-M (projecting from diopside) the
entire suite straddles the 1 atm, 5 Kb and 10 Kb cotectics whereas on the plane C,S,-A,S,-M,S
(projection from enstatite) the sites all plot around the 10 Kb cotectic. This implies that the lavas have
had a polybaric fractionation history, in which the final fractionating phases were olivine + plagioclase
for RR2-RR8, olivine for RR9c and olivine + plagioclase + clinopyroxene for RR12d. Although the
role clinopyroxene in the fractionation history of these lavas is uncertain, the C-A-M-S diagrams it
imply that clinopyroxene may have been an important phase in the early part of the fractionation
history of the lavas from all sites and not just RR12d. Unlike the lavas of Rodrigues Island, the
Rodrigues Ridge lavas do not contain any xenocrysts or xenoliths to provide an insight in to the
fractionating assemblage. However the observed phenocryst phases at some sites, such as RR9c, seem
good candidates for the fractionating phases. The curious REE behaviour at RR3 and others may be
reflecting processes which took place during the melting and early history of the melt and which has
not been significantly overprinted by later events. The history of these lavas may be summarised as
follows:

1. Melting in the upper mantle within the field Ol + En + Di + Sp, but constrained by the

phase boundary Ol - En - Di - Sp - melt = Ol - En - Sp - melt (Dick & Bullen 1984). ie...

diopside remains in the residue after melting.

2. Polybaric fractionation between 10 Kb and 1 atm involving olivine, spinel, (clinopyroxene),

and plagioclase.

3. Eruption on to sea floor.

Along-Ridge Variation

The incompatible elements increase from east to west. Distinct increasing trends can be observed for

K,O, Ba, Nb, Rb, Sr, Th, U, Zr and the REE, notably the LREE. This is exemplified by Zr at RRS8
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which is higher than at RR2, RR3 and at RR4, though not RR4.6. At RR9¢ Zr is slightly lower though
the overall upward trend continues from RR10 to RR12d (fig. 219a). Coincident with this increase
from east to west is the broadening of the ranges displayed at individual sites. Furthermore, when
samples from the CIR, RR13 (old MORB), Réunion, Mauritius and Rodrigues Island are included, the
general trend remains (fig.219b), although it is more diffuse. Rodrigues Island and RR 13 are the two
sites which deviate the most from the trend. RR13 is old (48 my), altered ocean crust, thrust up on to

Figure 219a [Figure 219b
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Sources of data: Rodrigues Island from Baxter ef al. (1985); Mauritius from Baxter (1990); Réunion from Upton & Wadsworth
(1972) and Fisk et al. (1988); CIR from Mahoney et al. (1989).

the Mascarene Plateau, and would more appropriately be plotted close to the CIR. But it now has more
Zr than other CIR lavas, as a result of alteration (in this case the leaching out of mobile elements,
concentrating the remaining immobile elements). Rodrigues Island is, as has been mentioned in ch.1,
younger than the Rodrigues Ridge. Its lavas show enrichment in incompatible elements like Zr, typical
of OIB, hence it would not be unreasonable to move it closer to the position of Mauritius and Réunion
on this diagram. Also notable on fig. 219b is the very high absolute values for Zr at RR12d. This site
has been subject to much greater degrees of fractionation than the other Rodrigues Ridge sites,

reducing the concentration of the compatible

elements like Ni (fig. 220), but enriching that of | Figure 220

the incompatible elements like Zr. Averaged Ni for Rodrigues Ridge
The enrichment in REE, particularly the LREE, :: -

is highlighted by Ce in the range 24.23- 0 'mo. e

34.92 ppm at RR9c compared with 14.24- & 50 e
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Figure 221
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On Figure 222b arrow indicates where RR13 would have formed and hence where it would more appropriately be plotted.

despite (at least) a two fold increase in Ce (fig. 221). A systematic increasing trend was also observed
for Ni (fig. 220), while Sc decreased from east to west (fig. 222a & b). The decline in Sc must either

reflect a smaller amount of partial melting, or the increased role of garnet or/and clinopyroxene in the

upper mantle, or a reduced partition coefficient for Sc in diopside at mantle temperatures and
pressures. As has been discussed in chapter 3, the presence chrome spinels with Cr# <0.60 indicates

that all the Rodrigues Ridge lavas fall into type 1 of Dick & Bullen (1984). This group are all of
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oceanic origin, having formed on oceanic ridges where the degree of partial melting is restricted by the
phase boundary Ol - En - Di - Sp = Ol - En - Sp (Dick & Bullen 1984). In short, diopside remains in
the residue after melting for all type 1 lavas, including the Rodrigues Ridge sites. Irving (1978)
suggests that, as temperature increases, the partition coefficient of Sc in diopside declines, although he
does not give any information on the behaviour of Sc at mantle pressures. If, as suggested by these
experiments, the partition coefficient of Sc in diopside is much reduced at upper mantle temperatures
(and pressures), the observed behaviour may be controlled by another phase such as garnet. Both
diopside and garnet partition Sc, but garnet will only be present at depths below 60-80 km (Ellam

1992). The contribution of some melt from depths where garnet is present, may also help explain the
marked decline in Sc which has been observed. Close to the base of the crust, the upper mantle (in
oceanic environments) tends to be depleted by repeated cycles of melting at mid-ocean ridge systems.
At greater depths this is not the case, hence melt derived from lower in the mantle tends to be enriched
in trace elements like Zr, Sc and LREE. HREE are strongly partitioned by garnet and thus remain low
in melts where garnet is present in the residue.

The change in the chemistry from east to west can also be seen by comparing the primitive mantle-
normalised trace element patterns and the chondrite-normalised REE for each site (figs. 51-52, 81-82,
53, 107, 54, 127, 55, 150, 56a & b, 172a & b, 57, 195, 58 & 212). On these diagrams the easterly sites
RR2 and RR3 show LREE depleted patterns similar to those of N-type MORB. The westerly sites
RR10 and RR12d show patterns similar to Réunion or typical OIB. Sites RR4 and RR8 are most like
E-type MORB, while RR9c¢ has an intermediate character between E-type MORB and OIB.

In addition to the trends described above, some elements show sharp increases or decreases at RR10
and/or RR12d i.e. TiO,, CaO, Na,O, Hf, Y and Zn. These two sites were also noted to display distinct
differences in their mineralogy. RR10 showed significantly greater levels of alteration while RR12d
was the only site where clinopyroxene microphenocrysts were observed. Both of these two sites
showed significantly greater levels of vesiculation, indicating that, unlike the lavas from sites RR2-

RR9c¢ which were erupted at ocean floor depths, these lavas were erupted close to the sea surface.
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In chapter 5, the radiogenic isotope ratios of Sr, Nd and Pb are examined for a selection of samples,
for which the geochemistry is available, in order to characterise the isotope geochemistry for each site,
and thus for the structure as a whole. The isotopic variation with longitude is considered before paired
isotope plots are used to investigate the detail of the mantle source from which these rocks were

derived, and to consider the relationship between the Rodrigues Ridge and other related features.

2 Iso chemist

Of the sixty two samples analysed for major, trace and rare earth elements, 21 basalts were selected to
study the radiogenic isotopes of Sr, Pb and Nd. This group was made up of 5 samples from RR2, 3
from each of RR3 and RR12d, 2 from each of RR4, RR8 and RR10 and 4 from RR9c. All 21 samples
were analysed for ®’Sr/*Sr, ten were analysed for '*Nd/'*Nd and eight for *Pb/***Pb, **’Pb/**Pb and
208ph/2%Ph. The principal criteria used when selecting the samples were their freshness and the amount
of material available. To limit the effects of fractionation on the plots of radiogenic isotopes with trace
element ratios, samples with around 8% MgO wcre selected. The small size of some samples from
RR8 and RR3 meant that this was impossible at these sites. At RR12d, the limited range of MgO
precluded the use of such magnesian samples. The two samples selected to study alteration (RR10.8
and RR12d.8) were analysed for ¥Sr/*Sr as this ratio is sensitive to seawater alteration (White et al.,
1990).

The radiogenic isotopes were analysed at Royal Holloway and Bedford New College's isotope
laboratory using a VG354 Mass Spectrometer. Details of the analytical techniques used are given in
appendix 3. The results are given in table 24a. Also shown in table 24a are the isotopic data for
dredged basalts from the CIR, site RR13 (old MORB) and the Marie Celeste F.Z. Table 24b shows
averaged data for other Indian Ocean areas which may be relevant to the Rodrigues Ridge.

For the Rodrigues Ridge as a whole, *’Sr/*Sr is in the range 0.703419-0.703946, excluding RR10.8
and RR9¢.11 (discussed below). The lowest *’Sr/*Sr ratio on the Rodrigues Ridge is found at RR3 in
the east, from where there is a systematic increase westward to RR10. Dredged lavas from the west

side of the Marie Celeste F.Z. and the CIR segment immediately due east of the Rodrigues Ridge both
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Figure 223
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Sources of data: Réunion from Fisk et al. (1988), Rodrigues from Baxter et al. (1985), CIR, Mauritius and the Marie Celeste
F.Z. from Mahoney et al. (1989).

show elevated levels of radiogenic Sr in the range 0.70266-0.70356 (Mahoney et al., 1989). While
higher than the rest of the CIR, these ratios are lower than for most sites on the Rodrigues Ridge
except RR3, which overlaps their range. Mauritius, Rodrigues Island and Réunion have *’Sr/**Sr
between 0.70369-0.70433, 0.703569-0.704057 and 0.70397-0.70436, respectively (Mahoney ef al.,
1989, Baxter et al., 1985 and Fisk et al., 1988). In general, the Sr isotope ratios of these three islands
are higher than those of the Rodrigues Ridge. Notably the values for Réunion are higher than any of
the unaltered Rodrigues Ridge lavas. Fig. 223 shows the increase in *’Sr/**Sr with decreasing longitude
along the Rodrigues Ridge. For reference, data for the three Mascarene Islands, site RR13, the west
side of the Marie Celeste F.Z. and the CIR (due east of the Rodrigues Ridge) have also been included
on this diagram. Only data from the west side of the Marie Celeste F.Z. have been used as *’Sr/*Sr
ratios increase in both directions away from the active spreading ridge. This symmetry suggests that the
melt source has changed over time. Using the data from the west only means that on the figure
longitude can be related to distance from the spreading ridge or age of the basement. For simplicity,

averaged data for Réunion, Mauritius and Rodrigues (given in table 24b) are used in this diagram. In
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fig. 223, there is a clear linear progression of increasing *’Sr/*Sr from the CIR to Réunion along the
Rodrigues Ridge. Two sites show slight deviation from this relationship; RR12d and RR2. RR12d
plots lower that would be expected for its longitude whereas RR2 is slightly higher.

Alteration

To confirm that the whole suite of lavas was not affected by incipient alteration, samples were
processed to extract plagioclase crystals. These were then analysed to ascertain their ¥’Sr/*Sr values.
Unfortunately serious difficulties were encountered in separating the plagioclase from the matrix.
Consequently only one sample RR2.2 yielded meaningful results. In this sample ¥Sr/*Sr was
0.70366+5 while in the plagioclase it was 0.70358+2, a discrepancy only just above the analytical
error. Very high Sr isotope ratios in oceanic environments, such as that shown by RR10.8
(0.707861£17), are generally the result of contamination by seawater, during alteration. Seawater has
an *’Sr/*Sr ratio of 0.7092 (Faure, 1977, Cox et al., 1987 and Rollinson, 1993) considerably higher
than fresh basaltic rocks. It is therefore concluded that RR10.8 has been severely affected by seawater
alteration, a conclusion consistent with the petrographic and geochemical observations and
consequently this lava will not be considered further in this discussion. Sample RR12d.8, was also
selected to study alteration, but does not show elevated Sr ratios (table 24a). This implies that the
preparation techniques used to remove any contaminated material was successful (see appendix 3).
RR9c¢.11 has also been excluded as this sample has *’Sr/**Sr = (0.704530, which is considerably higher
than the other RR9¢ samples (*’Sr/**Sr = 0.703689-0.703770). RR9c.11 is anomalous in terms of both
its major and trace element chemistry, (e.g. SiO, = 44.00%, U = 1.37 ppm and V = 242.4 ppm
compared to 46.36-48.35%, 0.29-0.49 ppm and 189.8-220.2 ppm for the remaining samples from site
RR9c). The high ¥Sr/**Sr data would suggest that this sample has suffered some seawater
contamination but this was not evident from the petrography.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>