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The Australian-Antarctic Discordance (AAD) is a unique feature of the global mid-
ocean ridge (MOR) spreading system located in the Southern Ocean between Australia and
Antarctica. Dramatic changes in MOR morphology and geochemistry, comparable to the
contrasts between the slow-spreading Mid-Atlantic Ridge and the fast spreading East
Pacific Rise, coincide with an abrupt axial depth transition between the AAD and adjacent
sections of the Southeast Indian Ridge (SEIR). A regionally uniform, intermediate
spreading rate requires that mantle temperature and melt supply controls the physical and
chemical characteristics of the spreading axis.

An isotopically defined boundary (Sr, Nd, and Pb) between Indian Ocean-type and
Pacific Ocean-type MORB mantle lies beneath the AAD. The transition between these two
upper mantle reservoirs is abrupt, over <40 km along the easternmost AAD spreading axis.
West of a ridge-transform intersection at ~126°E, SEIR lavas have Indian Ocean MORB
isotopic characteristics, whereas SEIR lavas to the east have Pacific Ocean MORB isotopic
characteristics. Mixing of melts from theses two upper mantle reservoirs occurs within 40
km transition zone. Off-axis sampling indicates Indian Ocean MORB mantle has migrated
westward beneath tl'le easternmost AAD spreading segment at ~25 mm/yr during the last 3-

4 Ma. Migration of the boundary could reflect a large-scale westward outflow of Pacific




Ocean mantle from a shrinking Pacific basin or a small-scale perturbation of a long-term
isotopic discontinuity created by the mantle dynamics producing the AAD.

The geochemistry and geochronology of DSDP Legs 28 and 29 basalt samples
recovered east of the Kerguelen Plateau and west of the Macquarie Triple Junction show no
direct evidence for large-scale flow of Pacific mantle westward, but important regional
variations in the isotopic signature of mantle sources through time is observed. All samples
west of the AAD are Indian Ocean MORB that display increasing isotopic and trace element
enrichment with decreasing age indicating the eastward migration of Kerguelen hot spot
material along the SEIR near 110°E. East of the South Tasman Rise, all DSDP basalts are
Pacific Ocean MORB indicating this reservoir at the eastern margin of Gondwana before
seafloor spreading began in the Tasman Sea (~80 Ma). DSDP samples directly west of the
South Tasman Rise have higher 87St/86Sr and lower 206Pb/204Pb than DSDP samples
farther east and have elevated 208Pb/204Pb and 207Pb/204Pb values, characteristics

transitional between Pacific Ocean and Indian Ocean MORB.
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Geochemistry of Mid-Ocean Ridge Basalt
Within and Surrounding the
Australian-Antarctic Discordance

Chapter 1

Introduction and Overview

The global Mid-Ocean Ridge spreading system samples the earth's upper mantle
along a continuous volcanic system that stretches across nearly 25,000 km of the earth’s
surface. Compositional and morphological variations within and between Mid-Ocean
Ridge spreading centers convey basic information on the physical processes leading to
upper mantle melting and seafloor accretion. In the past decade, physical models of mantle
melting and melt extraction have converged with observations from global variations in
Mid-Ocean Ridge basalt composition, to show that mantle temperature directly affects both
the physical and chemical characteristics of the spreading ridge [McKenzie, 1884; Klein
and Langmuir, 1987; McKenzie and Bickle, 1988; Langmuir et al., 1993; Forsyth, 1993
and references therein].

This thesis is a geochemical study of an 800 km section of the Southeast Indian
Ridge (SEIR) which includes the Australian-Antarctic Discordance (AAD). Mid-ocean
ridge basalts collected for this study were recovered from spreading segments that display a
significant rénge, comparable to the entire global variation, of Mid-Ocean Ridge axial
morphologies and basalt compositions. The contrasts in axial morphology in this relatively
restricted section of the Southeast Indian Ridge are comparable to differences between the
fast-spreading East Pacific Rise and the slow-spreading Mid-Atlantic Ridge, even though

they occur at a uniform, intermediate spreading rate of ~74 mm/yr [Weissel and Hayes,

1971; DeMets et al., 1990]. Since spreading rate is not a factor, fundamental differences in




magma supply must be the dominant factor determining the physical and chemical contrasts
along the spreading axis in this region.

The Australian-Antarctic Discordance (AAD) is a unique among spreading systems
because it encompasses radical changes in axial bathymetry and ridge segmentation that
occur over less 50 km along-axis. Spreading segments are generally ~1000 m deeper
within the AAD, than along adjacent sections of the SEIR [Hayes and Conolly, 1972;
Hayes, 1988; Marks et al., 1991]. Within the AAD, spreading segments are <100 km in
length and offset along large transforms, whereas east of the AAD, the spreading axis is
continuous for 200-300 km and offset only by propagating rifts. In fact, the AAD is
centered on a bathymetric low which spans the entire Southeast Indian Ocean basin
between Australia and Antarctic (Fig. 1.1) [Veevers, 1982]. Coincident with the AAD
bathymetric anomaly is a gravity/geoid low (Fig. I.1) [Weissel and Hayes, 1974; Marks et
al., 1990, 1991]. Taken together, the depth and geoid anomalies have been interpreted as
reflecting downwelling, convective flow in the upper mantle [Hayes and Conolly, 1972;
Weissel and Hayes, 1974]. The arcuate shape of the depth-geoid anomaly suggests that
these features have remained centered on the spreading axis and migrated westward
through much of the history of the basin. Also, variations in the amplitude of the depth
anomaly have been interpreted as fluctuation in the strength of the mantle forces creating the
unique geophysical features of the AAD [Marks et al., 1990].

Prior to this investigation, the eastern SEIR between 115°E and 138°E had been
sampled at only eleven dredge sites [Anderson et al., 1980; Klein et al., 1988]. Eight of
these dredge sites are located east and west of the AAD, but only three lie within the AAD.
Aspects of the petrology and geochemistry of the basalts recovered from this 1700 km
length of the eastern SEIR have been reported in several investigations [Anderson et al.,
1980; Klein and Langmuir, 1987; Klein et al., 1988; Klein et al., 1991] which recognized
that the three AAD basalts represent an endmember in the global spectrum of mid-ocean

ridge major element compositions. These AAD basalts have had a profound



Figure. 1.1

Residual bathymetric anomaly and geoid anomaly of the eastern Southeast
Indian Ocean basin [Marks et al., 1991]. The could be interpreted as
resulting from downwelling, convective flow in the mantle beneath the AAD

[Hayes and Conolly, 1972; Weissel and Hayes, 1974; Klein et al., 1988].
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impact on the understanding of melt generation and crustal accretion at mid-ocean ridge
systems worldwide. The unique compositional characteristics of AAD basalts and the
unusually deep axial depth from which they erupted, have suggested that the mantle
beneath the AAD is abnormally cold relative to normal MORB mantle [Klein and Langmuir,
1987]. In addition, Klein et al. [1988] discovered that a boundary between isotopically
defined Pacific Ocean upper mantle and Indian Ocean upper mantle existed beneath the
AAD and that the transition between these two major mantle reservoirs occurred between
two AAD dredge sites separated by ~200 km.

A dredging and SeaMARCII mapping investigation of the Southeast Indian Ridge
within and east of the AAD was conducted in January and February of 1988 aboard the
R/V Moana Wave. The objectives of this study were to gain a better understanding of the
position and nature of the isotopic boundary, characterize the major and trace element
diversity of basalts generated within the AAD and along surrounding spreading segments,
and determine how the geochemical diversity in the region relates to the contrasts in axial
depth, morphology, and mantle temperature. The geophysical aspects of this study have
been discussed by Sempéré et al. [1990], Palmer et al. [1993], and West et al. [1994].
This thesis addresses the geochemical aspects of mid-ocean ridge basalts collected within
and surrounding the AAD during the R/V Moana Wave cruise MW8801. The body of this
work is divided into three papers. The first two papers discuss the major element, trace
element and isotopic geochemistry of samples dredged along Southeast Indian Ridge within
and east of the AAD. The third paper grew out of the isotopic results presented in the first
paper. It expands the compositional characterization of Southeast Indian Ocean seafloor by
using additional samples taken from existing core material recovered by the Deep Sea
Drilling Program.

Chapter 2, “Resolving an isotopic boundary in the Australian-Antarctic
Discordance”, was co-authored by D.M. Christie and J.J. Mahoney and published in Earth

Planetary Science Letters. This chapter presents the Sr, Nd, and Pb isotope results for a




selected group of basaltic glass samples to determine the position, width and transitional
characteristics of the isotopic boundary detected by an earlier regional study of the eastern
SEIR [Klein et al., 1988]. our new data show that the isotopic boundary is surprisingly
abrupt, only 40 km in width along-axis, and that limited mixing between the Pacific Ocean
upper mantle and the Indian Ocean upper mantle may have occurred beneath the
easternmost AAD spreading segment. No comparable mantle boundary is known along the
worldwide MOR spreading system.

More remarkable, is evidence that the isotopic boundary has migrated westward at a
minimum rate of ~25 mm/yr over the last 4 m.y. Assuming a steady migration rate, the
position of the boundary can be extrapolated to the eastern margin of Australia and
Antarctica prior to the breakup of these two Gondwana continents, suggesting that Pacific
upper mantle may have flowed westward in response to the opening of the Southern Ocean
Basin (see Chapter 4).

Chapter 3. “Geochemistry and Morphology of the Southeast Indian Ridge in the
Vicinity of the Australian-Antarctic Discordance”, is co-authored by D.M Christie. This
chapter is an examination of the major and trace element variations that accompany the
abrupt changes in axial segmentation and morphology between the AAD and spreading
segments of the SEIR to the east. Since spreading rate is uniform throughout this region,
compositional and morphological variations are most likely related to variations in melt
production beneath the spreading axis. The AAD spreading system has a deficient melt
supply to the spreading axis and compositional variations appear to be controlled primarily
by partial melting in the mantle source. The SEIR east of the AAD has an excess melt
supply, and compositional diversity is dominated by shallow-pressure crystal fractionation.
Mid-ocean ridge basalt compositions and axial morphology vary systematically between
these two regions.

The major element characteristics of AAD basalts indicate that they are derived from

low pressures of melting and low average degrees of melting. The major element contrasts




between the AAD basalts and surrounding SEIR basalts are consistent with variations in
mantle temperature producing variations in mantle melting. However, trace element
systematics show that lavas produced by low degree melting within the AAD and Zone A
have very similar characteristics, despite their very different major element compositions.
The major and trace element variations cannot be produced by differences in partial melting
alone, unless trace element heterogeneity in the source mantle is invoked. An alternative
model is presented in which the modal proportion of clinopyroxene (cpx) contributing to
melting is varied. This model satisfies the trace element conditions and predicts that the
AAD mantle is higher in modal cpx. Therefore, AAD basalts are the product of lower
degrees of melting within a more fertile, clinopyroxene-rich source mantle.

Chapter 4. “Geochemistry and Geochronology of Ancient Southeast Indian and
Southwest Pacific seafloor”, is co-authored by D.M. Christie, J.J. Mahoney and R.A.
Duncan. This paper presents a geochemical study of basaltic samples from older Southern
Ocean seafloor recovered by Legs 28 and 29 of the Deep Sea Drilling Project (DSDP).
This study centered on the development of a regional framework for the distribution of
Indian Ocean and Pacific Ocean upper mantle through time in order to constrain a
fundamental question concerning the nature history of the isotopic boundary within the
AAD. Is the observed small-scale displacement of the isotopic boundary a result of local
variations in the position of a boundary that is, in the long term, tied to the AAD, or is it
indicative of a large-scale, westward migration of Pacific Ocean upper mantle which began
as Australia and Antarctica drifted apart?

The DSDP study documents regional variations in the isotopic composition of the
mantle beneath the Southern Ocean Basin that are consistent with, but do not require long-
term, westward migration of the Pacific Ocean upper mantle. Isotopic signatures that are
intermediate between those of Indian Ocean and Pacific Ocean upper mantle occur close to
Tasmania, well to the east of the present isotopic boundary, suggesting that the boundary

has not always existed beneath the AAD and therefore, implying large scale migration.




Further sampling, by ocean drilling, of seafloor <40 m.y. and located west of the South
Tasman Rise is necessary to determine whether long-term westward flow of Pacific Ocean
upper mantle has occurred.

West of the AAD, the compositional influence of the Kerguelen hot spot on basalts
formed along the SEIR increases with decreasing seafloor age. The isotopic and trace
element trends suggest that a mantle contaminant derived from the Kerguelen plume was
carried eastward as seafloor spreading progressed. The enrichment trend of these older
SEIR basalts is the opposite of what would be expected if a broad Kerguelen plume head
had spread beneath this region.

The co-authors for the chapters provided analytical facilities and valuable
instruction. The Sr, Nd, and Pb isotopic analyses were completed at the University of
Hawaii with the help of J.J. Mahoney. The 40Ar-39Ar analyses were completed at Oregon
State University with the guidance of R.A. Duncan. D.M. Christie provided financial
support through grants OCE 87-11120, OCE 90-00595 and OCE 92-17186 from the
National Science Foundation for all of this work. Ideas that have evolved from this
geochemical study of seafloor basalts from the eastern Southeast Indian Ocean are the result

of active participation by all the co-authors.



Chapter 2

Resolving an Isotopic Boundary within the
Australian-Antarctic Discordance

D.G. Pyle, D.M. Christie, and J.J. Mahoney

ABSTRACT

New Sr, Nd, and Pb isotopic analyses of MORB glasses from the Australian-
Antarctic Discordance (AAD) confirm the presence of an abrupt boundary between
‘Indian'-type and 'Pacific'-type MORB mantle. The transition between these two upper
mantle reservoirs is gradational along ~40 km of the easternmost AAD spreading center
(i.e. segment BSW) and terminates at its western ridge-transform intersection. Axial lavas
dredged immediately west of the B4/B5 transform are unequivocally derived from an
‘Indian' MORB source, whereas axial lavas dredged east of this transform have a 'Pacific'-
type signature with evidence of an 'Indian' MORB imprint. Off-axis sampling of the
easternmost AAD spreading segment show these lavas to have been derived from an
'Indian’-type source indicating that the isotopic boundary has migrated westward into the
AAD in the last 3-4 Myr. Pacific mantle must flow beneath the BS spreading axis at a rate
of ~25 mm/yr in order for it to displace Indian mantle as the source of melt for this
segment. The gradational character of the boundary suggests that as the westward
migration of 'Pacific' mantle progresses, an increasing memory of a remnant ‘Indian’
signature is incorporated into lavas near the leading edge of the boundary zone. At present,
approximately equal proportions of 'Pacific’ and 'Indian’ mantle contribute to the isotopic
signature of lavas erupted 10 km east of the B4/B5 spreading axis offset at ~126° E.
Migration of the boundary could reflect a continuous, large-scale, westward outflow of
upper mantle which has recently arrived beneath the AAD from a shrinking Pacific basin,
or alternatively, the displacement may reflect a small-scale perturbation of a long-term

isotopic discontinuity, created and maintained by the mantle dynamics producing the AAD.
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INTRODUCTION

The Australian-Antarctic Discordance (AAD) is a 500 km section of the Southeast
Indian Ridge (SEIR) at the center of a basin-wide, seafloor depression between Australia
and Antarctica. This spreading center is one of the deepest of the global mid-ocean ridge
system (4000-4500 m) [Cochran, 1986; Marks et al., 1990] and a unique feature of the
world's ocean basins. Weissel and Hayes [1971] subdivided this region into zone A, zone
B (the AAD) and zone C based on the remarkable contrasts in seafloor morphology that
exist between each zone (Fig. II.1). Contrasts in axial morphology, analogous to well-
known differences between the fast-spreading East Pacific Rise and the slow-spreading
Mid-Atlantic Ridge, occur between zone A and the AAD despite a regionally uniform
spreading rate (~74 mm/yr) [Palmer et al., 1991; Sempéré et al., 1991]. The
morphological contrasts encompass most of the global variability in accretionary tectonics
and appear to reflect fundamental differences in magma supply rates beneath adjacent
portions of the SEIR [Palmer et al., 1991; Sempéré et al., 1991; Klein et al., 1991; Christie
et al., 1988; Pyle and Christie, 1992].

The unusually deep AAD spreading ridge is centered on a regional geoid low
[Weissel and Hayes, 1971, 1974]. Anomalously high upper mantle shear wave velocities
also coincide with the depth anomaly, indicating the presence of cooler mantle beneath the
AAD [Forsyth et al., 1987]. The depth anomaly appears to have existed beneath this area
at least since seafloor spreading began at ~100 Ma, and possibly before continental rifting
[Cande and Mutter, 1982; Mutter et al., 1985; Veevers, 1982]. The broad V-shaped
pattern of the depth and gravity anomalies on the surrounding seafloor suggests that the
"source" of the AAD has migrated westward at ~15 mm/yr [Marks et al., 1990, 1991} and
remained centered on the SEIR which is migrating northward at ~40mm/yr (absolute
motion) [DeMets et al., 1990]. Therefore, the mantle dynamics producing the AAD cannot

be fixed in an absolute reference frame [Marks et al., 1990, 1991].
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Figure II.1 Regional bathymetry of the Southeast Indian Ocean modified from a Deep Sea
Drilling Project compilation map. Kerguelen plateau bathymetry is from
Royer and Sandwell [1989] and spreading axis trace is taken from Cande et
al. [1989]. The locations of Vema dredge samples analyzed by Klein et al.
[1991] are designated by open circles along the SEIR east and west of the -
AAD (zone A and zone C, respectively). Active westward propagating rifts
are shown schematically as dashed arrows along the zone A spreading axis.
The box encompassing part of the AAD and zone A outlines the approximate

boundaries of Fig. I1.2.
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Petrologically, the AAD lavas constitute one end-member of a broad global
correlation between ridge depth and Nag , Sig.0 and Feg Q values (i.e. NazO, SiO2, FeO
contents corrected to 8.0% MgO) [Klein and Langmuir, 1987]. AAD lavas are generally
more primitive (i.e. higher MgO), and have higher Nag (, lower Feg 0, and higher Sig 0
values relative to zone A, indicating lower extents of partial melting and lower mean
pressures of melting beneath the AAD [Klein et al., 1991; Christie et al., 1988; Pyle and
Christie 1992; Klein and Langmuir, 1987; Anderson et al., 1980]. Moreover, a major
upper mantle boundary between isotopically distinct Indian and Pacific mid-ocean ridge
basalt (MORB) occurs beneath the AAD, independent of the morphologic and major
element discontinuities associated with zone A-AAD transform fault boundary [Klein et al.,
1988]. In this paper we refine the details of the isotopic transition between Indian and
Pacific MORB sources beneath the AAD with data from thirteen new dredge sites between
128°-123° E. The data show the isotopic boundary to be unusually abrupt and that it has
migrated westward over the last 4 Myr. The nature of the isotopic boundary, its migration
history, and its relationship to the AAD are important keys to understanding the mantle
dynamics creating the AAD, as well as to understanding the development of the Indian
Ocean MORB reservoir.

SAMPLE SELECTION and ANALYTICAL METHODS

Data presented in this paper (Table II.1) are from samples obtained during cruise
MW8801 of the R’V Moana Wave in 1988. Dredge sites were selected along ~800 km of
the SEIR in zones A and B (AAD) on the basis of SeaMARC II bathymetry and side-scan
imagery obtained during the same cruise [Palmer et al., 1991; Sempéré et al., 1991].
Herein, zones A and B are further subdivided into spreading segments (B1-B5 and A1-A3)
which are delineated by major transform faults or propagating rifts (Fig. I1.2) [Vogt et al.,
1983]. The along-axis dredge interval varies from 5 to 80 km, averaging around 40 km.

In twenty-five dredge hauls, we recovered over 650 individual samples with quenched




Table II.1 Sr, Nd and Pb isotope ratios of Southeast Indian Ridge MORB (123°E - 130°E).
Samplet latitude longitude 87Sr/86Sr I3NJ/144Nd  ENg  206Pb/204ph  207pb/204ph,  208ph/204Ph  depth*

S (E) (m)
Zone A
MW88-13-47 50.15 128.01 0.70258 0.513076 8.5 18.656 15.485 38.136 3500
MW88-16-1 50.16 127.58 0.70251 0.513088 8.7 18.717 15.466 38.153 3450
MW88-16-12 50.16 127.58 0.70258 0.513064 8.3 18.798 15.504 38.291 3450
MWE88-17-26 5022 127.42 0.70254 0.513054 8.1 18.630 15.475 38.099 3350
AAD
MW88-4-2 4876 127.36 0.70248 0.513092 8.8 18.649 15.491 38.154 3900

0.513087 8.7

MW8g8-6-2 48.76 126.88 0.70268 0.513050 8.0 18.398 15.477 38.005 4400
MW88-5-1 48.68 126.52 0.70284 0.513038 7.8 18.226 15.465 37.956 4700
MW88-22-13 49.68 125.89 0.70281 0.513184 10.6 17.764 15.431 37.584 4200
MW88-23-1 49.61 125.66 0.70285 0.513234 11.6 17.805 15.421 37.638 3800
MW88-27-58 49.06 12496 0.70365 0.512903 5.1 17.888 15.490 37.837 4200
MWwW8g-27-71 49.06 124.96 0.70290 17.843 15.462 37.614 4200
MW88-30-6 48.94 12428 0.70295 0.513012 7.3 17.926 15.475 37.769 3500
MW88-26-1 49.46 123.23 0.70276 0.513048 8.0 17.894 15.452 37.626 4700
MW88-18-4 +1 50.04 126.74 0.70305 0.513025 7.5 17.903 15.459 37.742 4000
MW88-24-18 11 49.77 126.17 0.70305 0.512997 7.0 17.965 15.470 37.872 3600

1 Sample numbers consist of three elements. MW88-26-1 refers to sample number 1, dredge station 26 of the cruise MW8801 of
the R/V Moana Wave. In the text, this sample is referred to as MW26-1.

11 Off-axis samples recovered from ~3-4 Ma seafloor within the B5 spreading segment.

*  Depth determined from SeaMarcll bathymetry.
Isotopic fractionation corrections are 148Nd0/144Nd0=0.242436, corresponding to 148Nd/144Nd=0.241572; 86Sr/88Sr=0.1194.
Data are reported relative to U. of Hawaii standard values: for La Jolla Nd, 143Nd/!44Nd=0.511855; for BCR-1,
143Nd/144Nd=0.512630; for NBS 987 Sr, 87S1/86Sr=0.71025; for E & A Sr, 87Sr/86Sr=0.70803. The total range measured for La
Jolla Nd is £0.000012 (0.2 Eng units); for NBS 987 Sr it is £0.000022. Pb isotopic ratios are corrected for fractionation using
the NBS 981 standard values of Todt et al. [1983]; the total ranges measured are £0.010 for 206Pb/204pb, +0.009 for
207pp/204pb, and 10.032 for 208Pb/204Ph, Within-run errors on individual sample measurements are less than or equal to the
above external uncertainties on the La Jolla, NBS 987, and NBS 981 standards in all cases.
Total procedural blanks are 5-30 picograms for Pb, <20 picograms for Nd, and <120 picograms for Sr; all are negligible.
€Nd (0)=0 corresponds to 143Nd/144Nd=0.51264.

71



15

glassy margins. Major element analyses of all the glasses were determined by electron
microprobe, and 47 compositionally distinct groups have been identified based on those
results [Pyle and Christie, 1992]. The most primitive chemical groups within selected
dredge hauls (i.e. highest MgO) were sampled for Pb, Sr, and Nd isotope analysis.
Fifteen glasses were analyzed (Table IL.1), including thirteen "zero-age" samples from 11
sites in zones A and B, as well as two off-axis samples collected on 3-4 Ma seafloor within
segment B5. Trace element variability at MW 16 (propagating rift tip) and MW27 (segment
B3) indicate the presence of multiple mantle sources [Pyle and Christie, 1992] which we
have investigated by isotopic analyses of two groups from each site.

All samples were crushed in a ceramic mortar, sieved to a 30-mesh size fraction
(~0.5-1.0 mm) and hand-picked for glass free of phenocrysts and weathered or altered
material. In some cases, microcrystalline phases could not be avoided and it is presumed
that they represent incipient crystallization of the host glass. Splits of ~50 mg of fresh
glass were sequentially cleaned in acetone, 2N HCIl, and 2N HNO3 for 10-20 minutes in an
ultrasonic bath to remove surface contaminants. Pb, Sr, and Nd were separated from a
single digestion and analyzed by the VG Sector multicollector mass spectrometer at the
University of Hawaii. Chemical and mass spectrometric techniques are described by
Mahoney et al. [1991].

RESULTS
Along-axis Isotopic Variations

Our new Sr, Nd, and Pb isotopic data for SEIR MORB glasses from 123° E to 130°
E are shown with data of Klein et al. [1988] in figure I1.3. The two data sets agree well
and confirm the presence of clearly definable 'Indian'-type and 'Pacific'-type isotopic
populations (through the remainder of the text, Indian’ and 'Pacific’ refer to lavas from
zones A, B, and C while Pacific MORB and Indian MORB refer to the overall reServoir).

Indian Ocean MORB are distinct from Pacific (and north Atlantic) MORB in extending to
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Figure I1.2 Simplified SeaMARC II bathymetry (500 m contours) and tectonics of the
AAD and zone A spreading centers surveyed during the MW8801 cruise of
the R/V Moana Wave Moana [Palmer et al., 1993]. MW8801 dredge
locations are shown as rectangular symbols and prefixed by ' MW'. Vema
dredges are shown as filled circles and prefixed by 'V'. Non-transform ridge
discontinuities (NTD) separate the AAD spreading centers into east and west
segments (e.g. B4E and B4W). Spreading segments Al and A2 represent a

doomed rift-propagating rift system within zone A.
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lower 206Pb/204Pb values and having higher 87Sr/86Sr, lower 143Nd/144Nd, and higher
208ph/204Pp, 207pp/204Pp at a given 206Pb/204Pb [Subbarao and Hedge, 1973; Hedge et
al., 1973; Dupré and Allegre, 1983; Hamelin and Allegre, 1985; Hamelin et al., 1986;
Hart, 1984; Michard et al., 1986; Price et al., 1986; Dosso et al., 1988; Mahoney et al.,
1989, 1992]. Consequently, lavas derived from 'Pacific' and 'Indian' MORB sources are
readily distinguishable along-axis. The isotopic discontinuity between 'Pacific' and
Indian' MORB within the AAD is defined by an abrupt westward decrease in 206Pb/204Pb
and 208Pb/204Pb, and an increase in 87Sr/86Sr along the western 40 km of the B5
spreading axis (Fig. IL.3). Contrasts in 207Pb/204Pb and 143Nd/144Nd between the
‘Indian' and 'Pacific' groups are less distinct, but both ratios are systematically lower in
lavas dredged west of the isotopic boundary located near the B4/B5 transform at ~126°E
(Fig. 11.2).

The transition from a 'Pacific' to an 'Indian' MORB source occurs west of a non-
transform discontinuity (NTD) that offsets the B5 axis by 2-3 km near 127° E. Lavas from
the B5SE segment, including those recovered within the NTD (V35), are indistinguishable
from the 'Pacific' lavas of zone A despite an ~150 km offset of the BSE-zone A spreading
segments. The B5W lavas become progressively more 'Indian'-like toward the B5/B4
transform boundary with sample MW5-1, dredged 10 km from the ridge-transform
intersection, having isotopic characteristics which could be considered as Pacific or Indian
MORB. By contrast, MW22-13 (B4E) has an unequivocal 'Indian’' isotopic signature and
lies less than 7 km from the B4/BS5 transform. Both MW22-13 and MW3-1 overlap in
87Sr/86Sr, but abrupt discontinuities in radiogenic Pb and Nd between the B4 and B5
segments suggest that the eastern limit to the Indian Ocean MORB reservoir is near the
B4/B5 transform within the AAD. B4E 'Indian' lavas show no gradation toward "Pacific’
isotopic ratios and have maintained a distinctive signature. Thus it appears that the lavas
generated from a "Pacific' MORB source beneath BSW segment interact with increasing

amounts of 'Indian' mantle material approaching the B4/B5 transform.
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Figure I1.3 Along-axis profiles of isotopic ratios from the SEIR between 115° E and 138° E.
Open symbols represent 'Pacific' group compositions and filled symbols
represent 'Indian' group compositions. Data from this study are shown as
squares and the results of Klein et al. [1988] are shown as triangles. Filled
squares with open circles are off-axis samples from segment B5. The horizontal
axis represents distance (km) from the eastern bounding transform fault of the
AAD. Two longitude scales are shown because of the ~.5° eastward offset of the
B35 spreading axis at 48°45' S from the termination of the zone A spreading axis
at 50°15'S. Vertical solid lines indicate transforms, vertical dashed lines indicate
non-transform discontinuities within the AAD and propagating rift tips within
zone A. The present location of the leading edge of the isotopic boundary is at or
very close to the B4/B5 transform fault. The shaded fields display the isotopic
variability within the Indian’ and 'Pacific' groups excluding unusually high or
low values. The axial depth profile is compiled from SeaMARC II bathymetry
(solid line) [Palmer et al., 1993], dredge depths (solid circles) [Klein et al.,
1988], and best fit subsidence curve to ridge flanks (open circles) [Cochran,

pers.comm.].
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Off-axis Isotopic Variations

Basaltic glasses from dredge sites located on 3-4 Ma seafloor south of the B5
spreading center (MW 18, MW24) have Sr, Nd, and Pb isotope ratios that lie well within
the range of 'Indian' values (Fig. I1.3). This contrasts with the 'Pacific' signature of the
B5 axial lavas, implying that the isotopic boundary has migrated ~100 km westward
beneath the BS5 segment during the last 3-4 Myr. Assuming that the isotopic boundary
coincided with the eastern AAD bounding transform circa 4 Ma, and that it now lies at the
B4/B5 transform, a 'Pacific' mantle migration rate of approximately 25 mm/yr is required.
Despite the rapid westward migration of 'Pacific' mantle, only a very narrow transition
zone separates the 'Pacific' and 'Indian' MORB sources. In fact, the B5W isotopic
gradients may reflect a 'memory-effect’, sampling the last vestiges of Indian mantle left
behind the leading edge of a migrating 'Pacific’ mantle. The lack of a discernible 'Pacific’
mantle signature in 'Indian'-type, off-axis BS samples and axial B4 samples is consistent
with such a memory effect. The isotopic boundary within the AAD is a unique feature
separating two large upper mantle reservoirs with very different isotopic histories. It is
quite unlike the broad regional geochemical gradients commonly observed along mid-ocean
ridges adjacent to hot spots [e.g. Hart et al., 1973; Sun et al., 1975; Schilling et al., 1982;
Schilling, 1985] and it also appears to be unlike a more diffuse, gradational Indian-Atlantic
boundary along the Southwest Indian Ridge [Schilling et al., 1982].
Isotopic Diversity within MORB Groups

The 'Indian' group is also distinct from the 'Pacific' group in displaying greater
isotopic diversity. The contrast in diversity is most pronounced in 87Sr/86Sr, for which the
‘Indian' group range (0.70276-0.70365) is five times greater than the 'Pacific’ group range
(0.70248-0.70264; Table I1.2, Fig. I11.3). Although much of the 'Indian' group range is
encompassed by two samples from a single dredge (MW27), there is a substantial spread in

87S1/86Sr between samples from other dredge sites in zones B and C [Klein et al., 1988].



Table I1.2 Tsotopic averages and variability of the MORB sources beneath the eastern SEIR.

87gr/86gy 143Ng/144Ng € Nd 206pp/204pp 207pp/204py, 208pp,204py

"Pacific’ group 1

n=12
average 0.702568 0.513086 +8.7 18.742 15.498 38.197
sd 0.000044 0.000029 0.6 0.124 0.032 0.102
range 0.000156 0.000089 1.7 0.406 0.124 0.321
SE% 0.0063 0.0057 6.8 0.664 0.206 0.268
'Indian’ group

n=14
average 0.703036 0.513036 +7.7 17.945 15.458 37.792
sd 0.000251 0.000086 1.7 0.149 0.025 0.167
range 0.000884 0.000331 6.5 0.484 0.081 0.627
SE% 0.0357 0.0168 22 0.831 0.161 0.443

T Excluding samples MW5-1 and MW6-2 from the BSW spreading segment.

(44
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In contrast, 'Pacific' group 87S1/86Sr values are remarkably uniform along 800 km of the
SEIR east of the isotopic boundary, both within and between dredges, and comparable to
the 87Sr/86Sr homogeneity of Pacific MORB from the East Pacific Rise [Macdougall and
Lugmair, 1985; White et al., 1987; Ito et al., 1987].

In terms of Nd and Pb isotope ratios, the 'Indian' and 'Pacific’ groups display
broadly similar ranges, but for each isotopic system, individual outliers within the Tndian’
data suggest that the 'Indian’ mantle is more heterogeneous on a local scale (Table I1.2).
For example, lavas with ENd values as high as +11.6 (143Nd/144Nd = 0.513234 ) and as
low as +5.1 (143Nd/144Nd = 0.512903 ) have been recovered from AAD dredge sites
separated by only 60 km along axis. The +11.6 eENd value for MW23-1 is the highest
value reported for any Indian Ocean MORB and the 6.5 €éN( unit range in the ‘Indian’
group lavas covers a large fraction of the entire Indian Ocean MORB range. 206Pb/204Pb
variations show relatively smooth along-axis profiles in both Pacific’ and 'Indian’ groups
but the 'Indian’ 2908Pb/204Pb and 207Pb/204Pb values are considerably more scattered,
overlapping the 'Pacific’ range to a greater extent, particularly within the western AAD and
zone C [Klein et al., 1988].

Sr, Nd, and Pb Isotope Systematics

In Figures I1.4-I1.7, our data and those of Klein et al. [1988] are plotted for
comparison with available Indian Ocean MORB and Indian Ocean Island basalt (OIB) data,
as well as with Pacific and Atlantic MORB data. In general, Indian Ocean MORB define
broadly negative 87Sr/86Sr-206Pb/204Pp and 87Sr/86Sr-eNg correlations (Fig. I1.4 and
IL5), and positive 208Pb/204Pb-206Pb/204Pb and 207Pb/204Pb-206Pb/204Pb correlations
that are parallel to, but offset from the Pb-Pb isotopic trends of the Pacific/Atlantic fields
(Fig. I1.6 and I1.7) [Dupré and Allegre, 1983; Hamelin and Allégre, 1985; Hamelin et al.,
1986; Hart, 1984; Michard et al., 1986; Price et al., 1986; Dosso et al., 1988; Mahoney et

al., 1989; 1992]. Isotopic differences among individual Indian Ocean spreading centers
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Figure .4 Zone A, zone C and AAD (zone B) 87Sr/86Sr-206Pb/204Pb variations

compared to Atlantic, Pacific, and Indian OIB (inset) and other Indian Ocean
spreading centers (CIR-Central Indian Ridge; ITJ-Indian Ocean Triple
Junction; CR-Carlsberg Ridge; SWIR-Southwest Indian Ridge; SEIR-
Southeast Indian Ridge; SR-Sheba Ridge). The 'Kerguelen' type field
includes data from Kerguelen Island, Heard Island, and Ninetyeast Ridge.
The 'Reunion' type field includes data from Reunion, Marion-Prince Edward,
Rodriguez, Mauritius, Christmas, Crozet, Amsterdam, St. Paul, and Comores
Islands. Data sources for Indian Ocean fields include Barling and Goldstein
[1990], Baxter et al.[1985], Cohen et al. [1980], Cohen and O’Nions [1982],
Dosso et al. [1979; 1980; 1988], Dupre and Allegre [1983], Fisk et al.
[1988], Gautier et al. [1990], Hart et al. [1986], Hart [1988], Hamelin et al.
[1985], Hamelin and Allegre [1985], Ito et al. [1987], Klein et al. [1988],
leRoex et al. [1983; 1985], Mahoney et al. [1983; 1989], McCulloch [1988],
Michard et al. [1986], O’Nions et al. [1977], O’Nions and Pankhurst [1974],
Price et al. [1986], Storey et al. [1988], Sun [1980], Weis et al. [1989], White
et al. [1991], and White [unpub.]. The field labeled Ba represents data from
the Balleny hot spot located east of the AAD in the SW Pacific. Mixing curves
between mantle components of Zindler and Hart [1986] and between depleted
AAD MORB and Indian hot spot melt compositions are also shown with tick
marks at 5, 10, 20, and 50 % mixtures (Table I1.3). A lava from Heard Island
[Storey et al., 1988] has been used to represent a 'Kerguelen'-type
composition and an ‘average' Amsterdam lava [Michard et al., 1986; Dosso et
al., 1988] has been used as a 'Reunion'-type composition in the mixing
calculations. A mixing curve between the more depleted 'Indian' and 'Pacific’

compositions is also shown. The Inset scale is the same as that of the main

figure.
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Figure II.5 Zone A, zone C and AAD 87Sr/86Sr-eNq variations compared to Atlantic,
Pacific, Indian MORB and Indian OIB (inset scale expanded). Symbols,
fields, mixing curves and abbreviations as in Fig. I1.4. Christmas Island (Cr)

and Comores Island (Co) are 'Reunion'-type OIB that are significantly lower

in eNd. The Tasmantid Seamounts 87Sr/806Sr-eN range is also shown.
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Figure I.6 Zone A, zone C and AAD 208Pb/204Pp-206Pb/204Pb variations compared with
Atlantic, Pacific, Indian MORB and Indian OIB. Northern Hemisphere
reference line (NHRL) is from Hart [1984]. Symbols, fields, mixing curves
and abbreviations are the same as previous figures. Inset scale is the same as

the main figure.
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Figure I.7 Zone A, zone C and AAD 207Pb/204Pb-206Pb/204Pb variations compared with
Atlantic, Pacific and Indian MORB and Indian OIB. Symbols, fields, and
abbreviations are the same as previous figures. Inset scale is the same as the

main figure.
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[Michard et al., 1986; Price et al., 1986; Dosso et al., 1988; Mahoney et al., 1989, 1992],
as well as between 'Indian' and 'Pacific' MORB from the eastern SEIR are most clearly
shown by their Sr-Pb systematics (Fig. IL.4). 'Indian’ group lavas of the AAD and zone C
have 87Sr/86Sr and 206Pb/204Pb compositions that overlap all other Indian MORB fields
except for the Indian Ocean Triple Junction (ITJ) field. Most of the 'Indian’ group
compositions fall roughly midway between the I'TJ field and the 'Pacific’ group field, along
the negative Sr-Pb isotopic trend of Indian Ocean MORB. Outlying 'Indian’ group data
points from both the AAD and zone C plot toward either 'Kerguelen'-type OIB (i.e
Kerguelen Is., Heard Is., and Ninetyeast Ridge fields) or toward 'Reunion'-type OIB (i.e.
Amsterdam-St. Paul, Reunion, Comores, and Crozet Is. fields). In these respects, the
'Indian' group Sr-Pb isotopic variations mimic trends observed in the greater Indian
MORB population.

'Pacific' group lavas define two 87Sr/86Sr-206Pb/204Pb trends. Zone A lavas
display wide variations in 206Pb/204Pb at essentially constant 87Sr/86Sr producing a
" horizontal field. At the low 206Pb/204Pb end of this field, zone A and B5E samples are
isotopically indistinguishable (Fig. IL.4), but as 206Pb/204Pb decreases westward along the
B5W segment, 87S1/86Sr progressively increases in samples MW6-2 and MW5-1 resulting
in a negative Sr-Pb isotopic trend toward Indian Ocean MORB values. Overall, the
87Sr/865r-206Pb/204Ph systematics of the BSW segment vary within the Pacific Ocean
MORSB field, however MW5-1 plots a narrow region of overlap between the Pacific Ocean

and Indian Ocean MORB fields.

Despite considerable overlap in the eNd-87Sr/86Sr fields for Pacific and Indian
Ocean MORB, the 'Pacific' and 'Indian’ lavas define distinct groups except for the
transitional isotopic characteristics of MW6-2 and MW35-1 (Fig. IL.5). The distinctiveness
of the two MORB groups is accentuated by data trends that reflect differences in the Sr-Nd

isotope systematics of their mantle source. ‘Indian’ group glasses vary along an array that

more or less parallels the global trend (B4 glasses being unusually high éNd exceptions).
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The 'Indian' group 87S1/86Sr values are typical for Indian Ocean spreading centers, but

tend to have lower EN(, similar to some lavas from the western SEIR. The lowest eNd
"Pacific' group glasses plot along an extension of the 'Indian’ group array, but the higher
£Nd 'Pacific' data and relatively limited 87St/80Sr range produces a roughly vertical field
that cuts across the mantle array. In contrast to the uniformly low Pb isotopic ratios for B5
axial samples compared to the rest of the 'Pacific' group, the 87S1/86Sr-eNd variations for
this spreading segment spans nearly the entire zone A range.

The 'Indian' group lavas are consistently lower than the 'Pacific’ group lavas in
206pp/204Pb (except for MWS5-1), but in 208Pb/204Pb and, to a greater extent 207Pb/204Pb,
the two groups overlap. The 'Pacific' lavas fall within the overall Pacific MORB
208pp/204Pp-206Pph/204Ph trend (Fig. I1.6), but their 207Pb/204Pb values appear to be lower
than all Pacific MORB at comparable 206Pb/204Pb (Fig. I1.7). The 'Indian' group lavas
show typical Indian MORB 208Pb/204Pb-206pb/204Pb systematics, but for a few ‘Indian’
lévas, 207pp/204Pb values are low relative to other Indian Ocean MORB with similar
206Pb/204Pb values (Fig. I1.6 and I1.7).

In summary, the isotopic correlations between Sr-Pb (Fig. 4), Sr-Nd (Fig. I1.5),
and Pb-Pb (Fig. I1.6 and I1.7) of the 'Pacific' and 'Indian' groups show that these lavas
define distinct compositional fields which follow general trends observed in Pacific Ocean
and Indian Ocean MORB. Samples from B5W form an intermediate field in which the
westernmost sample, MW5-1, invariably shows isotopic characteristics of both Pacific and
Indian MORB sources, whereas farther east, MW6-2 always has a greater "Pacific’
affinity. These relationships are consistent with decreasing entrainment of remnant 'Indian’

mantle behind a westward advancing 'Pacific' mantle.
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DISCUSSION
‘Indian’' and 'Pacific’ MORB Sources

The 'Indian’ and 'Pacific' MORB sources are distinct in both isotopic composition
and diversity. None of the variation diagrams or along-axis profiles reveal systematic
spatial trends in isotopic composition relative to the isotopic boundary in either the 'Pacific’
or 'Indian' groups beyond the localized 'Indian’ influence in 'Pacific’ lavas from the B5SW
spreading segment. Lavas of the 'Pacific' group have typical Pacific MORB isotopic ratios
with no recognizable contribution from hot spot sources east of zone A (i.e. Balleny or
Tasmantid hot spots). The range of 'Indian' lavas from the AAD and zone C encompasses
much of the overall variability observed for Indian Ocean MORB. Both 'Kerguelen'- and
'Reunion'-type OIB isotopic signatures are evident within the 'Indian' group suggesting
that these contaminants have remained isotopically distinct and have not been homogenized
by upper mantle mixing even as far as the eastern Indian Ocean MORB boundary, several
thousand kilometers from their presumed sources.

Several mixing curves have been calculated to illustrate that the 'Indian’ group
isotopic trends are consistent with the presence of dispersed 'Kerguelen'- or ‘Reunion’-
type hot spot contaminants within a depleted 'Indian' MORB matrix (Fig. 1.4, IL.5, and
11.6). The Heard and Amsterdam Island lavas (representing 'Kerguelen' and 'Reunion’-
type OIB, respectively) used to calculate the mixing curves are melt compositions extracted
from mantle which is itself a mixture of several 'endmember’ mantle components (e.g.
depleted MORB mantle, "DMM"; bulk silicate earth, "BSE"; high U/Th, "HIMU"; enriched
mantle, "EM I" [Zindler and Hart, 1986]). The 'Indian' group data cannot be reproduced
mixing any two proposed mantle components; however, the ‘Pacific’ samples (excluding
MW6-2 and MW5-1) do appear to be a mixture of DMM and HIMU mantle. The 'Indian’
data trends are more successfully modeled by the addition of small amounts (<5%) of either

"Kerguelen' or 'Reunion'-type OIB related melts to an 'Indian' MORB melt from the AAD.

The main difference between mixing mantle components and mixing melts from OIB and
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MORSB sources is essentially that of mixing mantle material in the solid-state as opposed to
mixing of melts as they move through the upper mantle. The 'Indian' group data suggest
that discrete melts of either 'Reunion'- or 'Kerguelen'-like contaminants mix with
‘depleted' Indian MORB melts en route to the surface. Similar isolated 'Kerguelen'- and
‘Reunion'-type contaminants have also been found in western SEIR lavas (Fig. 11.4)
[Dosso et al., 1988].

The isotopic diversity of the 'Indian’ population suggests that the mantle beneath
the AAD and zone C is heterogeneous at the scale of dredging (tens of km) to the scale of a
single dredge haul (1-3 km). Moreover, the heterogeneities both within and between the
two upper mantle domains are not necessarily on the same scale for all isotopic systems,
and correlations, such as high 87Sr/86Sr with low 143Nd/144Nd, are not always observed.
The localized, and sometimes extreme, ‘Indian’ group variations in radiogenic Sr, Nd, and
to a lesser extent, Pb, is not present in the ‘Pacific’ group. 'Pacific’ mantle appears to be
homogeneous for 87Sr/86Sr at the scale of melting beneath the ridge, whereas the 'Indian’
mantle is not. Radiogenic Nd and Pb show comparable ranges within each reservorr,
although occasional, apparently random, low or high Nd and Pb isotopic ratios occur in the
'Indian’ group. Along-axis 206Pb/204Pb and 208Pb/204Pb tend to correlate with each other
but not with 207Pb/204Pb_ and all three Pb isotopic ratios vary independently of both Sr and
Nd isotopic ratios. Although lower degrees of melting beneath the AAD [Klein et al.,
1991] may promote the selective incorporation of unusually radiogenic (or unradiogenic)
material into the 'Indian' lavas, the decoupling of the three isotopic systems reflects the
isotopic complexity of Indian Ocean MORB in general. |
The Indian MORB Isotopic Province

Models for creating and isolating an isotopically distinct Indian MORB reservoir
generally require the contamination of Pacific (or N. Atlantic) Ocean upper mantle
asthenosphere with material from one or more sources: (1) Indian Ocean hot spot

material(s), (2) lower continental lithosphere, and/or (3) convectively recycled, subducted




36

altered oceanic crust (plus sediments) [e.g. Dupré and Allegre, 1983; Hamelin and Allégre,
1985; Hamelin et al., 1986; Hart, 1984; Michard et al., 1986; Price et al., 1986; Dosso et
al., 1988; Mahoney et al., 1989, 1992; Hoffman and White, 1982; Storey et al., 1988,
1989; Barling and Goldstein, 1990]. Thinning and dispersal of low 206Pb/204pPb
Gondwanan continental lithosphere by high 87Sr/86Sr Kerguelen hot spot mantle has been
suggested as a possible mechanism responsible for the Indian MORB isotopic signature
[Mahoney et al., 1989, 1992; Storey et al., 1988, 1989; Barling and Goldstein, 1990].
The B5 segment data trends emphasize the significance of the low 206Pb/204Pb and a high
87Sr/86Sr contaminants (Fig. I1.4-11.7). If the isotopic compositions of MW6-2 and MW5-
1 are attributed to mixing of melts from a migrating 'Pacific’ mantle with a remnant 'Indian’
source (Table I1.3) beneath B5W, then MW35-1 appears to be composed of approximately
equal proportions of both mantle sources. The mixing curve indicates that the Indian’
composition used in these calculations is too low in 87Sr/86Sr (Fig. IL.5) and possibly in
208pp/204Pb (Fig. I1.6) to be a simple mixture of the most depleted lavas from each group.
In fact, the trajectory of the BSW data suggest that the higher 87Sr/86Sr and 208Pb/204Pb
compositions of the BS off-axis samples would be a more appropriate 'Indian’ contaminant
to the 'Pacific’ lavas beneath this segment.

The mixing trend between the Indian' and 'Pacific’ groups in the AAD defines one
of four trends that emanate from the main body of Indian MORB data on the 87Sr/86Sr-
206pp/204Pb diagram (Fig. I1.4). These trends highlight the variable affect different
contaminants have had on individual Indian Ocean spreading centers. Two of these trends
are consistent with the presence of 'Kerguelen'- or 'Reunion’-type hot spot material within
the depleted Indian MORB mantle. A third trend, defined by Sheba Ridge (Gulf of Aden)

data, lies between the Amsterdam mixing curve and the 'Pacific’ group field [Dupré et al,,

1988; Altherr et al., 1990; Schilling et al., 1992]. The 'Pacific’' group samples define a



Table 1.3 Hypothetical mantle components and melt end-members used for mixing calculations.

Endmember Sr 87gr86gr  Nd I3NJ/MNd Pb 206pp/204ph,  207pp/pp204 208ph204pp,
(ppm) (ppm) (ppm)

DMM A* 12 0.7022 65 0.51330 .04 17.4 15.40

HIMU* 120 0.7029 6.5 0.51290 40 21.5 15.85

BSE* 18.4 0.7052 1.0 0.51260 135 17.9 15.62

Heard** 850 0.70555 54 0.512582 7.0 18.009 15.547 38.461

Amsterdam*** 450 0.70387 12 0.512854 4.0 19.082 15.621 39.481

Indian’ grpt 125 0.70276 6.0 0.513048 .30 17.85 15.42 37.630

"Pacific' grptt 105 0.70254 6.6 0.513054 23 18.630 15.475 38.099

* Zindler and Hart [1986]

** values of Storey et al. {1988] sample BM64986

*** avg. of values of Michard et al. [1986] and Dosso et al. [1988].

t 'depleted’ melt endmember for Indian grp. samples

11 'depleted’ melt endmember for Pacific grp. samples (sample MW 17-26)

LE
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fourth trend of low 87S1/86Sr and high 206Pb/204Pb values which merges with the Indian
MORSB fields due to the remnant 'Indian' source imprint on the "Pacific' lavas erupted
along the BSW spreading segment. Similar relationships are evident in the 208Pb/204pp-
206pp/204Pb systematics of these ridges (Fig. 11.6). The Sheba Ridge and 'Pacific'-
'Indian’ data converge near the Carlsberg Ridge field and the high 206Pb/204Pb end of the
Southwest Indian Ridge field. All of these ridges lie at the periphery of the Indian Ocean
basin and their low 87Sr/86Sr-high 206Pb/204Pb trends are distinct from the hot spot-related
trends of the central Indian Ocean. These isotopic trends probably represent mixing of
Indian MORB with Atlantic MORB or a hot spot contaminant unlike Indian Ocean OIB and
may signify the western limits to the Indian MORB mantle. In fact, Mahoney et al. [1992]
have recently documented a broad, gradational boundary between Indian and Atlantic
MORB sources along the Southwest Indian Ridge.
Mantle Flow toward the AAD

The AAD has been interpreted as a region underlain by cold mantle and
characterized by converging, and possibly downwelling, mantle flow. Hypotheses to
explain this mantle flow fall into two classes; those which involve driving forces external to
the AAD (active flow) and those in which flow is a response to the presence of cold mantle
beneath the region (passive flow).

Active Mantle Flow

Convective downwelling: Weissel and Hayes [1974] and Klein et al. [1988]
proposed that the AAD overlies downwelling limbs of broad Indian and Pacific upper
mantle convéction cells which converge beneath the region. The convection boundary
between the two cells is conceived as a N-S oriented planar feature that spans the ocean
basin between Australia and Antarctica. This hypothesis is appealing because it explains
the presence of cold mantle, it provides a mechanism for maintaining the separation of the
two isotopic reservoirs, and it could be consistent with the off-axis geometry of the depth

anomaly if the convection boundary were migrating westward at ~15 mm/yr.
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Nevertheless, this hypothesis is problematic in that the scale of the convection cells and the
locations of upwelling regions are undefined. Simple convection cells beneath a narrow
Southeast Indian Ocean basin during the early stages of Australia-Antarctica separation
seem to require an improbably high aspect ratio, unless the scale of convection was much
greater than the depth to the base of the continental lithosphere and existed beneath the
continent(s) before rifting.

Hot spot-driven flow: A distinctly different type of active convergence, which
neither requires nor precludes downwelling, has been proposed by Vogt and Johnson
[1973, 1975] and more recently by Marks et al. [1990, 1991]. These workers have
suggested that the AAD marks the convergence of subaxial asthenospheric flow driven by
the supply of excess material from hot spots to the east and west. The AAD would,
therefore, overlie the coolest, and presumably most incompatible-element depleted,
segment of mantle along the SEIR. The principal evidence cited for this type of sub-axial
flow lies in the presence of propagating rifts and in the off-axis geometry of the depth
anomaly. This hypothesis is attractive in that it is consistent with the geometric constraints
recognized by Marks et al. [1990, 1991] and it can allow for apparent fluctuations in both
the magnitude of the depth anomaly and the position of the isotopic boundary. A major
problem with this hypothesis is the remoteness of the AAD from hot spot sources. The
Tasmantid and Balleny hot spots lie about 2000 km to the east and are, in any case,
volumetrically insignificant. An unnamed seamount ~1000 km to the east in the George V
transform is also of small volume and appears to have formed too recently to have had a
significant effect on the formation of the AAD. The Amsterdam-St. Paul and Kerguelen
hot spots lie >3000 km west of the AAD. The isotopic influence of these hot spots has
been documented southeast of Amsterdam Island along the SEIR [Dosso et al., 1988], but
MORB compositions apparently return to ‘ambient’ values within 150 km, implying a very
limited region of influence. The isotopic and topographic effects of large hot spots on

spreading centers are well documented in other places, but the most prominent examples
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extend only ~1000 km in the case of Iceland and ~500 km in the case of the Galapagos
[Hart et al., 1973; Sun et al., 1975; Schilling et al., 1982; Schilling, 1985]. The
topographic gradient on either side of the AAD appears to be a consequence of the
unusually deep axial bathymetry of the AAD rather than directly related to any hot spot, and
as we have shown, the expected isotopic gradients are absent.

Pacific mantle migration: Alvarez [1982, 1990] proposed that Pacific upper mantle
must necessarily migrate through gaps between deep continental roots surrounding the
Pacific basin as the long-term shrinkage of the Pacific Ocean proceeds. In terms of this
hypothesis, the isotopic boundary in the AAD would represent the leading edge of Pacific
mantle which began to flow westward when a gap between the continental roots of
Australia and Antarctica opened through the South Tasman Rise. Presumably, Indian’
upper mantle existed beneath the region prior to the inflow of Pacific mantle, having
migrated eastward during the early stages of continental rifting which propagated from west
to east [Mutter et al., 1985, Royer and Sandwell, 1989; Veevers and Li, 1991]. The
westward mantle migration rate of 25 mm/yr estimated from the isotopic data within the
AAD would place the opening of the South Tasman Rise to mantle flow at ~50 Ma, broadly
consistent with the opening of the circum-Antarctic region to oceanic circulation at 35 to 42
Ma [Royer and Sandwell, 1989; Veevers et al., 1991; Hinz et al., 1991]. This hypothesis
implies that the isotopic boundary has only recently arrived beneath the AAD and it is not
directly related to the long-lived geophysical and morphologic features of the region.

Passive Mantle Flow

Implicit in each of the active flow hypotheses is the concept that the upper mantle
beneath the AAD is cold because it represents the distal regions of a horizontal mantle flow
regime. It is also possible that the characteristics of cold mantle beneéth the AAD may
generate or reinforce a passive lateral mantle flow into the region.

Mantle coldspot: Hayes [1976] and Anderson et al. [1980] suggested that the AAD

is associated with a mantle "coldspot". This concept is not clearly defined but it involves,
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in some sense, the downwelling inverse of a hot spot. Fluid dynamic modeling of
convection in an internally heated mantle [Bercovici, 1989] appears to favor focused
upwelling and more diffuse, sheet-like downwelling, suggesting that a down-flowing
coldspot is unlikely to be a stable feature. In any case, as Marks et al. [1990, 1991] have
shown, the V-shaped trace of the AAD and the northward migration of the SEIR require
that the physical processes producing the AAD cannot be associated with a point source or
sink fixed in the mantle reference frame.

Passive mantle flow: Forsyth et al. [1987] proposed a self-consistent mode] on the
basis of seismic data that showed the AAD to be underlain by cooler-than-normal mantle
and that the lithosphere thickens away from the AAD spreading axis more rapidly than
average. Cool mantle, being closer to its solidus, would produce less melt and overall
thinner crust. Cooler and/or volatile-depleted asthenosphere beneath the AAD should also
be more viscous than usual [Forsyth et al., 1987]. As a result, lateral return flow due to
plate separation along the SEIR may draw material along-axis from 'mormal’ (i.c. less
viscous) asthenosphere east and west of the AAD. This model does not require either
mantle downwelling beneath the AAD or a specific external driving force for subaxial flow,
apart from plate separation. This model is consistent with many of the known features of
the AAD and with the presence of propagating rifts [Phipps Morgan and Parmentier,
1985]. It predicts that the isotopic boundary is a long-term (if oscillatory) feature of the
AAD, but it does not provide an explanation for the existence of cold mantle in the first
place.

Implications for mantle dynamics beneath the AAD

Mantle flow toward the AAD has been inferred from the convergence of
propagating rifts from the east and west during the last 25 Ma [Marks et al., 1990, 1991;
Vogt et al., 1983] and from the pronounced bathymetric gradients along the SEIR [Weissel
and Hayes, 1974; Hayes and Conolly, 1972]. Fundamental questions as to whether mantle

flow towards the AAD is active or passive and whether mantle downwelling is occurring



42

remain unresolved. Tangible evidence for recent mantle flow beneath the AAD is provided
by the off-axis data from segment BS5.

Whether the migration of the isotopic boundary represents a continuous, long-term
westward flow of Pacific mantle or a recent perturbation of the boundary about a mean
position beneath the easternmost AAD is not known. If the westward movement of the
isotopic boundary across B5 has been a continuous phenomenon, then mantle migration
rates between 10 mm/yr and 40 mm/yr are permitted by existing data, depending on the
exact ages of off-axis samples and assumptions about present (and past) positions of the
isotopic boundary. We have assumed that the isotopic boundary coincided with the eastern
AAD bounding transform at 4 Ma and now lies at the B4/B5 transform, requiring Pacific
mantle flow of ~25 mm/yr westward beneath the B5 spreading segment. The most
interesting implication of steady, westward, Pacific mantle flow is that the isotopic
boundary has only recently arrived beneath the AAD and that it is not coupled to, or formed
by, the mantle dynamics creating the regional gravity and bathymetric anomalies. Although
the timing of the arrival seems fortuitous, the consistency between inferred rates of
migration and the likely timing for rifting of the South Tasman Rise allowing upper mantle
outflow from a shrinking Pacific basin [Alvarez, 1982, 1990] requires that this hypothesis
be carefully considered.

An isotopic boundary that is instead related to the mantle dynamics creating the
AAD is equally plausible given the present sampling distribution. Movement of the
isotopic boundary may simply reflect small-scale oscillations in mantle flow from the east
and west. If small scale fluctuations in the boundary position have occurred throughout the
existence of the AAD depth anomaly (over the last 100 Ma), a much wider zone of mixing
and isotopic exchange might be expected to have developed between the two MORB
sources [Hofmann and McKenzie, 1985], leading to smooth gradients in all isotopic
systems on either side of a median boundary position. The only evidence for this type of

source mingling is near the leading edge of the "Pacific' source and, significantly, the B4
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segment lavas lie well within the Indian MORB field on all diagrams. Furthermore, sharp
discontinuities in Pb and Nd isotope ratios remain between the B4E and B5W segments.
At present, we believe that these observations imply that 'Pacific’ mantle has not penetrated
beyond the B4/B5 transform and that there is a gradually diminishing ‘memory" of 'Indian’
mantle incorporated into 'Pacific' lavas beneath BS, behind the migrating isotopic
boundary.

The present position and the abrupt nature of the eastern Indian MORB boundary at
~126°E is not easily explained by simple dispersion of low 206Pb/204Pb and Indian Ocean
hot spot contaminants by channelized, sub-axial, hot spot-induced mantle flow, because the
AAD is beyond a reasonable distance over which hot spots are likely to have a significant
influence. Dispersion of the Indian Ocean upper mantle is more consistent with a regional,
eastward flow of mantle towards the AAD in response to the separation of Australia and
Antarctica. By this mechanism, isolated 'Kerguelen'- and 'Reunion'-type contaminants
could be drawn eastward with depleted Indian MORB mantle until it is halted by the
countervailing westward flow of 'Pacific' mantle. The unusually abrupt nature of the
eastern Indian MORB boundary may reflect an active, westward Pacific mantle flow,
driven by the shrinkage of the Pacific basin [Alvarez, 1982, 1990], which is colliding with
a more passive Indian Ocean mantle. The western boundary to the Indian MORB reservoir
is not as sharp or well-defined [Mahoney et al., 1992] because both the Atlantic and Indian

basins are presently growing and no flow of upper mantle from one basin to another is

required to accommodate the continental motions.




SUMMARY

The new results presented here, together with previous data [Klein et al., 1988],
show that the isotopic boundary between Pacific and Indian MORB mantle provinces is
remarkably abrupt beneath the AAD. No other boundary of comparable abruptness and
contrast has been documented anywhere along the global mid-ocean ridge system. The
transition between Indian and Pacific MORB sources occurs within a narrow zone (~40
km) beneath the spreading axis of a single segment (B5) within the eastern AAD. Limited
off-axis sampling from this segment indicates that the boundary has migrated
approximately 100 km westward since 4 Ma. Despite the movement of Pacific mantle
beneath the AAD, the 'Indian’ and 'Pacific’' sources have maintained distinct isotopic
signatures, apart from the isotopic gradients along the BSW segment. The characteristics
of the Pacific-Indian upper mantle transition suggest that the isotopic boundary is near the
B4/B5 transform and that a 'memory’ of the displaced 'Indian' mantle signature is
incorporated into ‘Pacific’ lavas behind the leading edge of a migrating Pacific mantle.

Two classes of upper mantle flow towards the AAD can explain the geophysical
and isotopic characteristics of the AAD: (1) sub-axial mantle flow in response to spreading
over a cool mantle, and perhaps to along-axis topographic gradients; (2) long-range inflow
of upper mantle from a shrinking Pacific Ocean in which Pacific mantle is gradually
displacing Indian Ocean mantle. In neither case are the origin of the cold mantle beneath
the AAD and the depth and gravity anomalies centered on the AAD satisfactorily explained.
The first model predicts that the isotopic boundary is linked to the long-lived geophysical
anomalies and morphological features which define the AAD, whereas the second model
requires that they are independent and that the isotopic boundary has only recently arrived
beneath the AAD. The present sample distribution does not allow an unequivocal
discrimination between these two models; however, both lead to specific, testable
predictions as to the off-axis configuration of the isotopic boundary. The isotopic data are

overwhelmingly biased to 'zero-age’, spreading axis samples and it is clear from this study
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that significant information about mantle flow in the region, and therefore the mantle

dynamics beneath the AAD, is to be found off-axis.




46

Chapter 3

Geochemical and Morphological Contrasts
in the Vicinity of the Australian-Antarctic Discordance

D. G. Pyle and D. M. Christie

ABSTRACT

The Southeast Indian Ridge (SEIR) in the vicinity of the Australian-Antarctic
Discordance (AAD) is a region of unusually diverse spreading axis morphology and mid-
ocean ridge basalt (MORB) geochemistry. Distinct changes in major and trace element
composition are shown to coincide with the abrupt change in axial segmentation and
morphology that accompanies the transition between the AAD and SEIR spreading
segments to the east (i.e., Zone A). Since spreading rate is uniform throughout this region,
compositional and morphological variations are most likely related to variations in melt
production beneath the spreading axis. The AAD spreading system is melt deficient and
compositional variations within the AAD MORB suite are primarily controlled by partial
melting of the mantle source. The Zone A spreading system is melt saturated and
compositional variations are dominated by shallow pressure, crystal fractionation.

The major element characteristics of the AAD indicate that these basalts are derived
from low average pressures of melting and low degrees of melting. The Zone A basalts are
derived from higher average pressures and higher average degrees of melting. The major
element contrasts between these two MORB suites are consistent with a variations in mantle
temperature producing variations in mantle melting. However, trace element systematics
show that lavas produced by low degree melting throughout the region (both AAD and
Zone A) have very similar source mantle signatures, but retain very different major element
compositions. Differences in partial melting alone can not produce these relationships
unless trace element heterogeneity in the source mantle is evoked. An alternative mode] is
presented in which the modal proportion of clinopyroxene (cpx) in the source mantle is
varied . This model satisfies the trace element conditions and predicts that the AAD mantle
is higher in modal cpx. Therefore, AAD compositions result from lower degrees of

melting from a more fertile source mantle (i.e., higher proportion of cpx).
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INTRODUCTION

The formation of oceanic crust at mid-ocean spreading centers is controlled by the
combined effects of spreading rate and mantle upwelling. The interaction between these
two processes results in a spectrum of petrogenetic and tectonic conditions along-axis that
are recorded by axial morphology and mid-ocean ridge basalt (MORB) composition. In
this study, we present major and trace element data for basaltic glass samples dredged
along 400 km of the eastern Southeast Indian Ridge (SEIR), an area encompassing the
eastern three-quarters of the Australian-Antarctic Discordance and adjacent spreading
centers to the east. Along this portion of the SEIR, an unusually diverse suite of MORB
compositions has erupted from spreading centers which display, at a uniform, intermediate
spreading rate (74 mm/yr full rate) [De Mets et al., 1990], nearly the entire range in axial
morphology observed at slow and fast spreading systems. This requires that spreading rate
is not the dominant variable for controlling either axial morphology or basalt petrogenesis.
More likely, variations in mantle upwelling patterns related to variations in mantle
temperature dominate spreading conditions in this region [West et al., 1994; Christie et al.,
1988; Christie et al., 1990]. The SEIR within and adjacent to the AAD provides an
uncommon opportunity to examine the effect of mantle upwelling on melt production,

MORB petrogenesis, and spreading axis morphology independent of spreading rate.

BACKGROUND
The Australian-Antarctic Discordance (AAD) (Hayes and Conolly, 1972) is a 500 km
section of the eastern SEIR characterized by a pronounced, along-axis change in
segmentation patterns and unusually deep axial bathymetry relative to adjacent SEIR
spreading centers to the east and west (commonly referred to as Zone A and Zone C,
respectively; Fig. ITI.1). Within the AAD, spreading centers are relatively short (<100 km)

and bounded by large transform fault zones that strike N-S and offset the spreading

segments by 80 to 180 km [Palmer et al., 1993; Sempéré et al., 1991]. To the east, Zone




Figure II1.1

48

Regional bathymetric map (500 m contours) and spreading axis traces of the
AAD and Zone A surveyed during the MW8801 cruise of the R.V. Moarna
Wave. MWB8801 dredge locations are shown as rectangular symbols
prefixed by ‘'MW' and Vema dredge locations are shown are filled circles
prefixed by "V'. Non-transform discontinuities (NTD) separate the AAD
spreading axes into east and west segments (e.g., BSE and B5W). AAD
specifically refers to zone B and the AAD spreading segments are
designated from west to east as Bl through B5 following Hayes and
Conolly [1972]. Likewise, Zone A is subdivided into segments Al
(doomed rift), A2 (127.5° E propagating rift), and A3 (131.0° E propagating

rift; not shown).
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A spreading segments are generally longer than 300 km and the only known axial
discontinuities are westward-propagating rifts that offset the neovolcanic zone by less than
10 km. The axial morphology and tectonic configuration of zone C is poorly known,
however geochemical similarities between the AAD and zone C lavas suggest that the
morphological transition between these regions is not as well defined as between the AAD
and Zone A.

In addition to the dramatic change in axial segmentation between Zone A and the
AAD, there is an abrupt increase in axial depth within the AAD. Axial depths within Zone
A vary between 3100-3400 m and display a broad regional increase toward the Zone A-
AAD transform boundary (Fig. II1.2). Near the mid-point of easternmost AAD spreading
segment (B5), the spreading axis deepens over 1000 m just west of a non-transform
discontinuity [Palmer et al., 1993]. West of the BS non-transform discontinuity, axial
depths commonly exceed 4000 m, increasing to 4600 m close to transform fracture zones.
The longevity of the AAD bathymetric anomaly is manifested as a regional, U-shaped
seafloor depression hat extends across the Southern Ocean to the continental margins of
Australia and Antarctica, suggesting that this feature has existed since seafloor spreading
began at ~95 Ma [Veevers, 1982; Mutter et al., 1985; Marks et al., 1990].

Regional magnetic anomaly patterns indicate that the depth anomaly pre-dates
development of the present segment offset configuration of the AAD plate boundary [Vogt
et al., 1984]. Also, the regional depth anomaly cuts the eastern AAD transform boundary
at magnetic anomaly 5b (~ 25 Ma), suggesting that the depth anomaly formed before the
AAD transform boundaries or that the presently defined AAD and the depth anomaly have
not always coincided.

Fundamental differences in the upper mantle velocity structure coincide with the
contrasts in seafloor morphology between the deeper AAD and shallower ridge segments

further east (e.g., Zone A) [Rouland et al., 1985; Forsyth et al., 1987; Anderson et al.,

1992; Woodhouse and Dziewonski, 1984]. Rayleigh phase velocities of sub-AAD mantle
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Axial depth profile and axial morphology of the AAD (zone B) and Zone A
(see fig. 2 for locations). Axial depth gradually increases within Zone A
approaching the AAD , then abruptly increases by ~1000 m west of the B5
NTD. An axial ridge morphology characterizes Zone A spreading centers
and an axial valley morphology characterizes AAD spreading centers. The
transition in axial morphology is closely related to deepening of the
spreading axis. A longitudinal overlap of the AAD and Zone A spreading
segments is caused by the spreading axis offset along the eastern bounding
transform of the AAD. The overlap has been removed to facilitate axial

depth comparisons (note two longitude scales are shown).
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are significantly faster than regions of comparable age in the Pacific. These unusually fast
shear wave velocities are most prevalent in the 20-40 km depth range, becoming less
pronounced to depths of 150 km [Forsyth et al., 1987]. Depending on melt distribution,
the velocity contrast could reflect a complete absence of partial melt within the AAD upper
mantle, or the upper mantle may be 100°C cooler and contain 8% less melt by comparison
to the EPR upper mantle [Forsyth, 1993; West et al., 1993].

Similarities between the mantle shear wave velocity structure east of the AAD (i.e.,
Zone A) and the EPR [Rouland et al., 1985] imply that a significant contrast in mantle
temperature exists between Zone A and the AAD. The large temperature differential
suggests a wide range in the amount of melt delivered to the spreading axis which may, in
turn, translate to a diversity of spreading axis morphology and basalt composition. The
broad axial rise and active rift propagation of Zone A are characteristics commonly
produced by high melt production typically associated with high spreading rates or hot spot
influenced spreading centers [Schilling 1985; Christie and Sinton 1981; Sinton et al. 1983;
Vogt & Johnson, 1973]. The deep axial valleys and short ridge segmentation found within
the AAD are characteristics commonly associated with slow spreading rates and low melt
production [Sempéré et al., 1991].

In addition to their unique tectonic context, the AAD basalts are believed to be derived
from lower average melting pressures, and lower degrees of mantle melting than any other
MORB suite worldwide [Klein and Langmuir, 1987, 1989; Klein et al., 1991]. Therefore,
the AAD MORSB suite represents the high NayO, high SiO2 and low FeO; endmember in
the global range of MORB major element composition. We examine compositional
variations between the AAD and Zone A lavas in the context of their distinct spreading axis
morphologies. Southeast Indian Ridge MORB major and trace element compositions
change systematically with the abrupt deepening of the spreading axis and development of
an axial valley topography. Mantle temperature differences between these regions are most

apparent in the major element systematics, however the trace element contrasts could result
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from differences in the modal mineralogy of beneath Zone A and the AAD. The isotopic
transition from Pacific-type MORB to Indian-type MORB also coincides with the
morphological transition along-axis [Pyle et al., 1992]. The close correspondence between
the geochemical and geophysical characteristics of the spreading ridge imply that an orderly

change in mantle source accompanies the change in the upper mantle thermal regime.

SAMPLE COLLECTION and ANALYSIS

A detailed SeaMARC II mapping and intermediate-scale dredge sampling
investigation of the SEIR between 132 °E and 123 °E was conducted in January and
February of 1988 aboard the R/V Moana Wave . This survey covered ~500 km of the
AAD and Zone A plate boundaries (Fig. III.1) [Sempéré et al., 1991; Palmer et al., 1993],
including spreading segments Al, A2, B5, B4, B3, and parts of B2 and A3. Dredge sites
were selected using SeaMARC II side-scan bathymetry and were spaced 10-40 km apart
insuring that most segments were sampled at three or more sites (Table II.1). Several off-
axis dredges from 2-4 Ma seafloor within the AAD and Zone A were also successful.

Twenty-six dredges within Zone A and the AAD brought aboard over 650 basaltic
samples with quenched glass margins. Major element concentrations were determined for
every sample with glassy margins using the Lamont-Doherty Cameca microprobe (Table
I11.2). Chemical groups within each dredge were visually identified by the clustering of
microprobe data on major element variation diagrams. Forty-seven chemically distinct
major element compositions were identified and each composition is assumed to represent a
single flow and/or magma pulse supplied to the spreading axis at each dredge site.

A representative suite of glass samples was selected for detailed major and trace
element analysis by a combination of direct current plasma spectroscopy (DCP) and
instrumental neutron activation analysis (INAA) (Table II1.3). All analyses are of fresh
glass chips that have been crushed to 0.5-1.0 mm in a ceramic mortar and hand-picked to

remove phenocryst and alteration material. INAA was performed on ~500 mg splits of



Table III.1 MW8801 cruise dredge summary.

Dredge Latitude Longitude deptht Summary
CS) CE) (m)
zone A
segment A2 (propagting rift)
MWQ02  50.31 129.53 3200 Valley along axis, immediately S. of axial ridge.
MWO01 50.21 128.54 3200 Near mid-point of segment A2, north side of a high ridge south of the axial ridge.
MWI13  50.21 128.01  3400-3200 Graben 3 km N of axis, 30 km behind A2 propagating rift tip.
MW03  50.15 12796 3600-3400 North slope of a distinctive axial ridge.
MwW12  50.11 127.83 3600 1.5 km N. of axial high, 18 km behind A2 propagating rift tip.
MW11  50.15 127.65 3400 Axial valley 5 km behind A2 propagating rift tip.
MW16  50.16 127.58 3600-3500 Bathymetric deep at the A2 propagating rift tip.
segment Al (doomed rift)
MWI10 50.24 127.59 3200 Along crest of Al axial ridge, 8 km south of A2 propagating rift tip.
MW17 50.22 127.42  3400-3100 Graben on N. side of Al axial ridge, 30 km east of zone A-AAD transfrom.
MW09 5020 127.06 3400-3200 Along S. slope of axial ridge 8 km east of zone A-AAD transform.
MWI19  50.15 127.02 3200 Westernmost A1, along axial ridge which turns N. into the zone A-AAD tranform.
MW07  49.22  127.66 3300 Off-axis (~3.5 Ma crust), lower slope of 500m axis-parallel ridge.10 km east of zone A-AAD
transform
MW20  49.52 127.59 3300 Off-axis (~2.0 Ma crust), S. slope of an axis-parallel ridge, 17 km east of zone A-AAD transform.
AAD (zone B)
segment B5
MW04  48.76 127.36  4000-3600 Central high within a broad axial valley, 7 km west of zone A-AAD transform.
MW06  48.76 126.88 4400 Axial valley, west of the B5 non-transform discontinuity (NTD).
MWO05  48.68 12652 4600-4800 Small axial ridge within a deep axial valley, 8 km east of B4/B5 transform.
MW18  50.04 126.74  4600-4000 Off-axis (~3.5 Ma crust), deep broad valley 18 km west of zone A-AAD transform.
MW24 4977  126.17 3600-3500 Off-axis (~3.0 Ma crust), S. slope of an axial parallel ridge, 9 km east of B4/B5 transform.
segment B4
MW22  49.68  125.89 4000 Along axial graben, 8 km west of B4/BS5 transform.
MW23  49.61 125.66  4000-3800 Base of transverse axial ridge within the B4E axial valley, near B4 NTD.
segment B3
MW27  49.06 124.96 4200-4000 Northern side of rift valley up steep, 700 m slope from valley floor to plateau.
MW28 4899 12471 4200-4600 Base of small volcanic(?) hill within B3 NTD deep.
MW29 4891 124.47  4200-4600 Plateau within axial graben, 10 km west of B3 NTD.
MW30  48.94 12428 4400-3400 Southen wall of B3 axial valley, 20 km east of B2/B3 transform.
MW26  49.46  123.23  4800-5000 Extensional relay axial valley within B2/B3 transform zone.

T Dredge depths have been determined from SeaMARC II bathymetry [Palmer et al., 1992]. Shipboard 'on bottom'/'off bottom' depth estimates showed
large variations, particularly within the AAD because of the unusally rough and rapidly changing bathymetry.
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Table I11.2 Microprobe analyses of natural glass.

Zone A
segment A2 (Propagating Rift)
dredge.gp MW02 MWOl.a MWO01.b MWO0l.c MWi3.a MW13.b MWO03 MW12 MWI11 MW16.a MW16.b MW16.c MwWI16.d
n (=Dt (n=10) (n=8) (n=2) (n=38) (n=3) (n=17) (n=1) (n=23) (n=2) (n=24) (n=2) (n=1)

Si0o2 50.90 5059 (.17) 50.72(.57) 50.74 (.29) 50.68 (.40) 55.74 (47) 50.78 (.27) 51.17  50.94 (.27) 49.32(.09) 5042(.29) 5045(04) 50.22
TiO2 2.00 238 (.14)  247(25) 280(13) 276(.11) 2,63 (.04) 311(13) 3.18 1.97 (.04) 1.70 (.01) 1.51 (.06) 1.89 (.02) 2.29
Al203] 1450 13.90(.09) 13.74(17) 13.50(.24) 13.55(.16) 1331(.21) 1298(.14) 1346 14.71 (.26) 16.59(.05) 1536(.24) 15.21(.05) 14.91
FeOt 10.10  11.41(21) 11.97(25) 12.69(.08) 12.62(36) 12.30(.33) 13.73(.32) 13.83 1020 (.22)  8.26 (.02) 8.78 (.126)  9.26 (.10) 10.20
MnO 0.18 0.19(.02) 022(03) 021(00) 0.21(.02) 020 (.01)  0.23 (.02) 0.25 0.17 (.02)  0.16 (.00) 0.16 (.02)  0.16 (.OD) 0.17
MgO 6.93 6.72(.13)  6.36 (.20) 575(12)  6.20(.14) 4.11(.08) 544 (.12) 559  7.20(13) 7.99(06) 7.84(.18)  7.37(.01) 7.16
Ca0 11.27 10.88 (22) 10.52(.25) 10.14(.20) 10.27(.16)  7.83 (.13)  9.40(.09) 9.70 11.06 (.09) 1099 (.04) 11.80(.28) 11.06(.07) 10.95
Na20 3.09 274 (07) 2.92(.13) 3.13(.09) 2.86(.10) 351 (39) 294 (.10) 2.70 295(.10) 3.05(01) 3.01(14) 293(01 3.02

K20 0.09 0.12(.02)  0.13 (.02) 0.14 (.02) 0.11(.02) 0.31 (.01)  0.14 (.03) 0.17 0.07 (.02) 0.19 (.00) 0.05(.02) 0.08 (.02) 0.16
P205 0.34 0.25 (.02) 0.26 (.02) 0.30 (.01)  0.26 (.03) 0.36 (.09)  0.26 (.02) 0.27 0.20(.01) 023 (.00) 0.19 (.03) 0.229 (.01) 0.26
total 9941 99.19 99.31 99.40 99.51 100.31 99.02 100.32 99.48 98.48 99.12 98.62 99.33

segment Al (Doomed Rift)

dredge.grp MW10 MWI17.a MWI17.b MWI17¢c MWI7d MW17.e MWI17.f MW19.a MW19.b MW19.c MW09.a MW09.b MW20 MWO07
n (n=10) (n=32) (n=10) (n=4) (n=6) (n=10) (n=23) (n=17) (n=23) (n=8) (n=44) (n=3) (n=2) (n=1)

Si02 | 50.86 (.27) 50.64 (.31) 50.77 (.14) 51.36 (.20) 50.99 (.29) 50.70 (.16) 50.84 (.29) 50.61 (.26) 50.75 (.27) 50.79 (.25) 50.82 (.38) 50.44 (.47) 50.87 (.01) 50.14
TiO2 262(.02) 135(03) 138(03) 140(03) 1.58(03) 190(09) 231(.06) 230(.04) 252(05) 2.70(05) 2.06(.06) 3.09(10) 2.03(03) 189
A1203 | 14.02 (.18) 15.56 (.13) 15.67(.18) 15.70(.26) 14.98 (.13) 14.68 (.21) 14.12(.17) 14.29(.14) 13.90 (.13) 13.66(.12) 14.68 (.16) 13.46 (.27) 14.53 (.13) 14.17
FeOt | 11.17 (.18) 8.46(.14) 847(10) 850(.09) 9.15(09) 9.88(.21) 10.81(.23) 10.53(.22) 11.29 (.27) 11.78 (.16) 9.96 (.28) 13.03 (.40) 10.41 (.04) 10.18
MnO 0.20(.02) 0.15(.02) 0.15(03) 0.17(.03) 0.18(01) 0.16(.03) 0.19(.02) 0.18(.02) 020(03) 022(02) 017(03) 022(02) 0.17(01) 0.17
MgO 6.38 (.07) 8.48(.10) 8.03(11) 747(23) 7.85(10) 7.56(.15) 6.85(.13) 6.97(07) 6.60(.06) 627(04) 7.21(.13) 5.86(21) 7.25(25) 732
CaO | 1034 (.12) 11.67 (:22) 11.83(.26) 12.11(45) 11.56(.17) 11.20 (.10) 10.84 (.15) 10.89 (.11) 10.50 (.19) 10.24 (.10) 11.20 (.13) 10.00 (.08) 10.61 (.13) 11.64
Na20 | 3.12 (11) 2.82(.09) 287(.09) 286(I13) 273(12) 285(08) 299(I8) 3.05(10) 3.07(15) 3.19(17) 3.03(12) 2.82(26) 279(11) 252
K20 0.13(.03) 0.04(.01) 003(01) 0.03(.02) 004(02) 0.10(.01) 0.12(03) 0.17(03) 0.14(.02) 0.12(02) 0.08(.02) 0.11(.02) 0.11(02) 0.09
P205 | 0.26 (.01) 0.16(.04) 0.17(.03) 0.19(.01) 0.19(.03) 0.23(.02) 024(01) 025(02) 024(02) 028(02) 0.23(01) 028(02) 022(00) 0.14
total  99.31 99.32 99.36 99.79 99.25 99.27 99.31 99.24 99.21 99.23 99.43 99.32 98.99 98.26

t 'n’ represents number of individual glass samples within each group average.
All analyses with totals <98.5 or >101.0 have been omitted from the group averages.
Numbers in parenthesis are 16 variations in the mean of major element oxides for each group.

Microprobe analyses were performed at an accelerating voltage of 15 kV with a beam current of 5 nA for K and Na and 20 nA for Si, Ti, Al, Fe, Mn, Mg, Ca, and P. Counts for all peaks
were acquired over a 20 second interval.
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Table I11.3 Microprobe analyses of natural glass.

AAD

segments BS & B4
dredge.grp MW04.a MWO04.b MWO05 MWO06 MWI18.a MW18.b MW18.c Mw24 MwW22 Mw23
n (n=1) (n=1) (n=2) (n=06) (n=3) (n=26) (n=6) (n=14) (n=33) (n=7)
Si02 50.62 50.78 51.61 (.06) 50.96 (.63) 51.72 (44) 51.94 (43) 52.99 (.54) 52.06 (.24) 5111 (31) 51.12 (43)
TiO2 1.51 1.57 1.46 (.01) 1.38 (.07) 1.19 (.01) 1.37 (.06) 1.60 (.04) 1.40 (.03) 1.01 (.02) 1.09 (.02)
Al203 16.00 16.12 15.88 (.00) 15.68 (.19) 16.29 (.06) 15.97 (.24) 15.45 (.16) 15.87 (.09) 16.58 (.12) 16.19 (.15)
FeOt 8.71 9.31 8.46 (.01) 843 (.19) 7.56 (.12) 8.01 (.27) 845 (.12) 7.83 (.13) 7.80 (.10) 8.98 (.25)
MnO 0.14 0.18 0.15 (.01) 0.14 (.02) 0.15 (.01) 0.15 (.02) 0.16 (.02) 0.15 (.02) 0.15 (.02) 0.13 (.03)
MgO 7.76 6.94 7.81 (.06) 8.09 (.11) 8.55 (.13) 7.70 (.13) 6.74 (.11) 7.35 (.13) 8.29 (.06) 7.88 (.16)
CaO 11.56 11.21 11.31 (.08) 11.61 (.16) 11.36 (.19) 10.99 (.22) 10.34 (.27) 10.49 (.08) 10.99 (.09) 10.85 (.14)
Na20 3.47 3.61 3.00 (.03) 3.00 (.15) 2.98 (.08) 3.38 (.17) 3.64 (.17) 3.65 (.12) 3.13 (.10) 2.81 (.07)
K20 0.06 0.05 0.14 (.02) 0.07 (.01) 0.09 (.02) 0.13 (.02) 0.26 (.02) 0.14 (01) 0.08 (.02) 0.08 (.02)
P205 0.15 0.18 0.17 (.00) 0.14 (.03) 0.13 (.05) 0.16 (.04) 0.19 (.03) 0.19 (.01) 0.17 (.01) 0.15 (.01)
total 99.98 99.95 99.99 99.50 100.01 99.81 99.82 99.10 99.31 99.27

segments B3 & B2
dredge.grp  MW27.a MW27b MW27.c MW27.d MW27.e Mw28 MW29.a MW29.b MWwW30 MWw26
n (n=2) (n=16) (n=7) (n=15) (n=15) (n=1) (n=8) (n=1) (n=27) (n=1)
Si02 52.52(.19) 5242(38) 51.96(43) 51.83(27) 51.12(35) 52.39 51.63 (.66) 52.88 51.73 (.39) 51.10
TiO2 1.27 (.09) 1.32 (.05) 1.38 (.06) 1.40 (.04) 1.49 (.04) 1.40 1.21 (.03) 1.40 1.29 (.06) 1.40
Al203 16.14 (.14) 15.86 (.25) 1561(22) 16.26 (.25) 16.92 (.28) 15.77 16.39 (.09) 16.22 16.50 (.24) 15.55
FeOt 7.72 (.23) 7.90 (.17) 8.18 (.16) 7.78 (.11) 8.04 (.08) 8.49 7.40 (.07) 7.85 7.58 (.11) 8.52
MnO 0.16 (.02) 0.15 (.02) 0.15 (.02) 0.15 (.02) 0.14 (.02) 0.14 0.10 (.04) 0.14 0.14 (.02) 0.16
MgO 8.03 (.10) 7.65 (.10) 7.53 (.06) 746 (.15) 740 (.24) 7.35 8.19 (.05) 7.31 7.70 (.12) 7.88
Ca0 10.99 (.15) 10.66 (.15) 1110 (.11)  10.59 (.13) 10.03 (.13) 10.53 10.89 (.08) 10.37 10.85 (.18) 10.95
Na20 3.37 (.23) 3.46 (.11) 3.39 (.13) 3.70 (.13) 3.66 (.06) 3.30 3.29 (.07) 3.85 3.48(.13) 2.94
K20 0.11 (.02) 0.14 (.02) 0.11 (.01) 0.19 (.04) 0.63 (.06) 0.10 0.18 (.01) 0.17 0.17 (.06) 0.07
P205 0.13 (.05) 0.18 (.02) 0.19 (.01) 0.19 (.02) 0.24 (.02) 0.18 0.19 (.01) 0.19 0.19 (.02) 0.18
total 10045 99.73 99.60 99.55 99.68 99.65 99.45 100.37 99.64 98.75
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Table II1.4 Direct current plasma (DCP) and instrumental neutron activation analyses (INAA) of natural glass.
Zone A (segment A2)

Sample 02-1 01-15 01-36 01-37 13-47 13-51 13-7 13-14 03-6 12-1 11-17 16-12 16-1 16-16 16-19
probe grp a b c a a a b a b c d
depth (m) 3200 3200 3300 3500 3600 3400 3500

km? 191 113 76 72 63 50 45

SiOy 50.05 49.89 49.68 49.29 49.66 49.64 49.42 54,15 49.81 49.69 49.74 48.85 50.09 49.84 49.42
TiOp 1.81 2.34 2.85 2.82 244 2.46 2.58 247 2.86 2.94 1.80 1.57 1.43 1.73 2.07
A0y 14.61 13.89 13.35 13.18 13.59 13.80 13.54 12.92 12.93 13.25 15.16 16.48 15.37 15.27 15.22
FepOs 11.46 12.87 14.48 14.47 13.61 13.50 13.87 12.99 15.17 14.64 11.17 9.35 9.68 10.51 11.23
MnO 0.19 0.20 022 0.22 022 0.22 0.22 0.20 0.23 0.22 0.18 0.16 0.17 0.17 0.18
MgO 7.28 6.87 6.01 5.95 6.49 6.52 6.39 4.08 5.80 5.79 7.62 8.24 7.84 7.76 7.63
CaO 11.23 10.77 9.83 9.72 10.38 10.46 10.25 7.76 9.45 9.40 11.02 11.03 11.64 11.08 10.72
NayO 2.92 2.73 3.00 3.00 2.84 2.83 2.81 3.86 2.94 3.05 292 3.03 3.12 2.94 2.99
K720 0.09 0.13 0.14 0.15 0.12 0.12 0.11 0.32 0.14 0.16 0.07 0.20 0.05 0.14 0.12
P105 0.19 0.24 0.30 0.30 0.25 0.25 0.26 0.42 0.28 0.33 0.18 0.23 0.13 0.19 0.24
total 99.81 99.93 99.87 99.10 99.59 99.78 99.45 99.17 99.62 99.47 99.86 99.13 99.51 99.63 99.82
mg#tt 58.3 54.0 47.7 475 51.2 515 50.3 40.9 45.7 46.5 60.0 66.0 64.1 61.9 59.9
Ba 5.7 113 10.9 113 9.9 9.2 8.4 21 10.4 123 4.4 8.5 2.8 6.9 8.0
Sr 125 103 107 106 100 101 97 101 103 113 120 231 125 134 144
Th 0.09 0.10 0.08 0.12 0.38 0.16 0.19 0.08 0.10 0.05 0.11 0.08
U 0.14 0.15 0.16 0.12 0.3 0.23 0.20 0.18 0.26 0.06 0.08 0.06
Ta 0.26 0.33 0.20 0.35 0.42 0.36 0.31 0.29 0.28 0.06 0.15 0.16
Zr 142 182 233 228 191 188 201 453 221 257 140 155 105 143 177
Hf 343 5.76 4.89 4.79 12.61 5.64 6.48 3.70 3.45 2.67 3.65 4.27
Y 41.8 533 65.7 64.7 56.0 55.7 58.0 105.6 60.0 69.1 40.9 31.1 313 38.3 46.2
Sc 40.3 40.7 40.4 40.2 40.1 41.1 40.8 29.9 40.0 38.9 36.5 342 385 36.0 35.6
Ni 78 73 61 58 78 63 75 93 52 63 89 128 95 103 121
Cr 303 177 89 87 119 117 116 44 53 91 297 276 329 302 283
Co 38.4 41.2 41.4 39.5 312 42.7 38.1 40.1 40.9 39.7 40.4 40.0
v 326 409 451 450 418 418 422 323 462 456 4 243 251 296 320
Zn 85.8 101.1 117.3 1149 103.3 107.0 101.7 114.1 116.3 101.6 81.4 64.7 67.3 81.0 88.0
Cu 66.3 56.8 52.1 51.8 58.2 55.8 53.7 420 46.3 48.2 61.5 63.6 72.1 62.6 58.1
La 3.75 6.79 539 5.27 14.94 6.26 7.61 395 6.71 2.81 4.32 5.34
Ce 13.2 199 18.3 16.9 47.8 21.4 253 14.2 18.7 10.2 3.4 17.3
Nd 13.2 19.6 174 18.3 40.6 20.7 28.2 12.6 13.5 112 120 16.2
Sm 4.52 7.23 582 5.98 13.05 7.03 7.89 4.39 3.94 3.54 428 5.05
Eu 1.54 2.28 2.00 1.95 3.30 2.28 2.39 1.55 1.50 1.40 1.55 1.76
Tb 1.06 1.68 1.54 1.54 2.99 1.78 1.92 1.17 0.86 0.94 1.08 1.24
Yb 4.29 7.04 6.29 5.92 12.76 6.98 7.36 4.43 3.14 3.18 3.94 4.88
Lu 0.65 1.10 0.86 0.90 1.79 1.02 1.05 0.61 0.45 0.48 0.56 0.66

t Distance (km) from Zone A-AAD transform boundary.

1 mg#=Mg+2/(Mg*2 + Fet+2) with Fe*2 = .9 * Fegoan

DCP analyses: All major elements and Ba, Sr, Zr, Y, Sc, Ni, Cr, V., Zn, Cu.

INAA analyses: Ta, Hf, Co, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu (al! trace elements reported as ppm).
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Table IIL5 Direct current plasma (DCP) and instrumental neutron activation analyses (INAA) of natural glass (cont.).
Zone A (segment Al)

Sample 10-1 17-26 17-33 17-13 17-46 17-68 17-48 09-41 09-7 19-2 19-56 19-33 07-1 201
probe grp a b ¢ d e f a b a b c

depth (m) 3200 3400 3400 3200 3300 3300
km 46 33 8 5 30 28

SiOy 50.03 50.17 50.42 49.70 50.34 49.73 50.02 49.95 49.53 50.01 49.67 49.98 49.97 49.83
TiOy 2.44 1.29 1.32 1.27 1.45 1.81 2.24 1.88 2.74 2.14 239 2.53 1.78 1.88
Aly03 14.06 15.61 15.35 15.42 15.46 14.81 14.19 14.63 13.66 14.38 14.23 13.64 14.60 14.60
Fe 03 12.38 9.49 9.52 9.42 {0.18 10.96 12.06 11.03 13.70 11.59 12.60 13.20 11.64 11.70
MnO 0.20 0.16 0.16 0.16 017 0.18 0.20 0.18 0.21 0.19 0.20 0.21 0.19 0.19
MgO 6.56 8.61 8.57 8.58 8.17 7.54 6.97 7.29 6.30 7.13 6.70 6.38 747 7.50
Ca0 10.42 11.73 11.75 11.66 11.53 11.25 10.85 11.16 10.10 11.06 10.47 10.28 11.41 10.51
NayO 3.10 2.83 2.82 2.82 2.77 2.76 2.96 2.96 2.96 2.95 3.00 3.09 2.59 2.84
K20 0.14 0.03 0.03 0.03 0.05 0.10 0.14 0.08 0.13 0.17 0.14 0.12 0.08 0.17
P20s 0.26 0.12 0.12 0.11 0.13 0.19 0.25 0.21 0.30 0.24 0.25 0.27 0.18 0.19
total 99.58 |100.04  100.06 99.17  100.25 99.33 99.87 99.38 99.64 99.85 99.65 99.70 99.91 99.41
mg# 53.8 66.6 66.5 66.7 63.8 60.2 56.0 59.3 50.3 57.5 539 51.5 58.5 585
Ba 9.1 29 31 27 4.0 1.7 9.0 6.7 9.3 10.5 9.7 8.4 6.3 6.7
Sr 121 105 106 103 102 113 122 114 110 142 120 121 98 110
Th 013 .07 0.04 0.11 0.07 0.09 0.17 0.16 0.08 0.07
U 0.21 At 0.12 0.07 0.01 0.23 0.22 0.25 0.0
Ta 0.32 12 0.08 0.23 032 0.13 0.40 0.28 0.23 0.26
Zr 200 90 92 84 101 139 185 155 230 173 186 202 133 145
Hf 5.58 2.14 2.36 3.46 4.38 3.74 4.30 4.78 3.40 3.59
Y 53.1 30.2 30.2 28.4 338 412 50.6 443 61.7 46.1 51.6 55.0 41.0 419
Sc 389 35.8 36 354 36.2 38.1 39.2 38.9 39 394 39.5 39.6 387 374
Ni 76 103 101 102 97 89 75 78 71 81 78 56 85 103
Cr 204 360 361 365 310 274 195 297 155 278 179 83 303 218
Co 39.2 39.7 39.9 39.9 38.1 373 384 39.0 40.3 41.1
v 379 252 254 249 279 321 368 329 411 348 396 400 344 342
Zn 95.4 70.4 68.8 73.7 73.8 85.2 97.2 80 98.9 90.4 99.9 98.1 877 914
Cu 52.8 74.3 72.8 74.4 72.1 70 58.2 65.4 50.4 61.7 55.0 553 63.7 57.1
La 6.52 1.9 2.14 4.27 5.34 4.54 5.71 5.71 3.85 4.82
Ce 21.5 9.2 9.1 15.3 17.4 15.0 19.5 18.6 12.8 12.5
Nd 21.9 7.8 6.6 13.2 15.2 15.1 17.5 19.2 159 12.9
Sm 6.60 2.94 3.05 4.47 5.63 473 524 5.96 435 5.08
Eu 2.20 1.14 1.12 1.61 1.81 1.59 1.76 2.03 1.45 1.57
Tb 1.63 a5 0.68 1.12 1.19 1.10 1.17 1.49 1.10 1.15
Yb 6.20 1 3.05 4.44 5.27 434 4.96 592 4.70 4.76
Lu 0.93 42 0.47 0.64 0.80 0.66 0.79 0.80 0.63 0.76
Pbt 0.226

t Pb analyses by isotope dilution.



Table III.6 Direct current plasma (DCP) and instrumental neutron activation analyses (INAA) of natural glass (cont.).
AAD (segments BS, B4, B3, & B2)

04-2

Sample 04-1 062  05-1 |18-28 184 187 24-18 [ 22-13 23-1 [ 2771 278 27-13  27-48 27-46 27-58 | 28-1 | 29-5 29-11 | 30-6 | 26-1
gip a b a b c a b c d e e a b

depth 3800 4400 4700 4800 3600 | 4000 3900 4100 4500 4500 3900 | 4900
km 12 48 74 19 70 94 111 170 188 220 234 288
Si02 | 49.29 49.80 5055 50.19 |50.58 50.90 5148 50.92 |50.45 5057 |51.06 5065 5069 51.00 5023 503 |50.95 |51.08 5094 |50.96 |50.46
TiOy 1.35 144 137 134 | 112 126 147 124 1 097 1,04 1.15 1.22 126 132 1.43 140 | 129 | 120 132 1.21 1.34
AO3| 16.28 1555 1580 1596 |16.56 16.55 1580 1651 [16.79 1626 |16.10 16.40 15.95 16.36  17.19 17.21 |15.92 [16.09 1648 [16.16 |16.20
FepO3( 940 1007 937 924 | 846 840 902 845 | 877 1006 | 858 853 896 8.68 896 905 | 947 | 826 871 | 853 | 966
MnO 016 017 016 016 {015 014 015 015 [ 016 016 [ 0.15 015 0.16 015 0.5 015 | 0.16 | 0.14 0.15 | 0.15 | 0.16
MgO 822 754 806 806 | 846 799 7.19 781 854 824 | 829 804 787 763 764 732|778 | 845 753 | 792 | 796
CaO 1.50 1156 11.30 11.04 |11.00 1057 10.14 1057 [1098 10.82 [10.96 1074 1096 1039 982 10.06 [10.37 (1067 10.16 |10.78 |10.82
NayO 332 326 295 296 | 3.02 358 358 361 [ 3.16 2389 | 3.04 341 325 366 3.62 3.60 | 327 | 3.28 362 | 3.34 | 3.00
K70 005 013 007 012 | 009 011 025 014 [ 008 007 [ 010 013 012 019 064 056 | 011 | 0.17 019 | 0.15 | 0.09
P,0s 013 014 014 014 | 012 015 018 015|012 010 [ 013 015 014 017 024 022 | 014 | 015 017 | 0.14 | 0.4
total 99.70  99.66 99.77 99.20 |99.56 99.65 99.25 99.54 J00.02 10021 [99.55 99.42 9935 9955 99.9] 99.94 199.46 [99.48 99.27 |99.34 |99.82
mg# 658 622 654 657 688 677 637 610 682 643 680 675 659 659 652 640 644 692 655 671 645
Ba 35 11.0 7.1 153 | 16.1 190 437 199 | 159 143 10.3 155 144 229 1271 1089 | 101 | 203 233 19.5 7.0
Sr 192 134 130 134 139 165 175 170 142 109 143 163 143 166 232 213 138 168 176 159 112
Th 0.03 005 0.26 0.15 023 017 | 016 0.15 | 0.10 0.32 088 | 0.11 | 016 0.30 | 0.15 | 0.10
U 0.33 0.14  0.18 0.14 045 376 | 008 0.11 | 0.29 0.52 190 | 031 | 070 034 | 031 | 035
Ta 0.11 0.15 021 024 036 027 | 0.16 0.14 | 0.10 0.22 081 | 017 | 032 027 | 0.17 | 023
Zr 11 110 106 11 95 107 131 111 81 73 89 105 101 119 139 122 102.| 104 122 99 100
Hf 2.52 259  2.86 252 292 259 1.83  1.82 | 2,07 2.84 297 | 253 | 230 2.63 | 2.19 | 277
Y 279 320 310 304 | 268 279 322 275 | 252 251 | 264 290 302 301 3 301 | 315 | 267 304 | 271 | 326
Sc 35.1 383 348 327 | 322 309 332 305 | 329 340 | 320 324 345 331 202 304 | 327 | 312 332 | 32.1 | 33.0
Ni 99 79 114 124 136 154 100 116 138 140 129 119 105 108 138 107 115 143 104 102 117
Cr 309 317 336 308 352 345 257 298 324 332 325 302 334 278 240 253 246 336 275 317 300
Co 39.5 375 369 341 338 356 | 388 418 | 36.0 343 342 | 369 | 35.1 336 | 352 | 39.7
v 226 265 257 259 229 228 256 223 207 193 230 228 257 234 216 214 239 219 228 218 250
Zn 712 720 678 686 | 606 658 668 605 | 632 752 | 61.1 7 648 685 669 641 | 678 | 62.4 66,6 | 647 | 703
Cu 760 898 641 620 [ 650 620 587 650 | 757 825 | 579 569 594 582 570 S56.0 | 582 564 551 | 643 | 55.0
La 3.97 345  4.10 410 6.09 446 | 325 240 | 3.53 4.99 943 | 373 | 432 554 | 434 | 331
Ce 12.5 114 114 133 160 13.8 9.5 7.2 10.8 12.6 213 | 103 11.6 143 | 11.7 | 11.2
Nd 12.4 8.9 107 113 12.1 74 59 8.9 13.1 134 9.6 | 104 12.1 10.7 9.9
Sm 3.39 343 337 332 394 345 | 257 239 | 3.00 3.59 362 | 345 | 3.1 377 | 329 | 3.74
Eu 1.24 1.23 1.21 1.21 1.37 1.22 1 097 093 1.09 1.31 1.30 | 1.23 1.14 127 1.13 | 1.29
Tb 0.77 078 076 066 084 077 | 058 0.61 | 071 0.75 080 | 079 | 0.70 0.78 | 0.66 | 0.95
Yb 2.95 311 3.6 264 303 276 | 256 257 | 277 3.12 299 | 329 | 253 2.89 | 271 | 3.28
Lu 0.44 047 048 040 053 044 | 040 040 | 041 0.52 045 | 050 | 042 050 | 041 | 051
Pb 0.358 0.550 0275 |0414 0.808 0.496

09
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glass irradiated at the Oregon State University TRIGA reactor and spectra each sample was
collected at three decay intervals to optimize the counting statistics for short, intermediate,
and long-live radionuclides [Laul, 1979]. DCP analyses were completed by G. Eberhart at
Lamont-Doherty Earth Observatory following procedures outlined in Klein et al.[1991] and

Miller et al. [1992].

RESULTS

Axial Morphology

Sempéré et al.[1991] and Palmer et al. [1993] have presented detailed discussions of
the diverse spreading axis morphology of the SEIR between 132°E and 123°E as a
reflection of changing melting conditions beneath Zone A and AAD. A brief summary of
their observations are given below.
The tectonics of the Zone A spreading system have been dominated by several episodes of
rift propagation over the past 25 Ma [Vogt et al., 1984]. Presently, three in echelon
propagating rift systems are migrating toward the AAD at rates roughly equal to the full
spreading rate for this region (79-90 mm/yr) [Vogt et al, 1984; Sandwell and Smith, 1993].
Rift propagation is commonly occurs along spreading segments affected by excess melt
production associated with hot spot volcanism (e.g., Galapagos and Juan de Fuca)
[Sinton et al., 1983; Schilling et al., 1985; Hey et al., 1989]; but in the case of Zone A, rift
propagation may be driven by gravitational forces resulting from an increase in axial depth
toward the AAD [Phipps-Morgan et al., 1988]. A deficient melt supply relative to the
intermediate spreading rate of AAD spreading segments may also be compensated by melt
from more robust Zone A spreading centers resulting in sub-axial asthenospheric flow
toward the AAD [Forsyth et al., 1987]. The large volume of melt reaching Zone A
spreading centers is clearly evident from the broad axial high of the rift axis that persists
even along the doomed rift segment (segment A1) and well into the Zone A ridge-transform

intersection with the AAD (Fig. II1.3a).



Figure I11.3

62

SeaMARC bathymetry (200 m contours) of Zone A and AAD spreading
centers: a) segments Al and A2; b) segment B5; c) segment B4; d) segment
B3; e) extensional basin within B2/B3 transform boundary. Dredge
locations are designated as in Fig. 1. The locations of axial cross-sections

for each spreading segment (Fig. 2) is represented by a black line.
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The transition from a Zone A-type axial rise morphology to an AAD-type axial rift
valley morphology coincides with an abrupt deepening of the spreading axis east of a non-
transform discontinuity along the BS segment (Fig. IL.3b). The eastern B5 segment (B5E)
is partially inflated by a small axial seamount which is the youngest of a linear chain that
extends south on the Antarctic plate. West of the BS non-transform discontinuity, a
‘typical' AAD axial valley appears. Typical AAD axial profiles show a 700-1200 m deep
and 8-10 km wide rift valleys which are commonly at depths in excess of 4000 m, the most
well developed examples being the BSE and B3 spreading segments (Fig. II1.2; Fig. II.3b
and Fig. I11.3d).

The smaller B4 segment is considerably more tectonically complex and not as well
defined as are B5 and B3 (Fig. II.3c). No clearly identifiable neovolcanic zone was
detected in backscatter images of B4, and many off-axis, abyssal hills appear disoriented
and atypical for normal, ridge-parallel spreading conditions. Several of these hills are
unexpectedly shallow (3500-3000 m) relative to the deep spreading axis. In addition, a 3
km wide, 15 km long, 1000 m deep graben of B4E segment (neovolcanic zone?) terminates
against a transform-parallel, 500 m high ridge. This rugged, unorganized seafloor terrain
appears to result from poorly organized and/or amagmatic spreading. Similar bathymetric
features appear on 3-4 Ma crust surrounding the off-axis dredge sites within the BS

segment.

Major Element Systematics

The diversity in spreading axis morphology is matched by the eruption of an equally
diverse suite of MORB compositions within the AAD and Zone A (Fig. II1.4). Zone A
lavas include primitive basalts (8.2% MgO, 9.4% Fe,03; MW16), highly differentiated
FeTi basalts (15.2% Fe;03, 2.9% TiO,, 5.8% MgO; MW12 and MWO03), and rare basaltic
andesites (54.2% SiO3, 4.1% MgO; MW13). Collectively, Zone A lavas define what

appears to be a low-pressure, fractional crystallization sequence, similar to MORB from the




Figure I11.4
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Major element variations for DCP analyses of Zone A and AAD glasses.
The DCP data of Klein et al. [1991] are also included in this figure. These
data are from dredge locations that lie well out of our survey area, however,
they complement our new results and offer a perspective which neither
study could convey alone. Both data sets are directly comparable since all
analyses were performed at the Lamont-Doherty DCP laboratory. One
atmosphere fractional crystallization trends have been calculated for possible
parental melt compositions from Zone A (MW17-26) and the AAD (MW29-
5) using a modified version of MIXNFRAC (major element kd’s based on
experimental data appropriate for MORB suites only) [Nielsen, 1985].
None of the one atmosphere fractionation trends satisfy all the major
element variations for either Zone A or AAD compositions. The BS axial
samples are outline by a shaded field. The circled question mark is the
possible major element characteristics of an unsampled Zone A parental melt

for the more evolved zone A samples.
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Galapagos spreading center [Christie and Sinton, 1981,1986; Sinton et al., 1983; Perfit
and Fornari, 1983] and the East Pacific Rise [Bender et al., 1983; Langmuir et al, 1986].
Intra-dredge compositional variations typically cover a relatively restricted MgO range
along this fractionation trend.

Systematic variations in MORB composition occur along the A2 spreading segment
away from the 127.5 °E propagating rift tip similar to trends documented along the
Galapagos 95° W propagating rift system [Christie and Sinton, 1981; 1986]. Rift tip lavas
are relatively unfractionated and variable in major and trace element characteristics (i.€.,
several compositionally distinct groups). A short distance behind the 127.5° E rift tip (~30
km), extent of fractionation increases to a maximum resulting in the eruption of FeTi
(MW12 and MWO03) and andesitic basalt types (MW13; Fig. IIl.3a). Beyond the
differentiation maximum, moderately evolved basalts were recovered, possibly reflecting
the thermal stabilization of the underlying ridge mantle and the development of a magma
system that homogenizes the basalt compositions reaching the spreading axis (e.g., MWO01
and MWO02) [Christie and Sinton, 1981, 1986].

In contrast to other propagating rift systems (e.g. Galapagos and Juan de Fuca)
[Yonover, 1989; Sinton et al., 1983; Hey et al., 1989], the A1 doomed rift lavas cover a
considerable fractionation range, nearly as great as that of the A2 propagating rift. In most
respects, the low-pressure, fractional crystallization paths of A1 lavas are follow those of
A2 lavas, particularly in Fe;03 and TiO, content, although subtle differences do occur.
Above 6.8 % MgO, Al basalts tend to be higher in Al,O3 while below ~7.5% MgO they
are higher in Na;O and lower in CaO/Al,O3 (Fig. II1.4). The most primitive Al lavas
(MW17, MgO~8.5 %) are slightly higher in MgO than the most primitive A2 lavas
(MW16, MgO~8.3 %) and the most highly evolved A2 compositions are apparently absent
from Al, although three locations along A2 recovered these evolved rock types. In

addition, compositional variations are not systematic along the Al segment. Nearly the

entire compositional range of Al lavas is present in a single dredge from the central portion




73

of this segment (MW 17). Furthermore, the proximity of the AAD-A1 transform boundary
appears to have little influence on the compositions of erupting lavas [Bender et al., 1984;
Langmuir and Bender, 1984]. A broad axial high is maintained along the entire A1l
segment and it curves into the AAD-Zone A transform domain.

Major element abundances and fractionation trends of AAD lavas are almost exclusive
from those of Zone A. AAD lavas have lower Fe;03, CaO, TiO,, P,0O5 and CaO/Al,O3,
and higher Al,O3, Na;O, and KO for any given MgO content. The AAD suite is also
more primitive (i.e., most mg# < 64), considerably more restricted in their MgO range, and
consequently, displays a smaller range in Fe,O3 and TiO; (Fig. 1IL.4). Conversely,
variations in CaO/Al,03, Na,0 and K5O are significantly greater throughout the AAD, as
well as within an individual AAD dredge when compared to Zone A. For example, nearly
the entire CaO/Al,03 range (.57-.69) of all AAD lavas is present at dredge site MW27.
Furthermore, AAD lavas are among the highest SiO; MORB lavas known.

Propagating rift tip lavas of Zone A and B3 axial lavas of the AAD are noteworthy
exceptions to the mutually exclusive major element ranges of the Zone A and AAD suites.
These lavas are among the most primitive found within Zone A and have NayO and
Ca0/Al;03 contents that overlap the AAD group, although more evolved rift tip lavas
approach the Zone A range. The axial lavas from the BS segment are compositional
intermediate between the AAD and Zone A suites in all major element characteristics (Fig.
II1.4). Off-axis, the B5 composition have no transitional characters and are distinctly
AAD-like in their characteristics. In fact, the B5 off-axis lavas cover the largest range in
MgO and Fe,O3 contents found within the AAD, and therefore, represent the best
approximation of a differentiation trend for this group of lavas.

Trace Element Systematics

Rare earth element (REE) abundances of Zone A lavas are remarkably uniform; their

chondrite normalized patterns are generally sub-parallel, with total REE abundance
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Figure III.5  Chondrite normalized REE patterns for the AAD and Zone A basaltic glass
samples. Normalizing values are average ordinary chondrite of Ma et al.
[1981].
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increasing with degree of fractionation. Zone A REE patterns are distinctively convex-up
from La to Sm with middle REE values slightly higher than heavy REE values (Fig. I11.5).
Evolved lavas show Eu depletions that increase with fractionation, reflecting increasing
removal of plagioclase. The most primitive Zone A basalts (e.g. MW 17 and MW16) lack
Eu depletions. The least evolved Zone A composition not recovered at a propagating rift tip
(MW 17-26) is the only primitive lava with a REE pattern similar to more evolved Zone A
basalts. Primitive propagating rift tip lavas (MW16-12 and V1) have light REE enriched
patterns that cross cut more typical Zone A patterns. These rift tip lavas are the same ones
with high Na,O and low Ca0O/Al;O3 contents that overlap AAD compositions. In addition,
both light REE depleted and enriched patterns (La,/Smy, of .50 and 1.06, respectively; 'n’
denotes chondrite normalized) can be found at the propagating rift tip, although the isotopic
characteristics of these lavas are indistinguishable [Pyle et al., 1992]. Despite the
distinctive REE systematics of the propagating rift tip lavas, depletion of La relative to Ce is
universal feature of Zone A lavas, and by inference, their mantle source.

AAD lavas are typically lower in total REE content than most Zone A basalts and total
REE abundance appears unrelated to degree of fractionation. Crossing REE patterns are
frequently observed within and between AAD spreading segments, unlike the uniform and
sub-parallel REE patterns displayed by normal Zone A lavas (i.e., away from propagating
rift tips). Like Zone A, AAD lavas are commonly light REE depleted, but differ in their flat
to slightly convex-up curvature between La and Sm and in their consistently lower heavy
REE contents. The B4 lavas have the most light REE depleted patterns and the lowest total
REE abundances, but these lavas are not the most primitive AAD composition.

Zone A and the AAD lavas distinct in the abundance and diversity with other trace
elements as well (Fig. II1.6). Concentrations of some highly incompatible elements, such
as Ba and Th, are generally higher within the AAD, but La shows no distinctive
characteristics. Moderately incompatible elements such as Zr, Yb, and Y are consistently

higher in Zone A and display a greater range in variability than AAD lavas. Compatible
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Figure 1.6  Along-axis variations of selected highly incompatible, moderately

incompatible, and compatible trace element abundances.
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elements, such as Sc, are consistently higher in Zone A. The diversity of Sc is also higher
in AAD lavas, but Cr is more variable in Zone A. These chemically coherent sets of trace

element appear to show conflicting behavior between the AAD and Zone A MORB suites.

DISCUSSION
The Global Context

An incredible difference in the major element, trace element and isotopic composition
exists between the AAD and Zone A MORB suites. These compositional contrasts are
closely related to axial depth and axial morphology. Klein and Langmuir [1987]
recognized a correlation between MORB major element composition and spreading axis
depth on a global scale which they attributed to variations in mantle temperature. Mantle
temperatures are estimated to decrease by approximately 100° C between Zone A and the
AAD [Forsyth, 1993; West et al., 1994]. Since spreading rate is uniform throughout this
region, mantle temperature controls melt production and mantle upwelling beneath Zone A
and the AAD. Melt production and differentiation has resulted in two very distinct MORB
suites. The geochemical contrasts between Zone A and the AAD suggest that mantle is
processed through these two mantle temperature regimes very differently.

Mantle temperature dictates the pressure at which upwelling mantle intersects the
solidus [Klein and Langmuir, 1987; McKenzie and Bickle, 1988], and therefore, the
pressure interval over which melting occurs (i.e., the height of the melting column). The
amount of melt extracted from the melting column during upwelling controls the bulk
composition of MORB lavas [Klein and Langmuir, 1987; 1989; Plank and Langmuir,
1992]. As the height of the melting column increases with mantle temperature, melting
increases, the thickness of oceanic crust increases, the density of the mantle residue
decreases , and axial depth decreases [Oxburgh and Parmentier, 1977; Klein and
Langmuir, 1987; 1989; McKenzie and Bickle, 1988; Langmuir et al., 1993].

To facilitate global comparisons of MORB compositions, Klein and Langmuir [1987;

1989] introduced low-pressure, fractionation corrected Na;O (Nag o) and FeO; (Feg o)
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parameters (i.e., Na,O and FeO back calculated to an MgO content of 8.0 wt. %). Nagg
and Feg ¢ proxy for degree of melting and mean depth of melting, respectively [Klein and
Langmuir, 1987; 1989]. Compared to Zone A, and MORB in general, AAD lavas are high
in Na,O, high in SiO,, and low in FeO. In addition, axial depth variations between the
AAD and Zone A spreading segments (3000 m-4800 m) cover a considerable range of the
total variation in MOR depths. As a result, the AAD and Zone A compositions cover nearly
two-thirds of the global variation in Nag g and Feg o (Fig. IIL7).

Within Zone A, there is a regular increase in Nag ¢ and decrease in Feg g as depth
increases from segment A2 to segment Al. A similar Nago-Feg g trend is lacking in AAD
lavas, but the few AAD lavas that show a negative, Nag o-Feg o ‘global trend’, are higher in
Nag o for any given Fegg value. The regional increase in Nagg and decrease in Feg ¢
from segment A2 through segment B3, suggests a regional decrease in the degree of
melting (high Nag o) and decrease in the mean depth of melting (high Feg o) toward the
AAD. By inference, the major element systematics imply a progressive decrease in the
height of the melting column (i.e., a decrease in the pressure interval over which mantle
melting occurs), as a result of a progressive decrease in mantle temperature from Zone A to
the AAD.

Zone A propagating rift lavas define a positive Nag g-Feg o correlations that are nearly
orthogonal to the 'global' trend, resembling ‘local’ trends observed in many Mid-Atlantic
Ridge MORB suites but absent from East Pacific Rise MORB (Batiza et al., 1988; Klein
and Langmuir, 1989; Niu and Batiza, 1991]. ‘Local-trend' systematics also dominate the
AAD Nag o-Feg g relationships, particularly within segment B3. These 'local’ trends have
been interpreted as resulting from incomplete aggregation of melt produced in the mantle
melting column and extraction of these melts from various depths within the melt column
[Klein and Langmuir, 1989]. A component of high-pressure crystal fractionation may also
contribute to the 'local trends' [Kinzler and Grove, 1991]. Since propagating rift tip and

AAD lavas show similar Nag ¢ - Feg o “local-trend” correlations, melt extraction in these
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Variations of Nag g versus Feg g and Tig o for AAD and Zone A lavas.
Fractionation corrections of Nay0 to 8.0% MgO are calculated using the
method of Plank and Langmuir [1992]. Fractionation corrections for Fe,O3
are based on a regression of the Zone A and AAD glass compositions with
> 8.0% MgO presented in the paper (see Fig. II1.4). The resulting
fractionation corrections are Feg g=Fe,03+1.923 * (Mg0-8.0) for the Zone
A suite and Feg g=Fe,03+0.691 * (MgO-8.0) for the AAD suite. The Fegg
formulations outlined here do not modify the interpretations obtained using
conventional corrections slopes of m=1.664 for Zone A and m=.924 for
AAD (note .924 is the mid-Cayman Rise regression and should be
appropriate for the AAD suite) [Klein and Langmuir, 1989]. However, the
conventional fractionation corrections increase the scatter on the diagram
and amplify “local-trend” relationships. Tig o values are calculated using

conventional algorithms. No corrections have been applied to samples with
greater than 8.0% MgO.
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environments appears to be similar. Melts are generated and quickly erupt to the surface
without encountering melts from other parts of the melting column. The variety in REE
patterns for lavas from these environments supports this conclusion.

Niu and Batiza [1991] extended the fractionation correction concept to other major
elements and derived formulations to quantify MORB composition to physical parameters
controlling melt generation within the mantle. Applying these formulations to the AAD and
Zone A data, the relative differences in the melt regimes can be assessed (Table II1.7).
Melts within the AAD melting column traverses a more restricted pressure interval,
although the final pressure of equilibration is higher and the mean pressure of melting is
lower than for Zone A melts. Zone A melts are generated over a much greater depth
interval, with the final pressure of equilibration being lower and the mean pressure of
melting being higher than that of the AAD. The values of P, appear to be a fairly good
estimate of the base of the melt column, however, the high final melt pressures (Pf) seem
unusually high, possibly an artifact of the decompression melting model. The high P¢
estimates might imply that decompression melting of a single mantle source composition
does not occur within an individual melting column, particularly if the melting column

spans a considerable pressure range.

Table III.7
Nagg Fegp Sigg Cagg Algo P, P F To T
kb)  (kb) (%) (o) )
Zone A 2.75 10.5 49.5 11.5 152 204 140 167 1413 1291
AAD 3.50 8.5 51.0 10.5 16.2 97 82 112 1283 1225

Estimated Xg o values have been visually determined (not calculated) from MgO variation diagrams
(Fig.ITL.4) and represent an 'average' composition for each region at ~8.0% MgO. The actual values depend
on several assumptions including the experiments used to parameterize the model (Niu and Batiza, 1991)
and the starting mantle composition (in this case MPY-40; Falloon et al., 1987). The relative differences
are much more important than the actual values.
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Parental Melts and Differentiation

Direct comparison of primitive MORB compositions is the rationale behind correcting
MORB to an 'unfractionated' MgO value of 8.0 %. The identification Zone A and AAD
primary or parental melts, and their differentiation trends is useful for understanding the
melting processes leading to their formation. Glasses with greater than 8.0 % MgO were
recovered from both the AAD and Zone A allowing a straight forward comparison of
primitive melt characteristics within each region. A modified version of the one atmosphere
fractionation model of Nielsen [1985] (Fig. I11.4) and the pseudoternary projection of
Grove et al.[1992] (Fig. II1.8) have been used to evaluate potential parental melts and
fractionation histories.

The primitive nature of the AAD MORB suite as a whole, suggests that only olivine
removal has affected their compositions. Several AAD glasses could be considered
parental but no evidence exists to suggest one parent is common to the entire AAD suite.
The diversity of the AAD lavas cannot have been produced by any conceivable low
pressure fractionation trend, as is clear from large variations in CaO/Al,0O3 and NaO at
constant MgO values and a wide array of AAD REE patterns. Projection from plagioclase
suggests that AAD lavas last equilibrated between 2-6 kb in the mantle, never reaching a
low pressure ol-pl-cpx cotectic (Fig. IIL.8). Position within the plagioclase projection is
unrelated to mg#, suggesting that high pressure fractionation is not a significant process in
the differentiation of AAD lavas, although a limited influence can not be entirely ruled out
for samples from dredge MW 18.

Variations in CaO/Al,03 between .70 and .80 over a wide range in MgO, and the
sub-parallel REE patterns of Zone A lavas, indicate low-pressure fractionation is a major
factor in the differentiation of this MORB suite. Several high-MgO, zone A glasses were
evaluated as possible parental melts, although none of these ‘parental” compositions satisfy

all of the major element variations by one-atmosphere fractional crystallization modelling

(Fig. I11.4). MW17-26 is the most likely high-MgO parent since its REE patterns most
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closely resemble those of more evolved zone A lavas. The modelled one atmosphere
fractionation path of MW 17-26 predicts slightly lower Fe,O3 and TiO,, and considerably
higher Na,O and SiO, than is observed in evolved Zone A lavas. High Na;O and low
CaO/Al,O3 is a persistent problem if primitive Zone A are indeed parental to more evolved
Zone A compositions. Similar discrepancies between predicted fractionation trends of
primitive zone A lavas and their evolved counterparts are observed irrespective of the low
pressure fractionation model (e.g., Nielsen [1985], Weaver and Langmuir [1990]) This is
somewhat unexpected given the coherent, 'low' pressure fractionation appearance of the
major element data and the REE pattern similarities between MW 17-26 and evolved Zone A
basalts.

If only Zone A data with <7.5% MgO are considered, one atmosphere trends would
suggest that these lavas are derived from a parent(s) lower in NayO, and possibly SiO»,
and higher in CaO/Al,05 than any of the primitive lavas in our data set. The failure to
reproduce the Zone A trends by one atmosphere fractionation may be partially related to a
poorly tuned set of major element partition coefficients for this suite of basalts [Langmuir et
al., 1993]. MORB differentiation is sensitive to bulk composition [Kinzler and Grove,
1992; Longi and Pan, 1988; Longi, 1989] and constraining the one atmosphere
fractionation trends for primitive Zone A samples requires low pressure experiments which
have not been completed. Alternatively, the evolved Zone A lavas may have been produced
from the primitive Zone A lavas by fractionated at slightly elevated pressures [Grove et al.,
1993].

Calculated 61—plag-cpx cotectics for different pressures are shown in Figure III. 8. The
Zone A data are offset from a one atmosphere cotectic to pressures of 1-2 kb using the
parameters outlined by Grove et al. [1993] for plagioclase lherzolite. The propagating rift

lavas are shifted toward a slightly higher pressure ol-pl-cpx cotectic (~3-4 kb). To check

these calculated cotectics, experimentally produced, one atmosphere glass compositions
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Projection of AAD and zone A glasses compositions within the ol-cpx-plag-
q pseudoternary using the projection parameters outline in Grove et al.,
[1992]. The microprobe chemical groups are used for these projections
(Tables III.2 and II1.3). The shaded field on these projections shows one
atmosphere, experimentally produced glass compositions representing
several MORB suites (note: not all of the glass data used to construct this
field are multiply saturated) [Walker et al., 1979; Juster et al., 1989; Grove
et al., 1990; Grove and Juster, 1989; Tormey et al., 1987; Grove and
Byran, 1983]. The experimental field roughly parallel the zone A data
trend, although shifted away from the ol apex. The calculated cotectics and
the raw experimental data indicate slightly elevated pressures of
fractionation for Zone A lavas. Small open circle are the probe data of Klein
et al. [1991] from the AAD, Zone A and Zone C. Chemical gronp MW23 is
designated because it plots near a 4 phase saturated melting point suggesting
it might be a primary melt. The low mg# (i.e., 64) for MW23 suggests it is

not a primary composition.
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from several studies are shown by a gray shaded field. Comparison of the Zone A glass
data with calculated cotectics and experimental data trends seems to indicate that the
fractionation for Zone A lavas occur elevated pressures, in the range of 1-2 kb.

An unexpected trend toward increasing pressure with fractionation is shown by the
Zone A data, cross-cutting the calculated ol-pl-cpx cotectics (note that the experimental data
show a similar cross cutting trend). From these projections and cotectics we infer that the
highly evolved FeTi basalts and andesites of the AAD differentiate at pressures greater than
2 kb, equivalent to the base of 6 km crust. Whether andesitic and FeTi basalts are actually
derived from pressures greater than 2 kb or whether the cotectic calculation is not calibrated
to this suite of samples is not clear. Qualitatively, the Zone A lavas have differentiated at
"low' pressure and the propagating rift samples appear to define a slightly higher pressure

ol-pl-cpx cotectic. The models do not permit better constraints.

Melting and Morphology

The differences between the AAD and Zone A are similar in magnitude to those that
exist between the Mid-Atlantic Ridge and the East Pacific Rise. Since contrasts between
the AAD and Zone A occur at a uniform spreading rate, the composition of basalts and the
morphology of the spreading axis must directly reflect differences in magma supply caused

by differences in mantle temperature.

The propagating rift lavas of Zone A are low in CaO/Al»O3, high in Na,O, and have
enriched incompatible element contents, closely comparable to those of AAD lavas and
distinct from the rest of Zone A. Propagating rift tips are commonly expressed as axial
deeps ahead of the more mature sections of the spreading axis, reflecting decreased melt
supply. On a very local scale, melting conditions beneath the rift tip may be broadly
equivalent to the conditions beneath the more extensive axial valleys of the AAD, reflecting
melt generation within relatively cool mantle.

Of the AAD spreading segment surveyed, the B4 segment is unusual. The chaotic

seafloor morphology (see previous description) strongly suggests that the spreading "axis”
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is ephemeral and not a steady-state feature. Relative to lavas from other AAD segments,
B4 lavas are lower in TiO,, NayO, K5O, and P,Os, and they are distinctly light REE
depleted. These chemical characteristics suggest that B4 lavas are derived by greater
extents melting of a homogeneous AAD mantle and/or from a more depleted part of a
heterogeneous mantle. Morphologic evidence, especially the occurrence of volcanic ridges
perpendicular to the spreading axis, suggests localized and intermittent eruptions of large
magma volumes. Thus, accretion along segment B4 appears to be dominated by
intermittent eruption of high-degree melts.

The transition from the high magma supply regime of Zone A to the low magma
supply regime of the AAD is reflected by the abrupt increase in axial depth and the
development of an axial valley along the B5 spreading axis. Similarly, axial lavas from
Zone B5 are transitional between those of Zone A and those of the AAD in almost every
geochemical parameter. Off-axis, B5 lavas do not show these transitional characteristics,
suggesting that the underlying mantle has evolved toward Zone A-like conditions over the
last 4 m.y. For instance, B5 axial lavas have the lower La,/Sm, and higher heavy REE
contents typical of Zone A lavas, but B5 off-axis lavas have the higher La,/Sm, and lower
heavy REE contents typical of other AAD lavas (Fig. IIL5). The isotopic systematics of
the BS lavas record a change from an 'Indian’ mantle source (off-axis) to a "Pacific' mantle
source (axis) [Pyle et al., 1992] suggesting the rare earth element contrasts between off-
axis and axis compositions may be partially related to a change in mantle source. In some
instances, trace element variations within the AAD can be correlated to isotopic variability,
however, systematic major element variations occur with changes in seafloor morphology.
Detailed bathymetric coverage is incomplete, but it appears that the seafloor terrain near the
off-axis dredge sites more closely resembles the chaotic terrain of Zone B4 than the
organized, ridge parallel morphology closer to the present B5 spreading axis. These

contrasts in morphology, coupled with the compositional changes, strongly imply an

evolution of in the underlying mantle thermal regime beneath the BS spreading segment
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over the last 4 m.y. These differences are consistent with a relative increase in the amount

of melt being delivered to the BS spreading axis during this same period.

Upper Mantle Sources

To understand how melting is influencing compositional differences between Zone A
and the AAD, chemical signatures inherent in the isotopically defined Pacific and Indian
Ocean upper mantle reservoirs must be evaluated. Klein et al. [1991] noted a correlation
between high Ba/K ratios and the 'Indian' Ocean upper mantle isotopic signature. Similar
correlations exist for Ba/Zr, Ba/La, Th/La, and other ratios of highly or moderately
incompatible elements involving Ba or Th (Fig. IIL.9). These ratios coincide exactly with
the transition between Indian Ocean and Pacific Ocean upper mantle isotopic signatures
within segment B35, both along-axis and off-axis. These correlations do not, however,
imply that high Ba/Zr, Ba/La etc are unique or definitive of “Indian-type” mantle as defined
isotopically. Lavas from the Zone A propagating rift tips also have high Ba/Zr and Ba/La
ratios overlapping values found within the AAD. These trace element ratios should reflect
the trace element signature of the mantle source even at low degrees of melting. The
similarity of AAD and Zone A propagating rift tip lavas in these trace element ratios
strongly suggests that a common mantle component is present beneath both regions,
differing only in its time integrated Sr, Nd, and Pb isotope systematics.

Partial melting and low pressure fractionation trends can be distinguished using
variations of Ce,/Yb, with Ce, (Fig.IIl.10a). In Figure II1.10a, low degree melts from
Zone A propagating rift tips have high Cep/Yby ratios at high (Ce), contents that are
identical to low degree melts from the AAD. At the other extreme, high degree melts from
the AAD (MW27-71 and MW23-1) and Zone A (MW17-13) have Ce,/Yby, ratios (.69 and
.73) and low Ce, values (8.4 and 10.5) that overlap. Therefore, lavas from both the AAD
and Zone A lie along the same partial melting trend defined by increasing Cen/Yby ratios

with increasing Cey, values. These melting systematics suggest mantle sources with similar

REE characteristics. Zone A lavas that have experienced shallow fractionation retain the
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Figure. II1.9 Along-axis variations in incompatible element ratios. Ba/La, Th/La,
and Ba/Zr ratios closely follow the isotopic boundary, but the Zone A propagating rift tip
lavas invariably overlap with the AAD data. The transitional lavas erupted at the B5
spreading axis are enclosed in a gray field. These trace element relationships indicate that
the AAD and Zone A lavas tap a very similar mantle source that differs only in its Sr, Nd,

and Pb isotopic composition.
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Figure II1.10 a) Cen/Ybp - Ce, diagram showing that the AAD lavas and the Zone A
propagating rift lavas define a trend consistent with variations in partial
melting. Other Zone A lavas show considerable variations in Cep but very
little variation in Cen/Yby, values. The low trajectory Zone A trend is
indicative of low pressure differentiation which results in increasing total
REE concentration but little fractionation the light rare earth elements from
the heavy rare earth elements (i.e., small Ce,/Yby, variations). b) Zr/Y - Zr
diagram illustrating source, partial melting, and differentiation
characteristics of AAD and Zone A. The AAD MORB suite is dominated by
partial melting, whereas the Zone A MORB suite is dominated by low
pressure fractional crystallization. The arrows indicate general trends and

are not regressed through the data.
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high degree melt, low Cen/Yby, signature with increasing Cep content. Similar behavior of
Z1/Y relative to Zr is observed (Fig.III.10b). Again, these trace element characteristics
suggest a common mantle source lies beneath both Zone A and the AAD.

The Ca0O/Al,03 and Na,O contents of propagating rift tip lavas vary within the range
of the AAD suite, but Fe,03, TiO; and P,O5 are typical of other Zone A basalts. One
feature of the rift tip lavas distinct from both the AAD suite, and other Zone A lavas, is their
very low SiO; abundances. Experimental data show that SiO, contents of MORB liquids
increase with increasing pressure of melt generation [Jacques and Green, 1980; Falloon et
al., 1988; Klein and Langmuir, 1989]. The lower SiO; contents of propagating rift tip
lavas (~48.5%) relative to AAD lavas (~51.4%) imply that propagating rift tip lavas are
derived from greater pressures. On the other hand, trace element enrichments in
propagating rift tip lavas indicate low degrees of melting.. This combination of low SiO;
and low degree melting, suggests that rift tip melts are derived from the deeper parts of a
large melting column. If this is true, then the trace element signatures (e.g., Ba/Zr, Ba/l.a)
that are common to both Zone A and the AAD, are associated with the most fertile (i.e,
earliest melting) source material. This material, rich in basaltic components such as
clinopyroxene is present at the base of the melting column, albeit at different depths,
beneath both the AAD and Zone A.

Previous studies of the AAD and surrounding spreading centers have concluded that,
relative to Zone A lavas, AAD lavas are produced by lower degrees of melting, resulting
from lower mantle temperatures and lower initial pressures of melting [Anderson et al.,
1980; Klein and Langmuir, 1987; Klein et al., 1991]. All else being equal, however, low
degrees of melting, as inferred from high Nag g values, should produce high concentrations
of mildly to highly incompatible trace elements in AAD lavas. The higher, or equal,
concentration of moderately incompatible elements (e.g., heavy REE, Zr, Hf, TiO;) in
Zone A lavas relative to those of the AAD, and the more complex variations in highly

incompatible element concentrations (e.g., La; Fig. II1.6) suggest the opposite. These
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relationships hold if only the most primitive AAD and Zone A lavas are considered.
Differences in partial melting cannot reproduce the observed trace element variations from a
single, homogeneous mantle composition, complicating the simple model of decreased
mantle melting from Zone A to the AAD.

To reconcile similarities in trace element signatures between Zone A and the AAD
with major element variations that indicate regional variations in partial melting two options
available; 1) The mantle source can be selectively enriched or depleted in trace element
constituents to satisfy the major element constraints on mantle melting. This option
requires a Zone A mantle higher in mildly incompatible elements such as heavy REE, Zr,
Y, Sc, Hf, and Ti, but lower in Sr and lower in highly incompatible elements such as Ba
and Th. 2) Assume a homogeneous trace element signature for the mantle source of both
the AAD and Zone A, but vary the modal mineralogy of the mantle, thus affecting the
mobility of key trace elements during melting. The first option is somewhat adhoc. The

second suggestion is explored below.

Variable Mantle Mode

Assuming that the greatest proportion of mantle melting occurs in the pressure
interval of spinel lherzolite stability, clinopyroxene (cpx) is the major melting phase and
host for many trace constituents. As the modal proportion of cpx declines, the mantle
becomes increasingly refractory. Partition coefficients of heavy REE are high for cpx (ie.,
Yb kds ~.5; range .3-1.0) [Frey et al., 1978; Green and Pearson, 1985; Johnson et al.,
1990; Hart and Dunn, 1993] and consequently, variations in this mineral should control the
heavy REE concentration of melts generated at mantle pressures below garnet stability.
The compatibility of Sc in cpx (cpx/melt ~1-3; Nielsen et al., 1992) makes this element
useful for monitoring cpx during melting. Sc will slowly increase as melting increases

until cpx is completely consumed, at which point mantle melting is likely to cease [e.g.,

Hess, 1993].
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Sc variations are shown in Figure ITI.11 with Sigg and Zr/Y. As in many other
variations diagrams, the AAD and Zone A glass suites are compositionally distinct, but
more remarkably, these geochemical parameters differentiate the propagating rift tip lavas
from the AAD suite and from one another. There is a systematic decline in Sc in lavas from
A3 through B3, reflecting the decreasing extent of melting required by many major element
parameters. The Sigg and Sc values are negatively correlated and the systematics along
this trend is geographically related to position along the SEIR (Fig. I1I.11a). The A3 and
A2 lavas (the easternmost samples in this MORB suite) are the highest in Sc and lowest in
Sigo. Sc decreases and Sig g increases in SEIR MORB toward the AAD and this
correlation is preserved at the dredge scale within BS. The Zone A rift tip lavas define
positive Sc-Sig g trends orthogonal to the region trend. Sigg reflects mean depth of
melting as does Feg g [Klein and Langmuir, 1989], but Sc and Nag ¢ values should vary in
opposite directions with melting. With this in mind, the negative Sig ¢-Sc correlations
could be interpreted as are Nag o-Feg  relationships; a progressively shrinking melt column
from Zone A toward the AAD. Likewise, the positive Sigg-Sc trends reflect rapid removal
of low degree melts from deeper parts of the melt column (i.e., local trends). However,
geochemical distinctions between the AAD and Zone A, as well as within Zone A, are more
clearly defined. Partial melting trends are overprinted on a regional decline in Sc and
increase in Sig g toward the AAD. Variations in Zr/Y against Sc (Fig. II1.11b) show many
of the details outlined by the Si8.0-Sc diagram. Low degree melting in both the AAD and
Zone A produce nearly identical Zr/Y ratios (4.5-5.0), but the variations in Sc are too large
to be produced by melting alone. The sub-parallel, linear Zr/Y-Sc trends across this
diagram suggest that compositional and/or mineralogical variations in the mantle source is
required to explain the Sc data.

Melting curves have been calculated using common primitive mantle Zr (11.2 ppm)

and Y (4.55 ppm) estimates [Sun and McDonough, 1989], but a relatively high mantle Sc
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Si0go-Sc and Zr/Y-Zr variations diagrams. On both diagrams there is a
regular transition from zone A segment A3 through AAD B3 and
propagating rift lava are distinct from each other as well as from AAD lava
compositions. These trends have been modelled by varying the modal
mineralogy of the mantle. Initial starting composition of Zr (11.2 ppm) and
Y (4.55 ppm) are primitive mantle compositions of Sun and McDonough
[1989]. The Sc starting composition (18 ppm) is necessarily higher than
most primitive mantle estimates (c.f., 14.9 ppm; [Hofmann, 1988}) to
obtain the observed range in Sc content for zone A and AAD glasses. The
melting reaction for spinel lherzolite from Kinzler and Grove [1992] was
used to calculate the curves (melting proportions: Ol-.30:Opx .40:Cpx
.82:Sp .08). Each tick mark along the curves represent .5% melting
increments. Three mantle compositions are shown and indicate a higher
content of cpx within the AAD. The partition coefficients have been
estimated based on a comparison of published values (e.g., Kelemen et al.,
[1992]; Johnson et al., [1990]; Hart and Dunn, [1993]) with values
calculated using BIGD [Nielsen, 1992]. Mineral compositions from
peridotite melting experiments were used as input parameters for the BIGD
program [Falloon et al., 1987; Falloon and Green, 1988].

Model partition coefficients:
element Ol Opx Cpx Sp
Y 0035 2 4 .004
Zr 01 .06 2 .05
Sc 23 1.5 2.8 1.3-.1
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value (18 ppm) because published values (e.g., 14.9 ppm) [Hofmann, 1988] are too low
to produce the observed MORB melt compositions by reasonable degrees of melting. Very
low degrees of melting (<1%) maximize the fractionation of Zr from Y and produce the
observed high Zr/Y ratios. Steep Zr/Y-Sc trends for both the AAD lavas and the Zone A
propagating rift tips follow steep fractional melting curves while the trends for lavas from
more 'mature’ sections Zone A (i.e., higher melt flux zones with broad axial ridges) lie
along batch melting curves. Clearly, no one melting model is sufficient to produce the
entire range of data for the AAD and Zone A from a chemically homogeneous mantle
source with uniform modal mineralogy. However, varying the modal proportion of cpx in
mantle beneath the AAD and Zone A can reproduce the Zr/Y-Sc variations without resorting
to modifying the trace element composition of the upper mantle.

A question that immediately leaps to mind is - Can the modal proportion of cpx be
changed without affecting the trace element concentrations in the initial mantle starting
composition? The answer to this question depends on one's concept of how mantle moves
through the melt regime. The melt column model incrementally removes melt from mantle
parcels that enter the base of the melting column and traverse the melt regime by adiabatic
decompression [Klein and Langmuir, 1987; 1989; Plank and Langmuir, 1992]. All parcels
begin melting with a common modal mineral composition and melts pooled from this
process produce a range of MORB compositions by entering and exiting the melt regime at
different pressures. If on the other hand, mantle parcels enter the melting column at
different depths with different modal mineralogies, then the modal composition of the
mantle is actually the mean of all mantle parcels which contribute to the melt. Such mean
mantle mode is conceptually analogous to the mean depth of melting and mean pressure of
melting which produce variations in Nag o and Feg ¢ [Klein and Langmuir, 1987; 1989].
For example, a deep melting column (high Feg ¢ and low Sig g) produces high degrees of

melting (low Nag ) beneath Zone A resulting in a more refractory residual mantle
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composition than the shallower and smaller melting column of the AAD. Mantle entering
the Zone A melt column at depths other than the base of the melt regime will be more
depleted in basaltic components; the larger the melt column the greater the opportunity to
incorporate more depleted mantle parcels. Beneath the AAD, a shallower melt column
translates to lower degrees of melting, less depletion of the mantle and, in contrast to Zone
A, mantle contributing to AAD melts will be less refractory relative to the total melt column
(i.e., a higher modal proportion of cpx).

The melting models suggest that the AAD and Zone A Zr/Y-Sc relationships can be
reproduced by varying the modal abundance of cpx in the mantle, although certain
qualifications should be stated. The mantle modal mineralogies used for the melting
calculations are quite refractory (10-2% cpx). These mineralogies were selected to bring
the melting curves in line with AAD and Zone A data using the source composition outlined
above. More fertile mantle compositions (i.e. higher in cpx) require higher Sc starting
compositions because cpx buffers the amount of Sc released during melting. Also, most
physical models of mantle flow involve laminar through the melt regime with flow lines
that are initially vertical then turn from the upwelling regions. In a region with significant
lateral (subaxial) mantle flow, such 2-D models may be inadequate and more complex 3-D
models may, in some sense, allow more refractory mantle to enter the melt regime at
shallow depths. We suggest this process must occur if, as seems probable, variations in
mantle mineralogy are important in controlling the final melt trace element composition.
The compositional affects of passive and dynamic mantle upwelling through the melt
regime is an area of continued investigation.

Lu-Hf and Th-U isotope systematics indicate that MORB melting requires garnet as a
residual mantle phase, implying that melting is initiated at depths >80 km [Salters and Hart,
1989; Beattie, 1993]. Both Sc and heavy rare earth elements have high partition
coefficients for garnet and melting within the garnet stability field will buffer the abundance

of these elements until garnet is no longer a residual phase. Until gamnet is completely
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consumed, increasing Sc and heavy rare earth element abundances will reflect increasing
amounts of melting. Accepting that Zone A major element variations require a deeper
melting column, a greater influence of gamet on Zone A melts might be predicted. If
melting begins in the garnet stability field for Zone A lavas, but not for AAD lavas, then Sc
and heavy rare earth element abundances would be expected to be lower, rather than higher
in Zone A lavas. If residual garnet affects both the Zone A and AAD lavas, then garnet
must be more depleted in the Zone A melt column, or completely consumed, relative to the
AAD to produce a high heavy rare earth element signature in zone A lavas. Furthermore, a
greater degree of light to heavy rare earth element fractionation might be expected if garnet
played a large role. Initiating melting within the garnet stability field for both the AAD and
Zone A would suggest very similar melt column configurations for both regions which is
not apparent in the major element systematics of the two MORB suites. If melting begins at
pressures of garnet stability for MORB in general, then decompression melting and the
progressively depletion of a self-contained mantle diapir from these depths seems highly
improbable. Whether a garnet bearing mantle is incorporated into a melting model or not,

the modal mineralogy of mantle entering the melt regime beneath the ridge must vary

between the AAD and Zone A.
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CONCLUSIONS

The unusual diversity of MORB compositions and spreading axis morphologies, at a
uniform spreading rate, are highly significant features of the SEIR in the vicinity of the
AAD in terms of global accretionary processes. Magma processing after melt generation
and prior to seafloor eruption appears to be fundamentally different between the AAD and
Zone A, resulting two distinct MORB suites with different styles of differentiation. The
broad axial rise of the Zone A segments suggests that relatively large volumes of melt are
delivered to the neovolcanic zone. This 'excess’ magma supply enables a low pressure
magma system to develop, moderating the diversity of certain major and trace elements and
allowing for extensive fractional crystallization. In general, Zone A melts are produced
over a greater depth range within the melting column and pooled beneath the ridge. Within
the AAD, the deep axial valleys suggest a 'deficient' magma supply. The primitive nature
of AAD lavas suggests that little, if any, low pressure fractionation has modified their
composition and, consequently, much of the chemical diversity within the AAD is due to
melting within the mantle source. AAD lavas are produced over a more limited, shallower
depth range and rapidly erupted at surface with little modification.

Contrasts in axial morphology and MORB composition between the AAD and Zone
A vary together. Therefore, the geochemistry and morphology of the ridge is controlled by
magma supply and magma supply is intimately tied to the underlying mantle temperature
[Klein and Langmuir, 1987; 1991; Forsyth, 1992; Sempéré et al., 1991]. Higher mantle
temperatures produce enough melt to create an axial rise morphology and sustain a well
developed, low pressure magma system. The cooler mantle beneath the AAD does not
allow low pressure fractionation and magma chemistry is controlled primarily by melting in
the source. The average degree of melting and subsequent differentiation history of the

AAD and Zone A MORB suites is tied to thermal energy available to create and maintain a

shallow level magma system.
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As concluded by previous studies, the major element characteristics of AAD lavas are
consistent with lower degrees of partial melting at lower mean pressures of melting relative
to Zone A lavas [Klein et al., 1991]. However, higher concentrations of moderately
incompatible elements in Zone A lavas are inconsistent with the higher degrees of melting
suggested by parameters such as Nagg. Therefore, differences in mantle melting beneath
Zone A and the AAD cannot be the sole cause of the trace element contrasts between
primitive melts from both regions.

A mantle source common to both the AAD and Zone A is suggested by trace element
similarities between low degree melts throughout the region. In particular, the primitive
Zone A propagating rift tip lavas share many trace element signatures of AAD lavas. The
AAD and Zone A propagating rift lavas differ in their major element characteristics,
suggesting that this common trace element signature is derived from deeper depths beneath
the Zone A mantle. If melting is conceptualized as a column, then the fertile, undepleted
base of this mantle melting column lies at a deeper depth below Zone A than it does below
the AAD.

The condradictory melting information coveyed by the major and trace element
variations between the AAD and Zone A can be reconciled by varying the modal
mineralogy of the mantle source beneath these regions. The AAD mantle has a high
proportion of cpx (i.e., more fertile), relative to the total melting column, than does Zone A
mantle. This model satisfies major element requirements of decreasing melting toward the
AAD, trace element signatures that indicate a common mantle source throughout the region,
and trace element abundances that are higher than expected in Zone A. Lower modal cpx in
the mantle beneath Zone A suggests incorporation of more depleted mantle at depths above
the base of the melting column perhaps related to lateral mantle flow. This supposition
follows from the similarity in trace element systematics of propagating rift tip and AAD
lavas which indicate that fertile mantle exists beneath both regions, although it resides at

higher pressures beneath Zone A. Alternatively, the mantle trace element composition must



108

be varied quite selectively in order to reconcile the trace element systematics with the major

element systematics of the two MORB suites.
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Chapter 4

Geochemistry and Geochronology of Ancient Southeast Indian
and Southwest Pacific Seafloor

D. G. Pyle, D.M. Christie, J.J. Mahoney and R.A. Duncan

ABSTRACT

An isotopically defined boundary between the Pacific Ocean and Indian Ocean
MORB presently exists at the center of the Southern Ocean between Australia and
Antarctica within the Australian-Antarctic Discordance (AAD). Isotopic contrasts between
axis and off-axis samples from the easternmost AAD spreading segment suggests that the
boundary for these MORB sources has migrated westward at rate of ~25 mm/yr during the
last 4 m.y. The trace element and Sr, Nd, Pb isotope analyses of DSDP samples from sites
264, 265, 266, 274, 278, 279A, 280A, 282, and 283, coupled with 49Ar-39Ar age
determinations of selected samples, are presented to determine the regional pattern of
mantle source and evaluate the large-scale migration of the isotopic boundary over the last
60 m.y.

The peripheral distribution of these DSDP sites to the Southern Ocean basin records
important regional variations in upper mantle source composition, however, the large-scale
westward flow of Pacific MORB mantle since rifting of the South Tasman Rise at ~40Ma
cannot be resolved. DSDP basalts east of the South Tasman Rise have 87Sr/86Sr (0.7025-
0.7029) and 206Pb/204Pb (18.80-19.48) characteristics that indicate a Pacific MORB-type
mantle source beneath this region since seafloor spreading began in the Tasman Basin (~80
Ma). DSDP samples west of the AAD have Indian MORB-type, low 206Pb/204Pb and high
87Sr/86Sr characteristics. The South Tasman Rise basalts from DSDP sites 282 and 280A
erupted between 60-69 Ma from an upper mantle source lower in 206Pb/204Pb than mantle
farther east. Elevated 87Sr/86Sr, 208pb/204Pb and 207Pb/204Pb values indicate an Indian-
type upper mantle source for site 280A, but site 282 basalt is borderline between Pacific-

type and true Indian-type mantle in this region.
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INTRODUCTION
The Australian-Antarctic Discordance (AAD)

In the center of the Southern Ocean between Australia and Antarctica lies the
Australian-Antarctic Discordance (Fig. IV.1). The AAD has long been recognized as an
unusual section of the global spreading system because of its deep axial bathymetry (4-5
km), rough (and in places chaotic) topography, low gravity signal, high upper mantle
seismic wave velocities, and intermittent asymmetric spreading history [Weissel and
Hayes, 1971, 1974; Forsyth et al., 1987; Marks et al., 1990; Sempére et al., 1991; Palmer
et al., 1991]. A history of multiple ridge propagation episodes towards the AAD from both
the east and west suggests convergence of upper mantle towards this region [Vogt et al.,
1984; Phipps-Morgan et al., 1988].

Coincident with the distinct geophysical features of the AAD is an equally distinct
geochemical boundary between isotopically defined Indian Ocean-type and Pacific Ocean-
type MORB [Klein et al., 1988]. All spreading axis samples dredged west of ~126° E have
Indian Ocean MORB isotopic affinities and those dredged to the east have Pacific MORB
isotopic affinities (Fig. IV.2). The isotopic boundary is defined by an abrupt decrease in

206pb/204Pb and 208Pb/204Pb, an increase in 87Sr/86Sr as the MORB source changes from

Pacific Ocean-type to Indian Ocean-type mantle (Fig. IV.3). Its is accompanied by a more
gradual declines in 207Pb/204Pb and 143Nd/144Nd. The isotopic transition is unusually
narrow, occurring over <40 km along-axis [Pyle et al., 1992]. Such a sharp boundary
between two, ocean-basin scale upper mantle isotopic domains is unparalleled elsewhere in
the mid-ocean ridge system.

Of equal, or even greater, significance has been the realization that the isotopic
boundary between Indian MORB and Pacific MORB has not remained stationary. Isotopic
contrasts between near-axis and off-axis samples from the easternmost AAD spreading
segment require that the boundary has migrated westward at a minimum rate of ~25 mm/yr

[Pyle et al., 1992]. Based on available data, we cannot determine whether the ~100 km

e
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westward displacement of the isotopic boundary over the last 3-4 m.y. is a localized
perturbation of an isotopic boundary which has always existed beneath the AAD, or part of
a long-term, westward migration of Pacific MORB mantle since continental rifting opened a
path for mantle outflow from a shrinking Pacific basin. In this latter case, the isotopic
boundary has only recently arrived beneath the AAD. The nature of the isotopic boundary
and its relationship to the mantle dynamics responsible for the AAD, remains a fundamental
and lingering question.

The AAD depth anomaly stretches across the entire Southern Ocean basin,
indicating that it has existed at least since continental rifting began at 96 Ma, and possibly
since 300 Ma [Veevers, 1982; Mutter et al., 1985]. The V-shaped trace of the depth
anomaly implies that it has migrated westward at ~15 mm/yr in the last 20 Ma, but
remained centered on a northward migrating spreading center [Marks et al., 1992].
Furthermore, the depth anomaly cuts across the eastern transform boundary of the AAD
(Fig. IV.2) and magnetic anomaly patterns suggest that the present, transform dominated
morphology of the AAD developed only in the last 25 m.y. [Vogt et al., 1984]. The
relationships between the depth anomaly, the present AAD transform boundaries, and the
mantle dynamics responsible for these features remain unclear. What seems most apparent
is the basic observation that both the depth anomaly and the isotopic boundary are moving
westward, but probably not at the same rate.

DSDP Legs 28 and 29 recovered extrusive and shallow intrusive basaltic material
from 10-80 Ma seafloor produced in a variety of tectonic settings east of the Kerguelen
Plateau and west of the Macquarie Triple Junction (100° E to 180° E; Fig. IV.1). The
locations of these DSDP sites peripheral to the Southern Ocean between Australia and
Antarctica enable us to determine the positions and contributions of Indian Ocean, Pacific
Ocean, and hot spot mantle sources beneath this region as seafloor spreading progressed.

A geochemical and geochronological study of basaltic glass and whole rock samples from




Figure IV.1
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Magnetic anomaly map of the Southeast Indian Ocean and Southwest Pacific
Ocean [Cande et al., 1989] showing the DSDP Leg 28 and 29 sites that
recovered layer 2 seafloor or volcanic material thought to be near basement.
Major physiographic features discussed in text are outline by bathymetric
contours above 3000 m. KP-Kerguelen Plateau; K Is.-Kerguelen Island; H
Is.-Heard Island; A Is.-Amsterdam Island; SP Is.-St. Paul Island; BR-
Broken Ridge; 90E-Ninetyeast Ridge; WB-Wharton Basin; NP-Naturaliste
Plateau; AAD-Australian Antarctic Discordance; STR-South Tasman Rise;
TS-Tasman Sea; NZ-New Zealand; M Is.-Macquarie Island; BI-Balleney
Island; S Is.-Scott Island.
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Figure IV.2 Schematic summary of the SEIR tectonics within the eastern AAD and
western zone A. Filled circles are MW8801 and Vema dredge sites that have
Indian MORB isotopic characteristics and open circles are those that have
Pacific MORB isotopic characteristics. The isotopic boundary is presently
near the transform boundary at 126° E. The grey line shows a hypothetical
trace of the boundary assuming Pacific mantle migration began when the

South Tasman Rise rifted.
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Figure IV.3 Along-axis profiles of isotopic ratios from the SEIR (115°-138°). Open
symbols represent 'Pacific’ group compositions and filled symbols represent
'Indian' group compositions [Klein et al., 1988; Pyle et al., 1992]. Filled
squares with open circles in B5 are off-axis dredges. Horizontal axis is
distance (km) from the eastern bounding transform of the AAD. The present
location of the isotope boundary is at or close to the B4/B5 transform at 126°
E. Vertical solid lines show the position of transforms and vertical dashed
lines show axial non-transform discontinuities and propagating rift tips.
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DSDP Legs 28 and 29 is presented below to determine the regional implications for mantle
flow in this region.
ANALYTICAL METHODS

Glass and whole rock samples from ten DSDP sites (Table IV.1) were analyzed for
major and trace elements by combined microprobe, X-ray fluorescence spectrometry
(XRF), and inductively coupled plasma mass spectrometry (ICP-MS). Petrographic
descriptions of the core samples condensed from the DSDP Initial Reports volumes for
Legs 28 and 29 are summarized in Appendix 1. All basalt core samples were trimmed, and
sawn surfaces were ground on a lap wheel to remove contaminants, obtaining the freshest
possible material. These rocks were crushed in ceramic jaw crusher, washed in Millipore
filtered water, dried, and hand-picked to remove alteration veins and vug material. Whole
rock powders were made using a tungsten carbide ring mill at Washington State
University. All analyses are on splits of the same sample powder. Glass samples were
crushed in a ceramic mortar, sieved to 30-mesh size fraction, and hand-picked to remove
alteration and phenocryst phases.

The major element concentrations of all glass samples were determined using a
Cameca SX-50, four-spectrometer electron-microprobe at Oregon State University. Each
reported analysis represents the average of 5 spot analyses that have been normalized to
standard BASL glass run along with the unknowns. Whole rock samples were analyzed
for major and trace elements (Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zr) by XRF
at Washington State University following standard methods (Tables IV.2,IV.3,1IV 4).

Further trace element analyses were completed by ICP-MS using a Fisons PQ2+
PlasmaQuad at Oregon State University for Sc, V, Cr, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Cs,
Ba, La,Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Th, and U (Tables
IV.2, IV.3, IV.4). The XRF and ICP-MS trace element results show good agreement

except for low concentration elements (Table IV.5). At low concentrations, the ICP-MS

values are assumed to be better (e.g., Rb, Ba).




Table IV.1 DSDP sites sampled for this study.
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Site Latitude Longitude Magnetic ~Aget  Core Rec. Rec.
(S) E) Anomaly (Ma) (m) %
LEG 28 264 34°58.13 112° 2.68'
265 53°3245 109° 32.45° 5b 15 17 20
266 56°24.13' 110° 6.70' 6 23 14 14
267 59°15.74' 104° 29.30' 15 38 14 16
274 68° 59.81" 173° 25.64 13 36 6 34
LEG 29 278 56° 33.42' 160° 4.29° 12 33 11 50
279A 51°20.14' 162° 38.10' 23 5 70
280A 48° 5744 147° 14.08 247 5 100
282 42° 14.76' 143° 29.18 755 15 50
283 43° 54.60' 154° 16.96' 31 69 4 43

+ Kent and Gradstein (1986) magnetic anomaly time-scale




Table IV.2 Major and trace element composition of DSDP Leg 28 basaltic
basement cores.

core
interval
split
analysis
Sio2
TiO2
AIRRO3
FeOt
MnO
MgO
Ca0o
Na20
K20
P205

total

ICP-MS
(ppm)
Sc
v
Cr
Ni
Cu
Zn
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U
Pb*

120

DSDP 264 DSDP 265 DSDP 266 DSDP 267 DSDP 274
264-15/265-17-01265-18-01] 266-23-01 266-23-01|267-07-01 267-07-01|274-44-02 274-45-02
cc 61-63 4149 pc. 5 76-82 78-82 61-64 88-93 110-114
wit glass wir glass wiTt glass wir| wir wir
xrf] probe xrf] probe xrf] probe xrf] xrf xrf]
55.08 49.51 50.07 50.32 51.05 50.95 51.88 5111 52.00
1.53 1.63 1.58 2.18 228 131 1.32 1.7 2.01
17.32 16.67 17.14 13.92 14.77 14.62 15.80 17.82 17.05
9.62 7.87 7.50 10.92 11.62 8.98 8.73 9.17 9.64
0.11 0.12 0.14 0.19 0.20 0.17 0.15 0.15 0.11
522 8.36 9.40 7.18 6.37 7.86 7.87 5.17 6.05
6.88 10.51 11.12 10.35 10.40 12.39 12.31 11.00 7.87
3.00 3.27 345 296 3.11 2.63 295 3.35 3.40
1.17 0.60 0.64 0.25 0.35 0.13 0.31 0.12 1.27
0.19 0.30 0.25 0.26 0.27 0.13 0.12 0.15 0.47
100.11 98.86 101.29 98.52 10042 99.16 101.45 99.75 99.88
279 333 292 427 388 429 414 46.8 384
215 232 186 372 336 292 260 361 267
116 325 303 285 201 296 259 222 207
19 187 268 118 90 79 78 96 62
16 50 54 54 56 70 77 97 73
90.9 81.4 79.9 1093 110.8 752 75.5 945 102.5
20.2 9.2 7.2 4.2 45 15 4.8 1.2 233
205 297 257 150 129 130 126 128 235
25 29 25 50 49 27 29 31 43
120 139 112 165 149 77 81 103 148
7.2 144 13.2 7.8 8.0 34 3.8 6.9 27.9
0.10 0.11 0.44 0.06 0.09 0.02 0.19 0.05 0.67
307 104 97 45 47 16 12 19 9
19.47 9.91 8.60 7.50 7.34 334 3.16 4.54 21.40
43.52 2414 20.49 22.13 20.80 1041 9.74 13.32 43.15
5.13 3.24 2.77 3.4 3.27 1.66 1.57 2.06 5.27
20.78 14.69 12.80 17.58 1734 9.26 8.71 10.84 2248
4281 3.96 3.41 5.50 542 3.15 2.95 3.56 542
1.53 1.41 1.23 1.73 1.64 1.15 1.06 1.25 1.76
5.09 437 392 6.48 6.04 3.76 3.50 4.25 6.00
0.81 0.75 0.67 1.20 1.14 0.73 0.65 0.78 1.03
4.79 4.63 4.04 7.78 7.49 4.56 4.29 5.21 6.46
0.91 0.93 0.83 1.68 1.60 0.96 0.90 1.12 1.38
2.51 2.75 249 4.9 4N 298 2.74 3.25 4.05
0.36 0.41 037 0.78 0.74 0.45 0.42 0.50 0.62
2.10 2.55 222 4.79 453 2.76 2.58 3.10 3.68
0.30 038 034 0.71 0.67 041 0.39 0.45 0.55
3.25 2.86 241 4.16 3.88 2.03 1.91 2.58 3.80
0.53 0.91 2.79 0.48 0.87 0.19 1.02 0.56 2.02
372 1.03 1.34 0.64 0.46 0.16 0.18 0.39 1.67
042 0.31 035 0.17 0.17 0.08 0.07 0.23 0.53

0.700 0.689 0.401

* isotope dilution analysis
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Table IV.3 Major and trace element composition of DSDP Leg 29 basaltic
basement cores.

DSDP 278 DSDP 279A | DSDP 280A DSDP 282 DSDP 283
core 278-35-02 278-35-03 279-13-02 280-23-02{282-20-02 282-20-01 283-18-01
interval 64-67 112-117 48-54 106-110 80-85 107-113 135-138
split glass wiTt wir| wit glass wiTt wiT]
analysis probe xrf] xrf] xrf] probe xrf] xrf]
Sio2 49.89 5043 50.95 48.68 48.65 50.18 4920
TiO2 1.01 091 1.42 0.90 1.48 1.50 1.85
Al203 15.44 18.19 15.66 19.04 16.27 17.83 17.75
FeOt 8.23 7.24 9.49 8.50 8.83 9.18 10.20
MnO 0.15 0.13 0.14 0.10 0.14 0.16 0.21
MgO 8.73 7.96 8.36 10.47 8.13 5.86 8.18
CaO 13.39 13.29 11.50 7.65 11.95 11.75 6.67
Na20 2.31 2.46 3.01 3.13 3.11 3.51 3.56
K20 0.10 0.18 022 0.07 0.09 0.19 0.76
P205 0.10 0.08 0.16 0.06 0.13 0.12 0.19
total 99.35 100.87 100.91 98.59 98.78 100.29 98.57
ICP-MS
(ppm)
Sc 409 333 420 36.8 354 46.2
v 252 197 316 213 207 319
Cr 430 317 178 293 266 261
Ni 140 115 69 159 152 59
Cu 100 76 59 122 53 60
Zn 69.8 55.1 729 65.8 70.0 92.1
Rb 1.8 31 39 1.2 4.2 124
Sr 125 125 160 90 162 177
Y 21 20 23 18 30 24
Zr 62 59 80 45 101 117
Nb 3.7 3.6 12.5 1.5 3.1 74
Cs 0.02 0.27 0.06 0.22 0.24 0.25
Ba 15 8 65 20 12 34
La 3.05 252 7.17 1.23 3.13 5.23
Ce 8.70 7.56 17.54 4.19 10.88 14.76
Pr 1.39 1.16 237 0.69 1.83 2.13
Nd 6.99 6.30 11.75 4.22 10.00 10.79
Sm 2.26 2.07 3.22 1.58 3.24 320
Eu 0.85 0.80 1.20 0.69 1.21 1.21
Gd 2.71 2.59 3.74 2.17 382 3.62
Tb 0.51 0.49 0.67 0.43 0.70 0.67
Dy 331 3.06 4.18 2.98 4.66 4.23
Ho 0.69 0.64 0.88 0.65 0.98 0.88
Er 2.12 2.02 2.64 2.03 290 2.63
Tm 0.33 0.30 0.41 0.33 0.45 0.40
Yb 2.02 1.81 243 2.16 2.73 2.58
Lu 0.31 0.28 0.38 0.33 0.40 038
Hf 1.48 135 2.23 1.25 2.29 2.87
Ta 0.18 0.24 0.80 0.16 022 0.46
Th 0.16 0.18 0.71 0.15 0.15 0.41
U 0.08 0.07 0.23 0.04 0.05 0.18
Pb* 0.250 0.423

* isotope dilution analysis



122

Table IV.4 Major and trace element composition of dredge samples
recovered near the Southeast Indian Ridge.

dredge
area
split
analysis
Si0o2
TiO2
AI203
FeOt
MnO
MgO
CaO
Na20
K20
P205

total

ICP-MS
(ppm)
Sc
A%
Cr
Ni
Cu
Zn
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U
Pb*

MWwWs8s01 zone A AAD
MW07-01 MW20-01 MW17-26 MW23-01 MW26-01 MW27-71
off-axis off-axis axis axis axis axis
glass glass glass glass glass glass
_probe probe probe probe probe probe
50.14 50.87 50.62 51.34 51.1 5239
1.89 2.03 1.36 1.12 14 1.20
14.17 14.53 15.49 16.26 15.55 16.24
10.18 10.41 844 9.18 8.52 7.56
0.17 0.17 0.15 0.13 0.17 0.15
7.32 7.25 837 7.7 7.88 8.10
11.64 10.61 11.54 10.86 10.95 11.10
252 2.79 293 2.87 294 2.95
0.09 0.11 0.03 0.10 0.07 0.10
0.14 0.22 0.15 0.15 0.18 0.17
98.26 98.99 99.08 99.72 98.76 99.96
38.7 374 384 374 36.0 34.4
344 342 292 228 283 260
303 218 427 380 348 371
85 103 105 157 119 129
64 57 76 88 56 58
87.7 914 69.4 73.8 779 63.7
22.0 15.0 0.6 14 09 1.0
98 110 118 103 112 142
41 42 27 23 32 26
133 145 79 61 96 84
12 24 2.1 2.4
0.01 0.02 0.02 0.02
6 7 3 17 9 12
3.85 4.82 191 2.06 3.06 3.13
12.80 12.50 8.05 6.89 11.06 10.46
141 1.10 1.84 1.69
15.90 12.90 8.91 6.51 10.57 9.41
4.35 5.08 3.09 2.39 3.73 3.05
145 1.57 1.19 0.95 1.34 1.15
3.87 3.05 4.38 3.69
1.10 1.15 0.77 0.60 0.87 0.69
4.86 4.03 5.66 4.45
1.01 0.90 1.20 0.96
3.06 2.58 3.56 2.87
0.49 041 053 0.45
4.70 4.76 2.88 2.53 335 2.66
0.63 0.76 043 0.38 052 0.40
340 3.59 2.22 1.79 2.77 2.16
0.23 0.26 0.08 0.15 0.15 0.16
0.08 0.07 0.07 0.14 0.14 0.14
0.02 0.04 0.05 0.05
0.226 0.275 0414

* isotope dilution analysis
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Table IV.5 Duplicate analyses of whole rock powder splits by XRF and ICP-MS.

sample Sc v Cr Ni Cu Zn
w/r ICP XRF ICP XRF ICP XRF ICP XRF ICP XRF ICP XRF

264-15-cc| 28 30| 215 239 116 90| 20 10 16 57| 87 117
265-18-011 29 29| 186 206| 303 431] 268 273] 54 90| 80 82
266-23-011 39 42| 336 362 201 205 90 74| 56 89| 111 121
267-07-01) 41  44] 260 277) 259 267\ 78 67| 77 115f 75 88
278-35-03) 33 34} 197 217] 317 358] 115 107 76 116/ 55 66
282-20-01f 35 42| 207 238| 266 340 152 155/ 53 123} 70 91
279-13-02| 42 43| 316 294] 178 126 69 59 74 120 73 81
280-23-021 37 41| 213 234] 293 284} 113 161| 122 183] 67 89
283-18-011 46 51| 319 338} 261 2511 59 55/ 60 119{ 92 113
274-44-021 47 49| 361 327| 222 202f 96 85/ 97 153} 95 113
274-45-02f 38 43| 267 303 207 222{ 62 54| 73 131} 102 120

sample Rb Sr Y Zr Nb Ba
wir ICP XRF ICP XRF ICP XRF ICP XRF ICP XRF ICP XRF

264-15-cc| 20.3 19| 205 210f 24.6 30| 111 148} 7.2 8] 311 292
265-18-01) 7.2 8| 257 283|253 27{ 112 121| 13.2 13.4| 97 65
266-23-011 4.4 51 129 140§ 492 50| 149 154 80 89 46 17
267-07-011 4.7 4] 126 132]| 28.7 29| 81 80| 3.8 3.1} 11 0
278-35-03} 3.0 3] 125 1311201 21} 59 62| 3.6 4.3 6 0
282-20-01| 4.1 3| 162 176 29.9 32{ 101 102 3.1 3.3 11 0
279-13-02; 39 6] 166 164 202 24| 80 87| 12.1 12.1| 56

280-23-02] 1.1 2 90 101f 144 19} 45 54f 1.5 24| 20 6
283-18-01f 12.5 14| 177 191} 23.7 26| 117 117 74 92| 33 27
274-44-02] 1.1 0f 128 134 314 36{ 103 104 69 88| 18 0
274-45-02f 23.6 25| 235 274] 42.7 44| 148 149|279 266| 98 75




124

Sample solutions for ICP-MS were prepared with ~60-80 mg splits of glass and
whole powders dissolved in tightly capped, 15 ml Savillex teflon beakers with ~800 pl of a
HF:HNO3 acid mixture (1:3) heated at ~80° C overnight. Upon dissolution, beakers were
uncapped and samples were dried on a hot plate to drive-off HF. Following drydown, the
powders were then taken up once in 6N HCI and twice in 4N HNO3, each dissolution step
followed by an intervening drying step, to break down fluorosilicate precipitates. The final
dried powder was dissolved in 10 ml of 2N HNO3, from which a further 1:5 dilution was
prepared to run on the ICP-MS. A multiple, 20 ppb internal spike of Be, In, and Bi was
added to each sample to correct for machine drift. Unknown element abundances were
determined using linear regression curves based on dissolved USGS rock standards (BIR-
1, BHVO-1, BCR-1, and W-1) processed along with the samples.

Sr, Nd, and Pb isotope analyses were performed on fresh glasses from DSDP sites
265, 266, 267, 278, and 282 and two off-axis dredge samples recovered directly east of
the AAD (Table IV.6 and IV.7). Core samples without glass were subjected to a sequential
leaching procedure to remove alteration [Mahoney, 1987]. This leaching method differs
from conventional warm acid techniques by being considerably more intense. A coarsely
powdered sample (200-800 mg) is leached in 4N to 6N ultra-pure HCl and agitated
ultrasonically for 20 minutes. The acid (clouded from the dissolution of alteration material)
is removed from the remaining solid and the procedure is repeated until the acid remains
clear during the leaching step. At this point, the final solid is removed, rinsed with ultra-
pure water and dried, leaving typically 10% to 40% of the original powered volume,
depending on the extent of alteration. The leached powder is essentially composed of well-
crystallized plagioclase and clinopyroxene with very little, if any altered material [Mahoney,
1987). Isotope dilution analysis of Nd, Sm, Sr, Rb, and Pb were determined on DSDP
glass and leached whole rock powders, but not on dredge glasses recovered near the SEIR.

Selected whole rock sample ages were determined by 40Ar-39Ar incremental heating

in order to clearly establish space-time relationships of the mantle sources in this region
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Table IV.6 Sr, Nd, and Pb isotope ratios composition of DSDP Leg 28 cores.

DSDP Leg 28 Cores
DSDP site 264 265 266 267 274 274
core 15 17-01 23-1 07-01 44-02 4502
interval cc 61-63 pc.5 78-82 88-93 110-114
split Ichd w/r glass glass glass Ichd w/r Ichd w/r
206Pb/204Pb 18.076 18.080 18.100 17.992 18.800 19.484
@ 0.007 0.010 0.007 0.005 0.003
207Pb/204Pb 15.677 15.497 15.479 15.489 15.499 15.590
@ 0.006 0.009 0.007 0.005 0.003
A 7/4 229 4.6 2.6 4.8 -3.0 -13
208Pb/204Pb 39.175 37.995 37.991 37.855 38.466 39.248
@ 0.017 0.021 0.018 0.011 0.007
A 8/4 169.4 51.3 48.1 47.6 11.0 6.5
87Sr/86Sr 0.713434  0.703490 0.703083 0.703039 0.702696  0.702890
) 0.000016  0.000013 0.000017  0.000015  0.000017
A Sr
143Nd/144Nd 0.511828 0.512893
) 0.000010  0.000012
€ Nd -15.8 49
Pb (ppm) 5.558 0.700 0.689 0.401 0.250 0.458
@ 0.0002
Sr (ppm) 262.7 221.5 145.1 293.2
®
Rb (ppm) 25.263 5.631
(&)
Nd (ppm) 7.786 11.562
@ 0.0012
Sm (ppm)
(&)

TNd, Sr and Pb isotopic values are not age corrected. €ng(T)=0 corresponds to 143Nd/144Nd=0.512640.
Isotopic fractionation corrections are 148NdO/144Nd0=0.242436 (148Nd/144Nd=0.241572),
86Sr/88Sr=0.1194; Pb isotopes are corrected for fractionation using NBS 981 standard values of Todt et
al. [1984]. Data reported relative to 143Nd/144Nd=0.511850 for La Jolla Nd, and 87Sr/86Sr=0.71024
for NBS 987 Sr standard. Within-run errors are less than or equal to the total ranges measured for La
Jolla Nd (+0.000012; 0.2 € units), NBS 987 Sr (£0.000024), and NBS 981 Pb (206Pb/204Pb, +0.010;
207pb/204Pb, +0.011; 208pb/204pb, +0.038). Estimated uncertainties of isotope dilution analyses are
<0.2% for Nd and Sm, <0.5% for Sr, ~1.0% for Rb, and <1.0% for Pb. Total procedural blanks are
<20 picograms for Nd, <120 picograms Sr, and 5-30 picograms for Pb.
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Table IV.7 Sr, Nd, and Pb isotope ratios composition of DSDP Leg 29 cores

DSDP site
core

interval
split
206Pb/204Pb
@
207Pb/204Pb
@

A 7/4
208Pb/204Pb
@

A 8/4
87Sr/86Sr
@

A Sr
143Nd/144Nd
()

£ Nd

Pb (ppm)
()

Sr (ppm)

@

Rb (ppm)
@

Nd (ppm)
@

Sm (ppm)
@

and SEIR dredge samples.
DSDP Leg 29 Cores SEIR Dredge
278 282 279A 280A 283 MW8801
35-02 20-02 13-02 23-02 18-01| MW(07-01 MW20-01
64-67 80-85 48-54 106-110 135-138 dredge dredge
glass glass Ichd w/r Ichd w/r  Ichd w/r glass glass
18.808 18.488 19.072 18.656 18.843 18.633 18.609
0.008 0.011 0.008 0.004 0.006 0.006 0.005
15.529 15.495 15.549 15.606 15.565 15.496 15.490
0.007 0.010 0.006 0.004 0.005 0.006 0.004
-0.1 0.0 -0.9 9.3 3.1 -1.5 -1.8
38.427 38.104 38.757 38.683 38.542 38.220 38.180
0.019 0.025 0.016 0.011 0.012 0.014 0.011
6.1 12.5 7.2 50.1 134 6.6 5.5
0.702511 0.702606 0.702679 0.703110 0.702620] 0.702602  0.702590
0.000017 0.000017  0.000014
0.249 0.423 0.114 0.373 0.337 NA NA




Table IV.8 40Ar-39Ar plateau and isochron age from DSDP Legs 28 and 29, Southeast

Indian Ocean and Southwest Pacific Ocean.
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Sample typet Plateau Age %Ar Isochron Age 40Ar/36Ar
(Ma) (% of total) (Ma) intercept
264-15-CC clastic 100.6 £1.2 55 99.6 £ 0.5 325.8 £54.8
267-07-01  basement 234 +0.8 100 233 +3.1 2969+ 79
274-44-02 clastic 67.5%3.2 49 69.6 £ 5.7 295.1 £ 6.5
278-35-03  basement 23.7+5.8 43 46.8 £59 288.3 £ 19.6
279A-13-02 basement 14.7 £ 1.6 73 139+ 1.0 2969 + 0.8
280A-23-02 clastic 64.2 £3.3 86 69.5 £2.2 2946 + 2.2
282-20-01  basement 59.2 % 2.0 52 62.8 £4.8 293.2 £26.3

+ Clastic denotes basalt sampled from breccias on the surface or slighly above true layer 2 seafloor, whereas
basement is considered actual oceanic crust.
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(Table IV.8). Rock chips 0.5-1 mm in size were irradiated for 6-8 hours in the core of the
Oregon State University TRIGA reactor and conversion of 39K to 3%Ar by neutron capture
monitored with a hornblende standard Mmhb-1 (520.4+1.7 Ma) [Samson and Alexander,
1987]. Five to eight incremental heating steps were conducted depending on the amount of
gas available. The Ar composition of gas at each step was measured mass
spectrometrically with an AEI-MS10S instrument at the OSU College of Oceanography rare
gas laboratory.

Seawater-alteration of primary igneous phases (olivine, pyroxene, feldspar, oxides,
and glass) to clays, zeolites, celadonite, and calcite causes a loss of radiogenic 40Ar and an
addition of K to seafloor basalts, resulting in conventional K-Ar ages that are younger than
the true crystallization age. The 40Ar-3%Ar incremental heating method [Merrihue and
Turner, 1966; Dalrymple et al., 1981; McDougall and Harrison, 1988] has been used
successfully to date slightly to moderately altered seafloor basalts [e.g. Duncan and
Hargraves, 1990], flood basalt provinces [Duncan and Pyle, 1988] and oceanic basalt
plateau provinces [e.g. Mahoney et al., 1992]. This technique uses a fast neutron flux to
produce 39Ar from 39K. Incremental heating of the sample under vacuum allows extraction
of parent (39Ar representing K) and daughter (40Ar) isotopes from discrete temperature-
steps. Alteration phases are less retentive of Ar owing to their open crystal structure, s0 Ar
diffuses out of them at low temperatures. Much of the excess K resides on grain
boundaries, vesicles, and cracks and 39Ar formed from it will be lost from the sample
during irradiation. The remaining igneous phases outgas at higher temperatures, and their
Ar isotopic compositions reflect the crystallization age of the sample.

RESULTS
Age of Volcanism

Tracing the compositional contributions of various mantle sources through time

requires age constraints on volcanic activity. Previously, basement age estimates for DSDP

Legs 28 and 29 have been based on magnetic anomaly ages and/or overlying sediment
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ages. We have obtained more precise age estimates, for selected samples by 40Ar-39Ar
incremental heating.

DSDP sites 264, 265, 266, and 267 lie on the western margin of the Southern
Ocean between Australia and Antarctica (Fig.IV.1) and range in age from ~15 to 100 m.y.
At site 264, a volcaniclastic sequence of basaltic andesite to rhyolite clasts was encountered
beneath Cenomanian-Santonian chalks on the southern Naturaliste Plateau [Ford, 1975],
which may be either a small remnant of continental crust and/or a flood basalt plateau
related to the Kerguelen hot spot [Mahoney et al., 1994]. The apparent age spectrum of a
basaltic andesite clast from this site produced a plateau between 99-102 Ma (100.6£1.2
Ma) and a concordant isochron age of 99.6£1.2 Ma (Fig. IV.4); volcanism slightly
younger than Kerguelen Plateau basalts (109-118 Ma) [LeClaire et al., 1987; Whitechurch
et al., 1992] and slightly older than Broken Ridge basalts (88-89 Ma) [Duncan, 1991].

Sites 265, 266 and 267 recovered systematically older crust from the Antarctic plate
along a transect roughly normal to the SEIR between 105°-1 10° E (Fig. IV.1). Magnetic
anomalies indicate seafloor ages of 14 Ma (A5), 25 Ma (A7), and 35 Ma (Al3),
respectively [Hayes and Frakes, 1975; Vogt et al., 1984]. Layer 2 oceanic crust was
penetrated at sites 267 and 265, but site 266 recovered intermixed basalt and sediment
resulting from eruption into soft sediment slightly above basement [Ford, 1975]. Since
seafloor at site 267 was generated during the earliest stages of rapid seafloor spreading in
this region, its age was determined by 40Ar-39Ar analysis. The plateau and isochron age
are concordant (23.4+0.8 Ma and 23.3+ 3.1 Ma, respectively; Fig. IV.4) but younger than
the magnetic anomalies would suggest, overlapping the magnetic anomaly age estimate of
site 266. In the absence further 40Ar-39 Ar work, sites 267, 266, and 265 are tentatively
interpreted to sample seafloor of progressively decreasing age.

East of the AAD, seafloor ages at DSDP sites range from ~13-70 m.y. The oldest seafloor

appears to be associated with seafloor spreading in the Tasman Basin (site 283,




Figure IV .4
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Apparent age spectrum (plateau) and companion 36Ar/40Ar-39Ar/40Ar
isochron diagrams for samples from a) Naturaliste Plateau and the Southeast
Indian Ridge; b) Western continental margin of Tasmania and South
Tasman Rise; c) Macquarie Ridge and Emerald Basin; d) Balleny Basin.
Open squares on isochron plots represent data omitted from the isochron

age calculation.
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A31, ~69 Ma), but equally old volcanism is indicated by the 40Ar-39Ar systematics of
basalts from sites 280A and 282 along the western margin of Tasmania and the South
Tasman Rise (Fig. IV.5). Massive, pillowed, and brecciated basalts were recovered at site
282 and site 280A encountered three massive basaltic layers separated by baked sediment
[Overshine et al., 1974]. Samples from these continental margin sites have isochron ages
older than plateau age estimates, but still within error. Comparisons of apparent plateau or
isochron ages show that the age of site 280A basalts (69.5+2.2 Ma) overlapped or slightly
preceded those at site 282 (62.844.8). The 40Ar-3%Ar basalt age at site 280A is
significantly older than surrounding mid-Eocene sediments (~55 Ma) [Leg 29 Shipboard
Scientific Party, 1975]. In this case, the anomalously old age might indicate excess argon
trapped during emplacement of the site 280A intrusion, but the initial 40Ar/36Ar value
(294.6x 2.2) is near the atmospheric value (295.5) suggesting that this is not a problem.

Concordant plateau (14.7+1.6 Ma) and isochron (13.9+1.0 Ma) ages for seafloor at
site 279A are slightly older than crust exposed farther south on Macquarie Island (11.5-9.7
Ma) [Duncan and Varne, 1988]. Presumably, both were derived from a common
spreading center to the south. Recognized anomalies in the Emerald Basin are A12 and
A13 (~34 Ma) and Oligocene sediment directly overlies basement [Overshine et al., 1974].
The plateau age estimate of 23.7+5.8 Ma for site 278 basalt is consistent with the magnetic
anomalies and sediment cover, but the isochron age is believed to be unreasonably high
(Fig. IV.5).

Balleny Basin site 274 is located on southwest Pacific seafloor older than A13 (36-
39 Ma). Two geochemically distinct groups were sampled from this core. The most
chemically enriched sample is celadonite-rich tuff, unsuitable for dating, although a young
age is suspected based on chemical similarities to Balleny Island basalts (see below). The
apparent age spectrum for a holocrystalline basalt clast from this core produced a plateau at
67.5£5.7 Ma (step two is unexplainably low) and an isochron age of 69.6+5.7 Ma. These

ages are considerably older than A13 (~36 Ma), but younger than the oldest recognized
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anomalies in this region (i.e., A 34, ~84 Ma) [Mayes et al., 1990]. Site 274 apparently
contains both older, MORB-like seafloor and younger volcanic products of Balleny Island.
The volcanic section in the core was originally interpreted as a flow breccia [Ford, 1975],
but the ages and chemistry are more consistent with a volcanic debris flow.

Major Element Variations

With one exception, the basalts of DSDP Legs 28 and 29 basalts have major
element compositions typical of basalts erupted in an ocean basin setting. The exception is
the Naturaliste Plateau basaltic andesite (DSDP 264). The major element systematics of the
basalts are complicated by alteration of whole-rock samples and the wide geographical
distribution of sample sites. Although there can be no direct petrogenetic relationships
among these widely dispersed basalts, some general observations are offered for
perspective (Fig. IV.7).

West of the AAD, glass samples from sites 267, 266, and 265 show a progressive
decline in CaO/A1,05 (~.85 to .60) with decreasing age; considerable variability despite the
relative restricted section of the SEIR. To the east, a simple mid-ocean spreading origin for
all the DSDP basalts is less clear. Basalts erupted along the continental margin of Tasmania
(282), the South Tasman Rise (280A), and the Tasman Sea (238) are relatively primitive
(10.5 to 8.0% MgO), showing a large range in CaO/Al,O3 (.38 to .88). The low
Ca0/Al,05 of whole rock samples undoubtedly reflects their pervasive alteration. DSDP
278, 279A, and 280A basalts are low in TiO, and similar to SEIR basalts in the vicinity of
AAD [Pyle and Christie, 1994]. Some of the major element variations east of the AAD
reflect different tectonic settings, but variations of TiO, and FeO at relatively high MgO

contents for SEIR basalts west of the AAD reflect change melting and/or source conditions

beneath the ridge.




Figure IV.5
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Major element variations of DSDP Leg 28 and Leg 29 samples. Glass
(denoted by cross behind symbol) and whole rock samples from the same
site are connected by lines. Two chemically distinct samples from the
Balleny basin (site 274) are enclosed with a field.
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Trace Element and Isotope Variations

For the DSDP basalts from ~110° E west of the AAD, rare earth element patterns
evolve from light rare earth depleted to light rare earth enriched (Fig. IV.6) with decreasing
age. Highly incompatible elements, as well as 87Sr/86Sr, 207Pb/204Pb, and 208pp/204pb
increase with the rare earth element fractionations indicating variations in the mantle source
composition (Fig. IV.7-IV.10).

The Naturaliste Plateau (DSDP 264) basaltic andesite is light rare earth element
enriched and distinctly depleted in Ta and Nb relative to Th and La when compared to
primitive mantle (Fig. IV.6 and IV.7). Unusually high 87Sr/86Sr, 208Pb/204Pb, and
207Pb/204Pb at low 206Pb/204Pb values clearly implies that volcanism here is not
compositionally related to normal seafloor spreading or hot spot volcanism(Fig. IV 8-
IV.10). A more likely source for the Naturaliste Plateau basaltic andesite is subcontinental
lithospheric source, not asthenospheric mantle.

East of the AAD, trace element and isotopic systematics require contributions from
a variety of mantle sources. The compositional influence of the Balleny plume can be
detected in Balleny Basin (DSDP 274-45) and Macquarie Ridge basalts (DSDP 279A).
Both of these basalts have light rare earth enriched patterns and broad, convex-up primitive
mantle spider diagram patterns (Fig. IV.6). The enriched Balleny Basin tuff is high in
206pPb/204Pb and 86Sr/86Sr, with values nearly identical to Balleny Island compositions
(Fig. IV. 8-1V.10) [Hart, 1984; Lanyon et al., 1993]. The Macquarie Ridge basalt (site
279A) shows less of a Balleny hot spot influence, but it is enriched compared to other
DSDP samples in the region. The Macquarie Ridge basalt is similar to Macquarie Island
basalts, suggesting a common upper mantle MORB source, slightly contaminated by the
Balleny plume (Fig.IV.6-IV.10) [Griffith and Varne, 1980; Lanyon et al., 1993].

The other Southeast Pacific basalts also appear to have been derived from a

depleted MORB mantle source. The Emerald Basin (site 278) and Balleny Basin (DSDP



Figure IV.6
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Rare earth element patterns for DSDP Leg 28 and Leg 29 glass and whole
rock samples. Normalizing values are those of Boyonton [1984] for
'average' ordinary achondrites. The gray field represents the range of SEIR
AAD glass samples analyzed in this study and the black solid line is the
most depleted SEIR MORB glass (MW 17-26) recovered from Zone A (see
Table 1V 4).
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Figure IV.7
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Primitive mantle normalized spider diagrams for DSDP Leg 28 and Leg 29
samples. Normalizing values are those of Sun and McDonough [1989].
Shaded field in upper left plot shows the approximate range of SEIR MORB
with an Indian Ocean isotopic signature from the present AAD ridge axis.
The shaded field in other diagrams covers the range of SEIR MORB with a
Pacific Ocean isotopic signature from off-axis samples within Zone A (i.e.,
MW20-01 and MW07-01). The unlabeled dark black line in upper right and
lower diagrams is the primitive mantle normalized pattern of MW17-26.
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Figure IV.8
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87S1/86Sr-206Pb/204Pp variations for Leg 28 and 29 DSDP basement
samples. Indian Ocean MORB has higher 87S1/86Sr, lower 143N d/144Nd,
and high 208Pb/204Pb, 207Pb/204Pb ratios at a given 206Pb/204Pb value
compared to Pacific and North Atlantic MORB [e.g., Subbarao and Hedge,
1973; Hedge et al., 1973; Dupre and Allégre, 1983; Hamelin et al., 1985;
Hamelin and Allegre, 1985; Hart, 1984; Michard et al., 1986; Price et al.,
1986; Dosso et al., 1988; Klein et al., 1988; Mahoney et al., 1989]. Also
shown are the Pacific MORB (Zone A, striped field) and Indian MORB
(AAD, stippled field) groups from vicinity of the AAD. Hot spot and
plateau compositions surrounding this region are labeled: K-Kerguelen; H-
Heard; St. P-St. Paul; Am-Amsterdam; NP-Naturaliste Plateau; Ba-Balleny;
Indian Ocean hotspot fields. Data for Kerguelen Plateau and Broken Ridge
dredges, as well as fields for Naturaliste Plateau dredges and Kerguelen
Plateau ODP sites taken from Mahoney et al.[1994] and references therein.
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Figure IV.9
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208pp/204pp-206Pp/204Ph variations for Leg 28 and 29 DSDP basement
samples. The dark line across the diagram is the Northern Hemisphere
Reference Line (the average isotopic composition of oceanic basalts in the
northern hemisphere) [Hart, 1986]. A 8/4 and A 7/4 are calculated relative

to this line. Fields and references as in Figure IV.8.
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Figure IV.10 207Pb/204Pb-206Pb/204Pb variations for Leg 28 and 29 DSDP basement

samples. Fields and references as in Figure IV.8.
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274-44) basalts have sub-parallel, flat to slightly depleted rare earth element patterns [c.f.,
Schilling and Ridley, 1974]. The convex-up curvature between La and Sm is similar to
present day MORB from east of the AAD. Isotopically, these basalts fall within or near the
fields defined by Pacific-type MORB east of the AAD (i.e., Zone A), but they have slightly
higher 208Pb/204Pb and 207Pb/204Pb values (Fig. IV.7-1V.10).

The trace element systematics of basalts surrounding the South Tasman Rise
indicate a source comparable to or slightly more depleted that the MORB source beneath the
Balleny and Emerald Basins. The rare earth element pattern of DSDP 282 basalt resembles
those of SEIR basalts from east of the AAD (La,/Sm, <1, Smy/Yby>1, and Cep/Yby ~1).
By contrast, DSDP 280A basalt is unique in being exceptionally light rare earth depleted
(Lap/Smy=.49, Cen/Yb,=.50). Isotopically, DSDP 283 basalt have 87Sr/86Sr and
206pp/204pb values typical of other Pacific Ocean-type compositions but higher
208pb/204Pb and 207Pb/204Pb values. Basalts from the western margin of Tasmania (site
282) and South Tasman Rise (site 280A) lie outside the Pacific Ocean isotopic fields for
this region primarily because of low 206Pb/204Pb values. In addition, high 87Sr/868r,
208pp/204Pb, and 207Pb/204Pb values relative to the 206Pb/204Pb composition suggests
Indian Ocean-type source for DSDP 280A basalt.

DISCUSSION

Continental rifting and opening of an ocean basin requires flow of sub-oceanic
asthenosphere into a region previously occupied by sub-continental lithosphere. Filling
this upper mantle 'gap' could conceivably be accomplished by mantle upwelling from
beneath and/or by lateral migration of asthenosphere along the ridge axis. Qualitatively,
this process can be assessed by tracing the regional distribution of upper mantle sources in
the Southern Ocean as Australia and Antarctic drifted apart. In this region, four distinct
mantle sources can be traced isotopically: the Kerguelen plume (mixed EMI and EMII-type)
[Weis et al., 1992; Weis et al., 1993], the Balleny plume (HIMU-type) [Lanyon et al.,

1993], Pacific Ocean upper mantle, and Indian Ocean upper mantle (terminology of Zindler
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and Hart [1986]). Alvarez [1990] proposed that upper mantle flow may be contained or
obstructed by the roots of continents that reach hundreds of kilometers into the upper
mantle. Similarly, excess volcanism associated with hot spots and large oceanic plateaus
may promote upper mantle flow. Several bathymetric features in the southeast Indian and
southwest Pacific Ocean are related either to continental remnants embedded in the upper
mantle (e.g., South Tasman Rise and Naturaliste Plateau) or to oceanic flood basalts
provinces (e.g., Kerguelen Plateau). The relative positions of continental material and hot
spot activity through time are important for understanding their influence on upper mantle
migration during the opening of this Southern Ocean basin. Reconstruction for the opening
of the Southern Ocean between Australia and Antarctica are shown in Figure IV.11.
Regional Plate Motions

Continental rifting between Australia and Antarctica began between 110-90 Ma and
propagated from west to east, culminating a period of extension (>300 km) that began at
~160 Ma [Powell et al., 1988]. Contemporaneous with continental rifting are the earliest
manifestations of the Kerguelen hotspot recorded by extensive flood basalt volcanism in
western Australia (Bunbury Basalts, 121-105 Ma) and northeastern India (Rajmahal Traps,
115-108 Ma) [Playford et al., 1976; Baksi et al., 1987; Morgan, 1981; Mahoney et al.,
1983; Duncan and Richards, 1991]. Seafloor spreading between Australia and Antarctica
began at ~96 Ma [Veevers, 1986] and progressed in two phases. An early slow spreading
phase occurred from 84 Ma (anomaly 34) through 43 Ma (anomaly 18) [Cande and
Mutter, 1982]. During this slow spreading phase, the eastern part of Broken Ridge and the
northeastern Kerguelen Plateau were constructed by a Kerguelen hotspot centered on or
near the SEIR [Leclaire et al., 1987; Schlich and Wise, 1988]. At A18 time, spreading
ceased in what is now known as the Wharton basin, and a second, faster spreading phase

(>60 mm/yr full rate) began between Australia and Antarctica and continues to the present
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Figure IV.11 Tectonic reconstruction of the Southeast Indian Ocean and Southwest
Pacific Ocean at A) 66 Ma, B) 57.5 Ma, C) 44 Ma, D) 37 Ma, E) 20.6 Ma,
F) 10 Ma [Veevers et al., 1984]. The appearance of seafloor sampled by
the DSDP sites in this study are shown based on their magnetic anomaly age
estimates. The South Tasman Rise was rifted at ~40 Ma, shortly before
spreading rates in this Southern Ocean basin increased from an initial slow

spreading phase.
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(~74 mm/yr) [Vogt et al., 1984; Royer and Sandwell, 1989]. This new spreading axis
eventually split off the Broken Ridge Plateau from the Kerguelen Plateau between Al8 and
A13 [Royer and Sandwell, 1989], establishing the present configuration of the SEIR (Fig.
IV.4). Throughout this period, the Kerguelen hot spot was very active and presumably
imparted a significant compositional contribution to the upper mantle in this region.

East of the AAD, the early, slow spreading between Australia and Antarctica
coincided with spreading in the Tasman Sea from ~A34 to A24 (55 Ma) and spreading
along the Pacific-Antarctic Ridge [Veevers et al., 1984; Hayes and Ringis, 1973; Weissel
and Hayes, 1977; Mayes et al., 1990]. The Tasman Sea and the Pacific-Antarctic
spreading systems may have been contiguous until A24, after which Tasman Basin

spreading ceased and transform motion along the Macquarie Ridge progressively offset the

two spreading systems [Weissel et al., 1977; Stock and Molnar, 1987]. Transform motion
along Macquarie Ridge since the Miocene and the migration of the SEIR away from
Antarctica have produced a series of short spreading segments offset by large transforms
that translate the Pacific-Antarctic Ridge north to join the SEIR. The final separation of
Australia and Antarctica, marked by rifting of the South Tasman Rise, is not well
constrained but presumably occurred between A18 and A13 (42-36 Ma) [Royer and
Sandwell, 1989; Hinz et al., unpub. manuscript]. Circum-Antarctic deep water circulation
remained blocked by the South Tasman Rise until late Oligocene (~30 Ma) [Leg 29 ‘
Shipboard Scientific Party, 1975]. The effectiveness of this small continental fragment as a ‘
barrier to upper mantle flow is unknown. Assuming Pacific mantle has been migrating at a
steady 25 mm/yr migration rate, the South Tasman Rise and the position of the isotopic
boundary coincide at 50 Ma, slightly before the estimated rifting event.

Unlike the Kerguelen-SEIR system, hot spot activity in the Southeast Pacific is not
closely associated with spreading ridges. The Tasmantid and Lord Howe volcanic chains
in the Tasman Sea are age-progressive along the eastern Australian continent [e.g.,

McDougall and Duncan, 1988; Eggins et al., 1991]. The oldest known volcanoes directly

o
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associated with these hotspots are ~40 Ma, although plate motion models suggest
volcanism in northeast Australia at 80 Ma may be related to these hot spot tracks [Johnson,
1989]. The Balleny hotspot track stretches across the Southern Ocean basin from
Tasmania to the Antarctic continental margin [Lanyon et al., 1993]. Volcanic activity in
this group began at ~36 Ma and continues to the present in the Balleny Islands [Duncan,
1981]. Of these eastern hot spots, only Balleny has encountered a spreading ridge as it
moved from the Australian Plate to the Antarctic Plate.

The transition from slow to fast spreading at A18 and rifting of the Kerguelen
Plateau and the South Tasman Rise suggests that unobstructed upper mantle
communication between the Indian and Pacific Ocean Basins has probably existed at least
since A13 (i.e., for the last 36 m.y.).

Distribution of Mantle Sources

Volcanism on the Naturaliste Plateau and Kerguelen hot spot activity are clearly
related in space and time, but the chemical contrasts between their volcanic products
indicate very different sources. The subcontinental-lithosphere-like isotopic signature of
the basaltic andesite from the Naturaliste Plateau indicates that any Kerguelen hot spot
influence at this site was primarily related to the plume’s thermal effects rather than any
material contribution [Mahoney et al., 1994].

The isotopic compositions of basaltic glasses from the DSDP sites near ~110° E are
identical to those of present day AAD basalts, with some tendency towards enrichment with
a Kerguelen-type contaminant [Michard et al., 1986; Dosso et al., 1988; Klein et al., 1988;
Pyle et al. 1992]. Like all Indian-type MORB, they are lower in 206Pb/204Pb than nearby
Pacific-type MORB. Basalts from the three sites display a progressive enrichment in
208pp,/204pp, 207Pb/204Pb, and 87S1/86Sr with decreasing seafloor age. This enrichment
trend strongly suggests that Kerguelen hot spot material had not reached this section of the
SEIR until after spreading rates had increased. Fast spreading may have initiated or

enhanced the eastward dispersion of hot spot material between Australia and Antarctica,
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possibly carried along with the ambient Indian MORB mantle matrix. It is surprising that
the oldest drill sites did not encounter the most Kerguelen-like compositions because the
ridge at this time should have been within the radius of a postulated, large, flattened
Kerguelen plume head (~1000 km) [Griffiths and Campbell, 1990; Coffin and Eldholm,
1993; Mahoney et al., 1991].

East of the AAD, the older seafloor basalts from the Tasman Sea and the Balleny
basin have isotopic affinities that clearly represent a 'Pacific’ upper mantle source in the
region at 65-70 Ma. More recent contamination of the upper mantle from the Balleny
hotspot is evident in the Macquarie Ridge region, but Emerald basin basalts show no such
influence. The trace element and isotopic signatures of these basalts are strong evidence for
the presence of Pacific-type MORB mantle adjacent to the eastern margin of Gondwana
before Australia and Antarctica rifted.

Volcanism surrounding the South Tasman Rise is of particular interest, because it
may be associated with early rifting of this feature. Lanyon et al. [1993] suggested that the
South Tasman Rise may actually be a volcanic plateau produced by excessive volcanism of
the Balleny hot spot, rather than a remnant continental fragment. Their proposal is based
on the compositional similarities of Tasmanian Tertiary alkalic basalts and Balleny hot spot
lavas. If the South Tasman Rise is a continental fragment, some contribution of sub-
continental, lithospheric material to the basalts, as observed at the Naturaliste Plateau (Site
264), might be expected. The highly depleted trace element signatures of the South
Tasman Rise basalts suggest that such contamination has been insignificant. Neither do
site 282, 280A, and 283 basalts display trace element or isotopic characteristics that would
indicate a Balleny hot spot influence. These basalts appear to have been derived solely
from depleted upper mantle MORB sources.

Whether the upper mantle source for South Tasman Rise volcanism is isotopically

of Pacific-type or Indian-type depends on the criteria used to define these upper mantle

reservoirs. The isotopic characteristics of Site 283 basalt are in line with other Pacific
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MORB samples from the region (Fig. IV.8-IV.10). The 206Pb/204Pb values of 280A are
also similar to Pacific-type MORB, but high 208Pb/204Pb, 207Pb/204Pb and 87Sr/86Sr
contents place this sample outside the Pacific MORB field and within the range of enriched
Indian MORB and oceanic islands compositions. The isotopic composition of site 282
presents an interesting problem because it lies between the Indian and Pacific MORB fields,
within the mixing field defined by AAD lavas near the present isotopic boundary (double
arrows; Fig. IV.8-IV.10). Pacific-type MORB mantle beneath the SEIR, east of the AAD,
is low in 87Sr/86Sr, 208Pb/204Pb and 207Pb/204Pb at any given 206Pb/204Pb, relative to the
overall Pacific MORB field. Compared to Pacific-type MORB from the SEIR, and to
ancient seafloor east of the South Tasman Rise, the source for site 282 basalt is transitional
to Indian-type upper mantle. In fact, a compositional field encompassing both site 282 and
280A basalts always plots between the Indian and Pacific MORB groups from this region.
Mantle Flow

The primary evidence for westward migration of the Indian-Pacific isotopic
boundary remains the difference in source composition between on- and off-axis samples
from the easternmost AAD spreading segment [Pyle et al., 1992]. In addition, it seems
likely that upper mantle flow toward the AAD has been associated with the several episodes
of rift propagation and the westward displacement of the depth anomaly [Weissel and
Hayes, 1974; Klein et al., 1988; Vogt and Johnson, 1973; Marks et al, 1990; 1991;
Forsyth et al., 1987; Alvarez, 1982; 1990]. There are three ways in which the isotopic
boundary may relate to the upper mantle dynamics of the region: 1) the boundary between
Pacific and Indian MORB mantle may have always been located near the AAD, with small-
scale, east-west fluctuations in its position; 2) the isotopic boundary may have migrated
with the depth anomaly with small-scale fluctuations in mantle flow, causing variations in
short-term apparent migration rates; 3) the isotopic boundary may have migrated westward,

completely independently of the depth anomaly.
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It does not seem likely that the isotope boundary remained stationary throughout the
opening of the southeast Indian Ocean basin, since both 'Indian’ and Pacific' sources (or
at least some mixture of the two) are detectable in basalts from western margin of the South
Tasman Rise. Similar reasoning can be used as evidence that the depth anomaly and the
isotope boundary are decoupled. The depth anomaly intersects the Australian continent
near 140° E, far to the west of the South Tasman Rise [Veevers, 1987]. If the depth
anomaly and the isotope boundary resulted from the same process, then the South Tasman
Rise basalts should have "Pacific' MORB isotopic signatures.

Presently, the only geochemical evidence of mantle flow outside the AAD is the
apparent eastward movement of Kerguelen hot spot contaminants down the SEIR after
spreading rates increased between Australia and Antarctica. The DSDP sites east of the
South Tasman Rise all have Pacific MORB isotopic signatures and the South Tasman Rise
basalts have isotopic compositions that appear transitional between Pacific- and Indian-
types. The essential samples for determining the long-term, westward migration of Pacific
MORB mantle have yet to be collected. Samples of seafloor younger than 40 m.y. and

located west of the South Tasman Rise will be critical for unraveling this problem.
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CONCLUSIONS

1). Regional variations in isotopic signatures of basalts from DSDP sites
throughout the region south of Australia show 'Pacific’ mantle present on the eastern
margin of Gondwana at least since the inception of seafloor spreading in the Tasman Sea
and beneath westernmost Pacific-Antarctic ridge ~70 Ma (A34). This observation is
consistent with, but not proof of, the postulated migration of Pacific mantle into the
southeast Indian Ocean basin since rifting of the South Tasman Rise at ~45 Ma.

2). Isotopic and trace element variations along the SEIR between 100°E and 110°E
suggest that eastward migration of Kerguelen hotspot-related mantle, toward the AAD,
began with the initiation of rapid spreading, following rifting of Broken Ridge and the
Kerguelen Plateau.

3). An episode of volcanism at sites 280A and 282, along the western margin of
Tasmania, may be related to early rifting of the South Tasman Rise ~60-70 Ma. Basalts
from these sites are resemble modern basalts from the vicinity of the AAD that are
transitional between Pacific-type and Indian-type in their trace element and isotopic
signatures. These transitional lavas may record the presence of Indian-type mantle at the

easternmost end of the SEIR at that time.
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APPENDIX 1

DSDP Petrographic Summaries

DSDP Leg 28:

Site 265:

Site 266:

Site 267:

Site 274:

pillowed surface flow with glassy and variolitic upper section becoming more
crystalline downward; devitrified glass containing a few percent olivine
microphenocrysts in a variolitic matrix of plumose plagioclase with translucent
unidentified microcrystalline material; small vesicles and carbonate-filled
amygdules less than 1% but increase in size and amount (<5%) downward;
several small fragments of olivine-bearing, undevitrified glass indicate remains
of pillow rim; down core basalts chiefly plagioclase normally zoned (An73-65)
and lesser amounts of clinopyroxene with minor olivine; veinlets of calcite,
chlorite, and zeolite cut the rock.

recovery of basalt fragments with no evidence of pillow structure; mostly
medium to dark gray devitrified glasses, one sample of fresh black glass; all
samples are phenocryst free with a few percent vesicles filled with white
calcite; rare thin veinlets are filled with calcite, smectite, translucent iron oxide,
and zeolite(?)

pillowed surface flow with glassy and variolitic upper section becoming more
crystalline downward, some thin selvages of dark glass; plagioclase only
phenocryst phase up to 10% of mode; small, poorly formed pyroxene rare;
vesicles-amygdules (~5%)and veinlets filled with calcite, smectite, and/or
zeolite.

flow breccia of holocrystalline basalt with quench plagioclase and
clinopyroxene in non-spherulitic matrix, no evidence of significant original
glass component; fragments inferred to represent large blocks in a breccia rather
than separate flow units; plagioclase is the only phenocrystic phase (1-3mm
size), groundmass of plagioclase, clinopyroxene, and alteration; alteration
variable from slight to highly altered with calcite, zeolite, chlorite and/or

hydrous iron oxides
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APPENDIX 1
(cont.)

DSDP Leg 29:

Site 278:

upper portion of a pillow flow; plagioclase porphyritic (~20%) basalt, large plag
phenocrysts zoned An64 core to An30 rims; groundmass plag An4S5 as fresh
laths with interstitial, fibrous to skeletal pyroxene; eubedral olivine in fresh
glass reported; vesicles are rare rimmed with brown devitrified glass and filled
with mesostasis glass crystallized to subspherulitic intergrowths of pyroxene
and titanomagnetite; abundant veinlets of sparry calcite, chalcedony, and

micritic limestone cut basalt.

Site 279A: upper portion of a massive flow; vesicular to amygdaloidal, very fine grained

plagioclase porphyritic basalt that grade downward into non-vesicular, non-
porphyritic fine grained basalt; 50% of vesicles are unfilled with the remaining
vesicles partly to completely filled with white calcite, chlorite, or a gray-blue
zeolite(?); thin section description reports plagiclase (35%), anhedral pyroxene
(30%), altered brown glass (25%), magnetite (10%), accessory minerals
include calcite, chlorite, analcite (?), and an unidentified zeolite; groundmass
plagiclase (52%), clinopyroxene (25%), mesostasis glass (20%), and
titanomagnetite (2%); mesotasis altered to chlorite, epidote, zeolite with patches

of brown biotite.

Site 280A: basalt intercalated with claystone and siltstone; intrusive origin with

Site 282:

silicification, pyritization, and lithification of sediment; basalt apophyses are
2.0, 0.5, and 1.1 m thick; fresh clinopyroxene with some clorite replacement
enclose small plagioclase laths; essentially aphyric with rare phenocrysts of
plagioclase with sericitic alteration and occasional clots of olivine; rock cut by
veins of calcite, antigorite, epidote, chlorite; more plagiclase and olivine
phenocrysts reported in lowermost basalt layer with no calcite veining.

altered pillow basalt or possibly broken pillow breccia and hyaloclastite; veins
of calcite, chlorite, limonite pervade a highly fractured core; olivine
pseudmorphed by serpentine with chrome spinel; thin section indicate
subophitic intergrowths of zoned plagioclase and pyroxene with intergrown
titanomagnetite in a devitrified groundmass; groundmass highly altered with

pervasive calcite, brown iron oxide, and serpentine minerals.




Site 283:
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APPENDIX 1
(cont.)

pillow lava or broken pillow breccia, possible intrusive origin indicated only by
a color change in the overlying sediment; upper 20 cm consists of rare altered
feldspar laths (2%) in an altered groundmass of clay, zeolite and serpentine;
lower 1.3 m dark greenish-gray amygdaloidal basalt (80%), calcite veins
(15%), and dark fragments of serpentinized glass (5%); altered plagioclase laths
(20%), partially altered olivine and pyroxene (30%), opaque minerals (10%),
serpentine (?) after glass (10%), calcite (5%), and minor clay, serpentine, and

zeolite reported in thin section.
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APPENDIX 2

Analytical Method Comparison

Table 1. Microprobe accuracy and precision determined during this investigation.

LDGO LDGO OSuU 0oSsuU
VG2 VG-2 JDF D2 JDF D2 JDF D2 BASL BASL
mean sd rec mean sd rec mean sd mean sd rec

(n=4) (n=334) (n=17) (n=70)
Si02 50.34 0.60 50.81 50.74 0.43 50.80 51.03 0.43 51.04 0.31 50.94
TiO2 1.87 0.02 1.85 1.93 0.03 1.93 1.88 0.10 399 0.21 4.06
ARO3 1395 0.06 14.06 13.84 0.20 13.80 13.90 0.25 12.54 0.12 12.49
FeO 11.38 0.13 11.84 11.85 0.23 12.17 12.06 0.32 13.29 0.20 13.30
MnO 0.20 0.02 022 0.21 0.03 0.22 0.20 0.04 0.21 0.04 0.15
MgO 6.83 0.07 6.71 6.60 0.20 6.83 6.78 0.66 5.04 0.09 5.08
Ca0 1097 0.06 11.12 10.68 0.24 10.80 10.87 0.51 9.33 0.09 9.30
Na20 2.70 0.03 2.62 2.71 0.12 2.77 2.67 0.18 2.61 0.10 2.66
K20 0.16 0.03 0.19 0.21 0.03 0.22 0.21 0.04 0.84 0.03 .82
P205 0.37 0.02 0.20 0.38 0.03 0.23 0.22 0.06 0.47 0.06 38
total 98.78 99.62 99.15 99.77 99.83 99.36 99.18

Table 2. DCP accuracy and precision determined
during this investigation.

BHVO-1 BHVO-1
mean sd max sd
(n=6) btw runs _ replicates recommendedt
Si02 49.86 .14 25 49.94 .30
TiO2 2.72 011 021 2.71 .07
A203 13.71 .05 11 13.80 .23
Fe203 12.28 .03 .06 12.23 15
MnO 0.17 .001 .001 0.168 .005
MgO 7.03 .021 .024 7.23 22
Ca0 11.42 062 138 11.40 .10
Na20 2.36 015 .013 226 .02
K20 .54 .005 .007 .52 .01
P205 .28 .002 .002 273 .02
total 100.34 100.53
Sr 402.9 1 .8 403 40
Ba 135.2 3 1.4 139 10
Zn 97.3 33 2.0 105 S
Cu 144.0 .3 1.2 136 S
Ni 106.1 1.1 1.7 121 S
v 318.2 23 5.1 317 12
Sc 314 2 3 31.8 1
Cr 253.3 2.8 5.1 289 20
I 183.8 1.4 0.0 179 15
Y 27.8 3 0.0 27.6 2

+Recommended values from Govindaraju [1989] and
estimated ‘confidence limits' from Abbey [1982].




Table 3. INAA accuracy and precision.

APPENDIX 2 (continued)

BCR-1 BHVO-1 JDF D2 est. error
mean s rec mean sd rec mean s rec %
INAA 1 INAA2 INAAI INAA2 INAAI INAA2

Rb 62 7 54 47.2 20 5 19 11 16 7 15 20-60
8] 1.66 .42 1.97 1.75 29 .27 1.07 42 41 26 .59 25-100
Th 5.84 -.11 5.83 5.98 1.32 .10 1.32 1.08 22 .06 .29 10-60
Ta 91 .10 2.25 .81 1.53 .15 146 1.23 71 .10 .68 10-40
Hf 485 .18 4.71 4.95 4.57 .16 436 4.38 421 .19 4.12 3-7
Co 39.9 4 437 37 453 ) 50.6 45 62.1 6 637 1-3
La 27.3 .5 439 249 16.1 4 17.0 158 6.85 20 7.01 698 37
Ce 546 1.2 53.2 53.7 413 1.1 39.8 39 16.1 1.1 164 18.8 39
Nd 30.7 2.5 29.5 28.8 28.2 2.1 292 252 16.2 2.8 156 15.0 7-20
Sm 649 .05 6.44 6.59 6.27 .05 6.12 6.2 5.11 .05 510 491 1-3
Eu 193 .05 1.95 1.95 2.12 .05 2.05 2.06 1.71 .05 1.70 1.65 2-5
Tb 99 .06 1.02 1.05 97 .06 94 .96 1.39 .08 1.31 3-10
Yb 340 .16 4.06 3.38 2,19 .15 245 2.02 4.98 19 533 5.08 2-10
Lu .55 .03 .53 .51 .30 .03 31 .29 .76 .02 .81 75 3-7
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APPENDIX 2 (continued)

Comparison of duplicate ICP-MS and DCP/INAA results on
splits of MW8801 basalt glass.

MW17-26

MW23-01

MW26-01

MW27-71

ICP-
MS
zone A
glass

DCP
INAA

ICP-
MS

AAD
glass

DCP
INAA

ICP-
MS

AAD
glass

DCP

INAA

ICP-
MS

AAD
glass

DCP
INAA

384
292
427
105

76
69.4
0.6
118
273
79
1.2
0.01
33

1.91

8.05
1.41

891

3.09
1.19

3.87

0.77

4.86
1.01

3.06

0.49

2.88

0.43

222

0.08

0.07

0.02

35.8
252
360
103

74

704

105
30.2
90

29
1.90
9.20

7.80
2.94
1.14

0.75

3.11
0.42
2.14
0.12
0.07
0.11

374
228
380
157

88
73.8
14
103
23.2
61
24

0.02

16.6

2.06

6.89

1.10

6.51

2.39

0.95

3.05

0.60

4.03

0.90

2.58

0.41

2.53

0.38
1.79

0.15

0.14

0.04

34.0
193
332
140

83

75.2

109
25.1
73

14.3
2.40
7.20

5.90
2.39
0.93

0.61

2.57
0.40
1.82
0.14
0.15
0.11

36.0
283
348
119

56
719
0.9
112
324
96
2.1
0.02
8.6
3.06
11.06
1.84
10.57

3.73

1.34

4.38

0.87

5.66

1.20

3.56

0.53

3.35

0.52

2.1

0.15

0.14

0.05

33.0
250
300
117

55

70.3

112
32.6
100

7.0
331
11.20

9.90
3.74
1.29

0.95

3.28
0.51
2.1
0.23
0.10
0.35

344
260
371
129

58
63.7
1.0
142
26.0
84
24

0.02

12.1

3.13

10.46

1.69

941

3.05

1.15

3.69

0.69

445

0.96

2.87

0.45

2.66

0.40

2.16

0.16

0.14

0.05

32
230
325
129

57.9
61.1

143
264
89

10.3
3.53
10.80

8.90
3.00
1.09

0.71

2.1
0.41
2.07
0.10
0.10
0.29






