Gondwana Research 134 (2024) 347-364

journal homepage: www.elsevier.com/locate/gr

Contents lists available at ScienceDirect

Gondwana Research

Geochemical and temporal evolution of Indian MORB mantle revealed
by the Investigator Ridge in the NE Indian Ocean

Check for
updates

Antje Diirkefilden ?, Folkmar Hauff**, Kaj Hoernle *°, Maxim Portnyagin?, Jo-Anne Wartho?,
Dieter Garbe-Schénberg”, Andrey Gurenko ¢, Paul van den Bogaard ?, Andrea Kipf?, Marcus Gutjahr?
2 GEOMAR Helmbholtz Centre for Ocean Research Kiel, WischhofstrafSe 1-3, 24148 Kiel, Germany

b Institute of Geosciences, Kiel University, Ludewig-Meyn-Straf3e 10, 24118 Kiel, Germany
€ Centre de Recherches Pétrographiques et Géochimiques (CRPG), UMR 7358, Université de Lorraine, 54501 Vandceuvre-lés-Nancy, France

ARTICLE INFO

Article history:

Received 29 September 2023
Revised 30 June 2024

Accepted 30 July 2024

Available online 2 August 2024
Handling editor: Sanghoon Kwon

Keywords:

Indian Mantle Domain
Geochemistry
Geochronology
Fracture zones

East Gondwana

ABSTRACT

The Investigator Ridge, located along the prominent Investigator Fracture Zone in the Wharton Basin,
northeast Indian Ocean, was chosen to investigate the temporal and geochemical evolution of the
Indian upper mantle. We present new “°Ar/>*°Ar age, as well as major and trace element and Sr-Nd-Pb-Hf
isotope data, from a large part of this so far scarcely sampled ridge. The “°Ar/>*°Ar ages range from
100.0 Ma to 64.1 Ma, and except for the two youngest samples (65.5 and 64.1 Ma) of likely Christmas
Island Seamount Province (CHRISP) origin, display decreasing ages along the ridge from south to north.
This pattern is consistent with the ages derived from paleomagnetic anomalies on the local oceanic crust
that also decrease in age northwards and suggests an origin of the studied rocks at or near the now
extinct Wharton spreading center. These ages also provide information about the displacements along
the multiple Investigator Fracture Zones indicating large left-lateral as well as right-lateral offsets of
the paleo spreading axis. The fracture zone also shows signs of recent tectonic reactivation. The
Investigator Ridge samples are derived from a DUPAL-like mantle source similar to present-day Indian
MORB. This source contains a depleted mantle type component, an enriched, moderately HIMU-like,
component such as common “C” or “FOZ0”, and an additional enriched component of recycled subcon-
tinental lithospheric mantle material. In both the Investigator Ridge and CHRISP samples, the trace ele-
ment and isotope compositions systematically change with age implying a temporal geochemical
evolution of the Indian Mantle Domain in this region. It contained higher proportions of subcontinental
lithospheric material delaminated during breakup of Gondwana and mixed with depleted upper mantle
material in its early phase. With time, the source evolved in the direction of “C” or “FOZ0O”, which then

became the dominant enriched component and is observed in the youngest samples.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

low 3Nd/'“Nd and '7SHf/'”Hf isotope ratios, as well as high
207ph/294ph and 2°8Pb/?°“Pb isotope ratios for a given 2°°Pb/2%Pb

Studies of mid-ocean ridge basalts (MORBs) reveal that the
upper mantle beneath the Indian (and the South Atlantic) Ocean
has compositions distinct from those beneath the Pacific and North
Atlantic Oceans, namely that Indian MORB displays more enriched,
DUPAL-like, isotopic compositions (e.g., Castillo, 1988; Dupré and
Allegre, 1983; Storey et al., 1989). The so-called DUPAL anomaly
(Hart, 1984) is a large enriched geochemical mantle domain
stretching beneath the Indian Ocean and into the South Atlantic
Ocean. It is characterized by anomalously high 37Sr/®®Sr and
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isotope ratio. The origin and evolution of this so-called Indian
Mantle Domain is still controversial. The different proposed
models include contamination of the Indian upper mantle by (1)
altered oceanic crust and sediments or mantle wedge material
through ancient subduction processes (e.g., Kempton et al., 2002;
Rehkdmper and Hofmann, 1997), (2) continental lithospheric
material related to deep recycling through mantle plumes
(Castillo, 1988; Storey et al., 1989; Wen, 2006) or (3) subcontinen-
tal lithospheric mantle (SCLM) and/or lower crust possibly delam-
inated during rifting and breakup of Gondwana (Escrig et al., 2004;
Gautheron et al., 2015; Hanan et al., 2004; Hoernle et al., 2011a;
Meyzen et al., 2005).
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Hoernle et al. (2011a) showed that shallow recycling of delam-
inated continental lithosphere at a mid-ocean ridge could have
been involved in the generation of the Christmas Island Seamount
Province (CHRISP), an E-W trending chain of seamounts within the
Wharton Basin in the Eastern Indian Ocean. In this region, the
oceanic lithosphere has been generated over the last ~ 160 Ma
by spreading along the Central Indian Ridge (CIR), the Southeast
Indian Ridge (SEIR) and the now extinct Wharton Spreading Center
(WSC; e.g., Gibbons et al., 2013; Miiller et al., 2019). It forms the
Indo-Australian plate, which does not behave as a single rigid plate,
but can be considered as a composite plate consisting of the Indian
plate, the Australian plate and the Capricorn microplate along with
several broad zones of diffuse deformation (e.g., Deplus et al,
1998; Royer and Gordon, 1997). In the north, the Indian subconti-
nent collided with Eurasia forming the Himalayas, whereas in the
east, the oceanic lithosphere is still being subducted beneath
Sumatra and Java along the Sunda Trench. There is evidence of cur-
rently active intraplate deformation in the equatorial Indian Ocean
due to the high stresses in the oceanic lithosphere caused by the
ongoing collision of India with Eurasia (e.g., Deplus, 2001; Deplus
et al., 1998).

The Wharton Basin is dissected by a number of long N-S to
NNW-SSE striking faults that run roughly parallel to the Ninetyeast
Ridge located to the west. Liu et al. (1983 ) identified these faults as
fracture zones (FZs) of the fossil WSC located to the north. The
most prominent of these FZs is the complex Investigator FZ that
also comprises the Investigator Ridge, a ~ 1800 km long and
roughly N-S striking (between 98° and 99°E longitude) bathymet-
ric high running along this FZ (Fig. 1). It extends from 18°S to about
2°S latitude, where it subducts beneath Sumatra, and it crosses the
western part of the CHRISP. Based on magnetic data, the oceanic
crust on both sides of the Investigator FZ is offset by about 800-
900 km in a left-lateral sense, and thus younger crust in the west
is adjacent to older crust in the east. So far, the Investigator Ridge
has been only sparsely explored and the few published geochemi-
cal data mainly comprise major element data and only a few trace
element and Sr-Nd-Pb isotope data from samples dredged on the
southern part of the ridge and in the Wharton Basin to the west
and east (Sushchevskaya et al, 1998, 2000). All published
40Ar/3°Ar ages of Hoernle et al. (2011a) and Gibbons et al. (2012)
have been recalculated for reasons outlined in Section 2.2. A single
volcanic glass sample recovered at the southern termination of the
Investigator Ridge has a recalculated age of 155.6 + 3.4 Ma and is
interpreted by Gibbons et al. (2012) to be part of a sliver of Jurassic
seafloor embedded in Cretaceous seafloor. In comparison, a glass
sample from an isolated seamount (Outsider Seamount) to the
west of the northern part of the Investigator Ridge gave a consid-
erably younger “°Ar/3°Ar age (Hoernle et al., 2011a) that is now
recalculated to 54.32 + 0.32 Ma.

During R/V SONNE cruise SO199 in 2008, the Investigator Ridge
was systematically mapped and sampled by dredging (Fig. 1). The
S0199 cruise report including on board sampling procedures and
macroscopic sample descriptions is provided open access
(Werner et al., 2009), and photographs of representative rock
samples are provided in Fig. 1 of Supplementary Data 1. This study
presents new “°Ar/>°Ar age dating, major and trace element as well
as Sr-Nd-Hf and Pb double-spike (DS) isotope analyses on bulk
volcanic and plutonic rocks along with comprehensive analyses
of fresh volcanic glass including CO,, H,0, F, S and Cl. Our overall
motivation is to gain new insights into the tectonic, geochemical
and temporal evolution of the oceanic crust in this part of the
Indian Ocean during the Cretaceous and Paleocene, to investigate
how far back the DUPAL signature can be traced in the Indian
MORB and if its composition has changed with time, thereby
contributing to a better understanding of the temporal evolution
of the Indian Mantle Domain.
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2. Analytical methods
2.1. Sample preparation

On board the R/V SONNE, Mn crusts and alteration halos were
cut off using a rock saw to yield the freshest parts of the samples.
In onshore laboratories, these rock slabs were crushed into small
pieces using a jaw crusher, repeatedly cleaned with deionized
water in an ultrasonic bath and dried in an oven at 50 °C. In order
to select the least altered material and to best possible avoid alter-
ation phases in vesicles and veins, the 0.5 to 2 mm sized rock chips
were carefully hand-picked under a binocular microscope. Sample
powders for major and trace element and Hf isotope analyses were
prepared from a subset of these rock chips using an agate mortar
grinder and an agate swing mill. The rims of rock samples that con-
tained fresh glass and one hyaloclastite were carefully crushed in a
mortar, then washed and dried as described above, and the freshest
glass chips were hand-picked. For major and trace element analy-
ses, the glass chips were embedded in a mount using a two-
component epoxy resin-based adhesive. For “°Ar/*9Ar age dating,
plagioclase, amphibole and basalt matrix separates were hand-
picked under a binocular microscope and the plagioclase separates
were treated with 5 % hydrofluoric acid for 10 min. All samples
were then cleaned in distilled water using an ultrasonic
disintegrator.

2.2. “Ar/P%Ar age dating

All published “°Ar/?*°Ar ages (Hoernle et al. 2011a, Gibbons et al.
2012) have been recalculated using the decay constants of Steiger
& Jager (1977) and the flux monitor ages of Fleck et al. (2019) to be
consistent with our new “°Ar/3°Ar ages, and all sample ages are
quoted with 2o errors, unless otherwise stated. The new ages pre-
sented here are based on five plagioclase, two amphibole and one
basalt matrix separates from six samples using the “Ar/*°Ar laser
step-heating technique employed at the Argon Geochronology in
Oceanography (ArGO) Laboratory at GEOMAR Helmholtz Centre
for Ocean Research Kiel, Germany. A detailed description of the
analytical methods can be found in Samrock et al. (2019). The sam-
ples were irradiated in Cd-shielded irradiation cannister #32 in
March 2009, in the C6 position of the GKSS Research Centre
(Geesthacht, Germany) nuclear reactor, at 5 MW for 168 h. The fast
neutron flux was monitored using Taylor Creek Rhyolite sanidine
(TCR-2 with an age of 28.344 + 0.011 Ma; 10; Fleck et al., 2019).

The samples were step-heated using a Spectra Physics 25 W
laser (455-515 nm). Argon isotopes were measured using a Mass
Analyser Products 216 mass spectrometer, with an electron multi-
plier sensitivity of 2.70 x 10~'° cm?/V (1.203 x 10~ ' mol/V) at a
trap current of 240 pA. The “°Ar/>°Ar ages were calculated using
the “°K decay constants, “°K/K ratio and “°Ar/*Ar atmospheric
ratio of Steiger and Jdger (1977). The plateau and weighted mean
ages, age spectra, and inverse isochron ages and plots were pro-
duced using the Isoplot program (v. 4.15) developed by Ludwig
(2011). The nuclear interference reaction correction factors were
39Ar/*7Arc, = 9.44 x 1074, 3°Ar/*’Arc, = 4.41 x 1074, and “°Ar/*°Arg
= 6.00 x 1073, The inverse isochron Spreading Factors (SF) were
calculated after Jourdan et al. (2009). The 3°Ar/>°Ar and 3®Ar/*’Ar
Alteration Index (AI) values were calculated after Baksi (2007),
using the Al cut-off values recommended by Baksi (2007) and
van den Bogaard (2013). Combined “°Ar*/*°Ar ages on multiple
splits were calculated after Heath et al. (2018). Errors on the
plateau, pseudo-plateau and weighted mean ages are quoted at
206, and all inverse isochron and combined “°Ar*/*Ar age errors
are quoted at 95 % confidence (95 % conf.). An expanded summary
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Fig. 1. Geologic setting of the Investigator Ridge (a) The red box within the inset globe shows the approximate location of the SO199 working area in the northeastern Indian
Ocean. The overview map of the Wharton Basin includes the Investigator Ridge and Fracture Zone and the CHRISP crossing the ridge. The CHRISP is subdivided into different
volcanic provinces (white dashed lines) with AP=Argo Basin Province, EWP=Eastern Wharton Province, VMP=Vening-Meinesz Province and CKP=Cocos-Keeling Province. (b)
Map of the Investigator Ridge showing the dredge locations of the analyzed samples (red circles), including *°Ar/>°Ar ages from this study (black ages in Ma). The recalculated
literature “°Ar/>°Ar ages (gray italic ages in Ma) for a sample from the Outsider Seamount (blue square) and for samples from the CKP and the younger VMP (gray circles) are
from Hoernle et al. (2011a) and for a sample from dredge DR30 (dark red circle) from Gibbons et al. (2012). The location of DSDP Leg 22 Site 212 (brown diamond) is also
shown (von der Borch et al., 1974). Magnetic lineations (green lines) are from Jacob et al. (2014), with corresponding chron ages in green using the time scale of Seton et al.
(2012). Yellow dotted lines mark fracture zones identified by Jacob et al. (2014).
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table and individual sample “°Ar->°Ar data and plots are shown in
Supplementary Data 2.

2.3. Major elements

Major element analyses of whole rock samples were performed
on fused beads using a Phillips X'Unique PW1480 X-ray fluores-
cence spectrometer (XRF) at GEOMAR equipped with a Rh-tube,
and H,O and CO, were analyzed by an infrared photometer
(Rosemount CSA 5003). A subset of samples was analyzed at the
Acme Analytical Laboratories Ltd. (Acmelabs) in Vancouver,
Canada, by ICP-OES using a lithium metaborate/tetraborate fusion
technique. The JB-2, JB-3, JA-2 and JR-1 standards were measured
along with the samples on the GEOMAR XRF and the BIR-1,
BHVO-2, BCR-2 and AGV- 2 standards as well as the Acme
in-house standard SO18 at AcmeLabs (Supplementary Data 3; QC
Table 1). The accuracy lies within 3 % of the reference values from
Govindaraju (1994) and Jochum et al. (2005, 2016) for most of the
elements and the reproducibility is typically better than 2 %.

Major element compositions of the glass samples were
measured using a JEOL JXA 8200 Electron Microprobe (EMP) at
GEOMAR and for each sample, 8 spots were analyzed in 4-6 differ-
ent glass chips. For all measurements, the analytical conditions
were 15 kV accelerating voltage, 6 nA current and 5 pm electron
beam size and details of the analytical procedure, the standards
used and data on long-term reproducibility of reference materials
are reported by Portnyagin et al. (2020). Although the analytical
technique used was developed for the analysis of hydrous rhyolite
glasses, it was also found to give reliable results for basaltic glasses,
e.g., as shown by analyses of USNM 111240/52 VG-2 glass
(Jarosewich et al., 1980) analyzed as an unknown in one series with
our samples (Supplementary Data 3; QC Table 2).

2.4. Trace elements

Trace element concentrations in whole rock samples were
measured by inductively coupled plasma mass spectrometry
(ICP-MS) on an Agilent 7500cs at the Institute of Geosciences, Kiel
University, Germany, following the methods of Garbe-Schonberg
(1993). In addition, some samples were analyzed at AcmeLabs by
ICP-MS, using a lithium metaborate/tetraborate fusion technique.
International rock standards BIR-1, BHVO-2, BCR-2, AGV-2 and
the Acme in-house standard SO18 were prepared along with the
samples and the accuracy is 4 % for most elements relative to the
reference values from Jochum et al. (2016) (Supplementary Data
3; QC Tables 3 to 6). The reproducibility of sample replicates and
the instrument stability monitored by running multiple analyses
of the same sample digest over the course of an analytical
session is typically better than 3 % (Supplementary Data 3, QC
Tables 7 and 8).

For the determination of trace element concentrations in fresh
glass samples, laser ablation (LA-)ICP-MS at the Institute of
Geosciences, Kiel University, was utilized. The analyses were
conducted using a QP-ICP-MS Agilent 7900 and a Coherent GeoLas
ArF 193 nm Excimer HD LA system operated with a fluence of
5] cm™2, at a repetition rate of 10 Hz, using 60 um diameter
ablation craters. The ICP-MS was operated under standard
conditions at 1500 W and was optimized for low oxide formation
(typically ThO/Th < 0.4 %). A large volume ablation cell modified
for rapid wash-out (Fricker et al., 2011) with a flow rate of 0.7 1
min~! He and additional H, (14 ml min~') was used. Prior to
introduction into the ICP-MS, the carrier gas was mixed with Ar
(~1 1 min~'). Analyses of ten major elements (Si, Ti, Al, Fe, Mn,
Mg, Ca, Na, K, P) and 46 trace elements were carried out and
included 20 s background (laser-off) and 40 s signal (laser-on)
measurements. Dwell times for different isotopes varied from 5
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to 20 ms depending on their abundance and one complete mea-
surement cycle had a duration of 0.883 ms. The calibration was
based on SRM-NIST612 glass standard (Jochum et al., 2011) and
matrix-corrected using KL2-G glasses (Jochum et al., 2006). The
reference glasses BCR-2G and GOR132-G were measured as
unknown samples in one series along with the SO199 glasses (Sup-
plementary Data 3; QC Table 9). Initial data reduction was per-
formed using Glitter software (Griffin et al, 2008), which
includes manual selection of integration windows and preliminary
calibration. The intensities were corrected for background, aver-
aged over the selected intervals, normalized to the intensity of
43Ca isotope and converted to concentrations (ug/g ~ ppm) by
matching the sum of major element oxides to 100 wt.% (e.g.,
Pettke et al., 2004).

2.5. Volatiles

The analyses of CO,, H,0, Cl, F and S contents in volcanic glasses
were conducted using a CAMECA IMS 1280 HR ion microprobe at
the Centre de Recherches Pétrographiques et Géochimiques (CRPG)
in Nancy, France. Glass chips previously analyzed for major ele-
ments by EMP were carefully re-polished to remove residual car-
bon coating, with final polishing using 0.25 pm Al,0O3 suspension.
The grains were then removed from the epoxy resin, remounted
by pressing them into indium metal, ultrasonically cleaned and
dried | stored at + 60 °C. About 12 to 24 h prior to analysis, the
mount was placed into the sample chamber of the ion probe
at ~ 1078 Torr pressure. A liquid nitrogen cold trap and a sublima-
tion pump were always used to reduce CO, and H,O background
and maintain a pressure of < 2 x 10~° Torr in the sample chamber.
Prior to each measurement, the samples were pre-sputtered for
300 s with a 0.3-0.4 nA, 10 kV ®3Cs* primary beam focused
to < 5 pum spot and rasterized over a 20 x 20 pm area; the raster
was then reduced to 10 x 10 um during analyses. A field aperture
of ~ 1000 pum and 80 % e-Gate were used to eliminate any sec-
ondary ion signal from the spot margins. A mass-resolving power
of ~ 5000 was applied, enough to resolve 7O from '°OH and
29SiH from 3°Si peaks. The '2C~ (counting time 8 s), 10H~ (6 s),
19F~ (6 s), A1~ (2 s) and 3°Si~ (2 s), 32S™ (4 s) and 3°Cl~ (6 s) ions
were counted for 12 cycles, using an axial electron multiplier. A set
of reference glasses (ALV981-R23, 30-2, 40-2, VG2 USNM111240,
CY82-29-3 V, CLDRO1-5 V, KL2-G, Etna-lI-6 and Etna-II-7; see
Sobolev et al. (2016) for their accepted compositions) and San Car-
los olivine were analyzed to create calibration lines, which were
then used to determine the volatile concentrations in the unknown
samples. Based on the established calibration lines, the accuracy of
Secondary Ion Mass Spectrometry (SIMS) analyses, calculated as
average relative deviation of the measured values from the refer-
ence ones, was estimated to be < 15 % for CO, and < 10 % for
H,0, F, S and Cl (95 % confidence level). Background values calcu-
lated assuming negligible (zero) contents of the volatiles in glass
KL2-G were 24-35 ng/g for CO,, 140 pg/g for H,0, and in olivine
6-7 pg/g for F, 0.6-1.1 pg/g for S and 0.8-1.5 ng/g for Cl. Every
sample was analyzed using three spots.

2.6. Sr-Nd-Pb-Hf radiogenic isotope ratios

Sr-Nd-Pb-Hf isotope analyses of whole rock chips and powders
from the Investigator Ridge were processed at GEOMAR from 2008
to 2011 along with samples from the CHRISP using the same ana-
lytical procedures as described in Hoernle et al. (2011a). Additional
analyses of glass chips were conducted at GEOMAR in 2021-2022
using a Thermo Scientific TRITON Plus thermal ionization mass
spectrometer (TIMS) for Sr, Nd and Pb, and a NEPTUNE Plus MC-
ICP-MS for Hf. Sr-Nd and Pb-Hf were collected in multi-dynamic
and static collector modes, respectively. About 200 mg of fresh
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glass chips were leached in 2 N HCI at 50 °C for 30 min and then
triple rinsed in 18.2 MQ water prior to digestion. Sample dissolu-
tion and Sr-Nd-Pb element chromatography followed established
standard procedures (Hoernle et al., 2008) with a modified Sr
clean-up using Sr-Spec microcolumns. Hf was separated using a
cation exchange column (AG50W-X8, 100-200 mesh) over the first
2 ml using a 1.5 M HCl media, followed by a Hf clean-up using
0.2 ml of TODGA resin (50-100 pm; DN-B10-S TRISKEM®) after
Connelly et al. (2006). Total chemistry blanks were <100 pg for
Sr, <50 pg for Nd, Hf and <30 pg for Pb and thus are all considered
negligible relative to the amount of sample processed. Sr and Nd
isotope ratios were mass-bias corrected within each run to
865r/88Sr = 0.1194 and '°Nd/'*‘Nd 0.7219, respectively.
Reference materials were analyzed along with the samples and
produced an average 87Sr/6Sr value of 0.710250 + 0.000009
(2 standard deviation (2SD); n = 8) for NBS987, and a '**Nd/'**Nd
average value of 0.511850 + 0.000006 (2SD; n = 7) for La Jolla. Pb
isotope ratios were determined using the Pb double-spike (DS)
technique described in Hoernle et al. (2011b) for mass-bias
correction. Long term DS-corrected average values for NBS981
are 2%6pb/2%4ph = 16.9408 + 0.0019, 2°7Pb/2°4Pb = 15.4974 + 0.001
9 and 2%8Pb/2%4Pb = 36.7206 + 0.0050 (2SD; n = 228) since installa-
tion of the instrument in 2014. Our in-house SPEX CertiPrep® Hf
ICP standard solution (lot #9) gave '"®Hf/!”7Hf = 0.282170 * 0.00
0005 (2SD; n = 36), corresponding to 7SHf/'”’Hf = 0.282163 for
JMC475. Results of acid leached USGS reference material BCR-2
processed along with the samples are shown in Supplementary
Data 3 (QC Table 10), and agree well with the values of Fourny
et al. (2016) and Todd et al. (2015). Replicate analysis by means
of a second sample digestion was carried out for volcanic sample
SO199-DR9-1 (Hf only) and plutonic sample SO199-DR23-14
(Sr-Nd-Pb-Hf). While '7®Hf/'’’Hf reproduced within 2SE, some-
what larger offsets outside the 2SD uncertainties are observed for
radiogenic Sr, Nd and Pb isotope ratios of the replicated plutonic
sample DR23-14. This is attributed to the use of rock chips for
Sr-Nd-Pb chemistry, which in case of plutonic rocks introduces
compositional heterogeneities through variations in the mineral
assemblage processed. Hf chemistry was carried out on powders
that apparently levels out any such heterogeneities. Nevertheless,
due to the generally low Pb contents in these mid-ocean ridge
igneous rocks («1 pg/g), we preferred to process rock chips, since
external Pb is potentially added by the powder milling.

3. Results
3.1. Bathymetric mapping

During cruise SO199, the Investigator Ridge was almost fully
mapped over ~ 1,300 km between 6°S and 18°S using a Kongsberg
SIMRAD EM 120 multi-beam echo sounder. The ridge rises ~ 600 m
in the north to ~ 2800 m in the central part above the surrounding
seafloor and varies in width between ~ 10-25 km. In the northern
part, the structure consists of two parallel ridges separated by a
valley (Fig. 2a). To the south, the western ridge becomes more
diffuse and disappears in the central and southern section of the
Investigator Ridge, whereas the eastern ridge becomes more
prominent, especially in the central section (Fig. 2b and c). Along
almost its entire mapped length, the eastern ridge is marked by
an asymmetrical structure with a steep west-facing scarp and a
gentle eastern slope. Between ca. 10°55’S and 11°20'S in the central
part of the Investigator Ridge, the ridge crest is offset ~ 10 km to
the east and broadens (Fig. 2b). In this offset area, the contour lines
strike in an unusual E-W direction and then bend into the prevail-
ing N-S direction, which may indicate the existence of a E-W
oriented fossil spreading center on the eastern side of the
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Investigator Ridge. Approximately 10-20 km west of the southern
part of the Investigator Ridge between ~ 16°30’S and 17°S, several
ridge- and plateau-like structures rise ~ 1000 m above the
surrounding seafloor and are separated from the main ridge and
from each other by canyons (Fig. 2c; Werner et al., 2009).

The Outsider Seamount, an isolated seamount located about
80 km to the west of the northern part of the Investigator Ridge
at ~ 6°15'S, was also mapped (Fig. 2d). It rises more than
2,300 m above the surrounding seafloor and is oval-shaped. Its
southern and, less pronounced, northern flank are crossed by a
N-S oriented ravine and the eastern half of the seamount top
appears to be offset to the north by ~ 1 km relative to the western
half, suggesting left-lateral displacement along a N-S striking fault
zone cutting the middle and upper slopes of the seamount after its
emplacement (Werner et al., 2009).

3.2. “OArP°Ar age dating results

One basalt matrix (DR6-2) and three plagioclase samples
(DR8-5, 23-14 (split 1) and 29-1) yielded plateau or pseudo-
plateau ages with concordant inverse isochron ages. The remaining
two amphiboles (DR6-6 and 10-2) and three plagioclases (DR10-2
and 23-14 (split 2)) gave medium- and high-temperature
weighted mean ages (WMA). All the samples displayed slightly
disturbed to very disturbed L-, U-, staircase or hump-shaped age
spectra and were highly affected by alteration. All but one step
yielded SAr/*°Ar or 37Ar/*°Ar Alteration Index values above the
cut-off values (Supplementary Data 2). A summary of the “°Ar/*°Ar
data is shown in Table S1.

Basalt matrix sample DR6-2 yielded a disturbed L-shaped age
spectrum, with a plateau age of 83.0 + 1.8 Ma (Mean Square
Weighted Deviation (MSWD) = 0.98; Probability (P) = 46 %) from
63.4 % of the total 2°Ar (steps 9-20). The inverse isochron age of
78.6 + 8.7 Ma (MSWD=0.97, P=47 %; initial “°Ar/*Ar = 297.6 *
4.0) was concordant with the plateau age, but yielded a low
Spreading Factor (SF) value of 7.1 % below the accepted threshold
of 40 %. Steps 1-6 were measured using an uncalibrated lower gain
setting on the electron-multiplier detector resistor and therefore
were not used in age determinations.

Amphibole sample DR6-6 gave a disturbed U-shaped age
spectrum, with a medium-temperature WMA of 87.5 + 1.9 Ma
(MSWD = 1.6, P = 20 %) from 32.7 % of the total >°Ar (steps 4-5).
No inverse isochron was obtainable from the 2 WMA steps, but
inverse isochron ages from adjacent steps (85.6 + 1.6 and 87.8 £ 6.
5 Ma from steps 1-4 and 7-14, respectively) yielded ages that were
concordant with the medium-temperature WMA. Steps 1-4 and
7-14 showed evidence of excess “°Ar yielding initial “°Ar/*°Ar
ratios of 302.8 + 1.6 (MSWD = 2.5, P = 7.9 %, SF = 34.6 %) and
306.8 + 7.7 (MSWD = 0.86, P = 52 %, SF = 27.0 %), respectively.

Plagioclase sample DR8-5 yielded a slightly disturbed L-shaped
age spectrum, showing a plateau age of 65.5 + 3.5 Ma (MSWD=1.3,
P=28 %) from 63.9 % of the total >°Ar (steps 5-13). The inverse iso-
chron age of 72.5 £ 9.2 Ma (MSWD=0.88, P=50 %) was concordant
with the plateau age, but the low SF value of 17.6 % and the poorly-
constrained initial “°Ar/3®Ar ratio of 278 + 17 may suggest tight-
clustering of the analyses or possible mass fractionation effects.
The medium-temperature plateau age was obtained from altered
material, therefore it may be a minimum age.

Amphibole and plagioclase splits from sample DR10-2 yielded
concordant higher- and high-temperature WM ages of 92.6 +
3.6 Ma (MSWD = 0.86, P = 46 %, 14.4 % 3°Ar, steps 10-13) and
94.0 + 2.7 Ma (MSWD=1.2, P=29 %, 26.2 % 3°Ar, steps 13-19). Both
splits gave disturbed age spectra, with a multiple hump-shape
(amphibole) and L-shaped spectra (plagioclase). The amphibole
split yielded a tightly-clustered inverse isochron age of
86 + 27 Ma (MSWD=1.0, P=37 %, initial “°Ar/>® = 335 + 110) with



A. Diirkefilden, F. Hauff, K. Hoernle et al.

R/V SONNE - SO199
CHRISP
GEOMAR

Mercator projection (WGS 84)

98'05E 98'06'E 98'07'E 98'08'E 98'09'E 98'10'E 98"
m

-6500 -6000 -5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000

98'20E 98°30'E 98°40'E 98'50'E 99°00E 99'10E 99°20'E 99°30'E 99'40'E 99°50'E
( C ) 15°20° 15°20'S
15" 15°30'S
15°40 15°40'S
15" 15'50'S
16°00 16°00'S
16°1 16°10'S
16" 16°20's
16°30 16°30'S
16°40 16°40'S
16" 16'50'S
17°00'S 17°00's
171 17°10's
R/V SONNE - SO199
17°20'S CHRIGP 17°20's
GEOMAR
1:1,200,000 scale
Mercator projection (WGS 84)
17°30'S g 17°30's
Kkm
0 20 40
-40's Jd-| map processed on board RV SONNI 40"
17°40'S by WTD 17°40's
98°20E 98°30'E 98°40'E 98°50'E 99°00E 99°10'E 99°20'E 99°30'E 99°40'E 99°50'E

m

-6000 -5000 -4000 -3000 -2000

Gondwana Research 134 (2024) 347-364

97°30'E 97°40'E 97'50'E 98°30'E 98'40'E
( b ) 10 10'30°
10% 10°40'S
10" 10°50'S
" 11°00'S
113 117108
1% 117208
1% 11°30'S
11408 R/V SONNE - $0199 1408
CHRISP
GEOMAR
Mercator projection (WGS 84)
11'50'S km 11°50's
0 10 20 30
map processed on board RV SONNE
by WD
12°00'S 12°00'S
97°30'E 97°40'E 97°50'E 98°00'E 98°10'E 98'20'E 98°30'E 98°40'E

| e —— L
-6500 -6000 -5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000

Outsider Seamount
RNV SONNE - SO199
CHRISP
GEOMAR
Mercator projection (WGS 84)

km
]
0 | 2
map processed on board RV SONNE
by WTD

6'18'Sf-

620'S r
97°20E 97'22E

97°26'E
m
-6500 -6000 -5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000

97°24'E

Fig. 2. Bathymetric maps of (a)-(c) selected segments of the Investigator Ridge and the (d) Outsider Seamount. Whereas the Investigator Ridge is divided into two parallel
ridges in its northern section (a), the eastern ridge dominates in the central and southern sections and the western ridge has disappeared (b + c). The Outsider Seamount map
(d) shows that the eastern half of the top of the seamount appears to be offset to the north relative to the western half indicating left-lateral movement after the formation of

the seamount.

a low SF value of 13.1 % and the plagioclase split yielded no
isochron due to clustering of the 7 steps near the radiogenic axis.
A combined “°Ar*/*°Ar age of 93.5 + 2.1 Ma (MSWD=1.0, P=41 %,
n = 11 steps) from the 2 splits is the recommended age for this
sample.

Two plagioclase splits from sample DR23-14 yielded concor-
dant pseudo-plateau and high-temperature WM ages of 100.3 +
2.5 Ma (MSWD=0.53, P=66 %, 48.3 % 3°Ar, steps 11-14) and 99.3 +
3.5 Ma (MSWD=0.93, P=47 %, 26.5 % 3°Ar, steps 13-19). Split one
gave a disturbed staircase age spectrum and split two yielded a
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slightly disturbed L-shaped age spectrum. Both splits yielded con-
cordant but tightly-clustered inverse isochron ages of 100.6 + 5.6
Ma (MSWD=0.79, P=45 %, initial “°Ar/3°Ar = 295 + 20, SF=30.0 %)
and 96 + 22 Ma (MSWD=1.1, P=37 %, initial “°Ar/*5Ar = 314 £ 110,
SF=14.3 %), respectively. A combined “°Ar*/*°Ar age of 100.0 + 2.0
Ma (MSWD=0.74, P=69 %, n = 11 points) from the two splits is
the recommended age for this sample.

Plagioclase sample DR29-1 yielded a disturbed staircase age
spectrum showing a low-temperature plateau age of 64.1 £ 1.4 M
a (MSWD=1.6, P=12 %) from 60.1 % of the total 3°Ar (steps 2-10).
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The inverse isochron age of 64.2 + 1.8 Ma (MSWD=1.8, P=7.8 %,
SF=49.7 %, initial “°Ar/3Ar = 295.2 + 3.9) is concordant with the
plateau age. The low-temperature plateau age was obtained from
altered material, therefore it may be a minimum age. An additional
19 samples and splits were also “°Ar/>*°Ar dated, but they failed to
yield meaningful ages.

3.3. Geochemical results

For this study, we analyzed 20 volcanic and plutonic rocks from
9 different dredge sites along the Investigator Ridge and two vol-
canic rocks from a single site at the Outsider Seamount for whole
rock major and trace elements, and a subset of 14 of these samples
for Sr-Nd-Pb-Hf isotope ratios. Moreover, we report 13 major and
trace element and six Sr-Nd-Pb-Hf isotope analyses of fresh glass
from pillow margins and one hyaloclastite sample from five sites
located at the Investigator Ridge and one site at the Outsider Sea-
mount. Most of the collected igneous rock samples are fresh to
slightly altered and only a few samples are moderately to strongly
altered. The rocks are coated by thin (up to 1 mm) Fe-Mn crusts
that were removed with a rock saw.

3.3.1. Major and trace elements

Major element data are reported in Table S2 and S3 and trace
element data are reported in Table S4 and S5. The majority of the
whole rock samples have loss on ignition (LOI) values ranging from
0.9 to 3.9 g/100 g and only a few samples show LOI values > 4
g/100 g. Relatively good correlations of MgO, Ca0O, FeOt and to a
lesser extent Na,O with immobile elements such as Zr and TiO,
indicate that most of the major element compositions of the whole
rocks are not significantly affected by seawater alteration. Regard-
ing the use of trace elements to elucidate rock petrogenesis, we
exclude the mobile elements Rb, U and Sr from the whole rock data
and use the rare earth elements (REEs) and the high field strength
elements (HFSEs), which are considered to be largely fluid-
immobile during low temperature alteration processes. In contrast,
the geochemical compositions of the fresh glass samples can be
used without constraints, since they reflect pristine melt
compositions.

Rock classification using the total alkali versus silica diagram
(TAS, inset plot in Fig. 3a) after Le Bas et al. (1986) shows that
the Investigator Ridge glasses are tholeiitic basalts and the glasses
from the Outsider Seamount are transitional tholeiites along the
alkaline-subalkaline division line of MacDonald and Katsura
(1964). For the whole rocks, the Nb/Y versus Zr|Ti diagram after
Pearce (1996) basically confirms this subdivision into basalts/gab-
bros for most Investigator Ridge samples, but samples DR8-1, DR8-
5 and DR9-1 plot towards and within the alkali basalt field. As
expected, the lavas from the Outsider Seamount lie on the separa-
tion line between the basalt and alkali basalt fields (Fig. 2 of Sup-
plementary Data 1). On the Nb/Yb versus Th/Yb and Nb/Yb
versus TiO,/Yb diagrams after Pearce (2008), the Investigator Ridge
and Outsider Seamount samples form a positive array ranging in
composition from normal mid-ocean ridge basalt (N-MORB)
through enriched (E-) MORB to ocean island basalt (OIB; Fig. 3a
and b). Volcanic whole rock and glass samples from DR2, the
northernmost dredge station on the Investigator Ridge, as well as
sample DR6-2 further south and sample DR30-6 from a plateau-
like structure west of the southernmost part of the Investigator
Ridge are most depleted and compositionally similar to N-MORB.
A number of moderately enriched volcanic rocks and glass samples
from dredges DR5, DR10 and DR22, collected on the northern and
central segment of the ridge, cluster in the vicinity of typical E-
MORB compositions. Three basaltic samples recovered in the cen-
tral part of the ridge (DR8-1, DR8-5 and DR9-1) show the most
enriched compositions ranging from E-MORB to OIB signatures.
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Fig. 3. Nb/Yb versus (a) Th/Yb and (b) TiO,/Yb diagrams after Pearce (2008). The
total alkali versus silica diagram, after Le Bas et al. (1986), is shown as an inset in (a)
and classifies the glasses from the Investigator Ridge as tholeiites, whereas those
from the Outsider Seamount are transitional tholeiites. Dashed line=alkaline/sub-
alkaline division after MacDonald and Katsura (1964). TH=tholeiite, ALK=alkali
basalt, BA=basaltic andesite and TB=trachybasalt. In (a) and (b), the whole rock and
glass samples from the Investigator Ridge and the Outsider Seamount range from N-
MORB through E-MORB to OIB compositions forming a positive array. In contrast to
the other samples, the three most enriched samples lie within or on the boundary of
the OIB array of deep melting. Together with the Outsider Seamount samples, they
overlap with the CHRISP samples displayed as fields for the different volcanic
provinces including AP=Argo Basin Province, EWP=Eastern Wharton Basin Province,
VMP=Vening-Meinesz Province, CKP=Cocos-Keeling Province and Chr. Is. LVS/
UVS=Christmas Island Lower and Upper Volcanic Series. Data from the CHRISP are
from Falloon et al. (2022), Taneja et al. (2016) and from this study. Analytical errors
are smaller than the symbol size.

They lie within or on the boundary of the deep-melting OIB array
on the Nb/Yb versus TiO,/Yb diagram with the most enriched sam-
ple DR9-1 lying within the alkalic OIB field, whereas all other ana-
lyzed rocks fall within the shallow-melting MORB array (Fig. 3b).
The plutonic rocks were collected at different dredge sites on the
northern, central and southern ridge portions and display compo-
sitions ranging between N-MORB and E-MORB. Most of them plot
between the most depleted and the moderately enriched volcanic
samples and resemble N-MORB. Gabbroic sample DR29-1 from
one of the ridge-like structures west of the southern segment has
compositions similar to the enriched volcanic sample DR8-5. Some
of the more depleted plutonic rocks plot above the MORB-OIB
array on the Nb/Yb versus Th/Yb diagram (Fig. 3a) due to higher
Th concentrations compared to the other plutonic rocks. Samples
from the Outsider Seamount have enriched compositions plotting
between E-MORB and OIB but are also shifted toward higher Th/
Yb ratios. Together with the enriched samples from the Investiga-
tor Ridge, they overlap with the compositions of samples from the
CHRISP. Complementary CHRISP major and trace element whole
rock data can be found in Supplementary Data 4.

On multi-element diagrams normalized to primitive mantle
values after Hofmann (1988) with whole rock (excluding the
mobile elements Rb, U, K, Sr and P) and glass samples shown on
separate diagrams (Fig. 4a and b), the patterns of the depleted
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Fig. 4. Multi-element diagrams normalized to primitive mantle values after
Hofmann (1988) for (a) whole rock samples (excluding the mobile elements) and
(b) glass samples. The volcanic samples from the Investigator Ridge show element
patterns ranging between the N-MORB and OIB patterns, but none of them show a
depletion in HREEs typical for OIBs. The more enriched samples overlap with the
CHRISP field (Falloon et al., 2022; Taneja et al., 2016 and this study). Except for
DR29-1, the plutonic rocks have relatively flat shapes with generally much lower
values relative to the volcanic rocks but with positive Ba and Eu and negative Hf and
Zr anomalies. The patterns for the Outsider Seamount lie between those of E-MORB
and OIB. The dashed lines in the element patterns are inferred due to concentrations
below detection limits for Ta and Th (see also Table S4). Analytical errors are
smaller than the symbol size.

samples are similar to average N-MORB with (La/Sm)n=0.48-0.66,
except that they have lower Nb, Ta and La values. The patterns of
the moderately enriched samples are relatively flat, reflected by
(La/Sm)y and (Sm/Yb)y values of 1.05-1.40 and 1.09-1.38, respec-
tively, and they closely follow the E-MORB shape, although the pat-
terns from DR6-6, DR10-16 and DR22 are overall shifted to higher
values. The most enriched samples have outlines subparallel to
that of OIB with (La/Sm)n=1.77-2.78, but they are shifted to some-
what lower values. As their (Sm/Yb)y ratios are lower than 2.53,
they do not show the strong depletion in HREEs that is typical
for OIBs ((Sm/Yb)y ~ 5), which would indicate melting in the pres-
ence of garnet.

The majority of the Investigator Ridge plutonic rocks yield rela-
tively flat patterns with generally much lower incompatible ele-
ment abundances relative to the volcanic rocks, but they show
positive Eu and Ba anomalies and negative Hf and Zr anomalies
indicating accumulation of plagioclase crystals. One exception is
sample DR29-1 which is more similar to the E-MORB pattern
(Fig. 4a). Sample DR6-2, although grouped with the volcanic sam-
ples, is somewhat exceptional, since it is a subvolcanic sample of
doleritic texture and shows geochemical characteristics of both
the volcanic and plutonic rocks. On the one hand, DR6-2 largely
shows low incompatible element abundances, a positive Ba anom-
aly and a negative, albeit less pronounced, Hf-Zr anomaly, which is
similar to the plutonic rocks. On the other hand, the pattern
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displays no positive Eu anomaly, the HREE abundances are higher
than in the plutonic rocks and the HREE pattern resembles that of
N-MORB and the depleted volcanic samples (Fig. 4a).

The patterns of the Outsider Seamount samples lie between the
E-MORB and OIB patterns with (La/Sm)y values of 2.32-2.47 that
are similar to OIB, but they have elevated Ba and Th values, and like
the Investigator Ridge samples, they do not display OIB-typical
HREE ((Tb/Yb)n=2.14) depletion relative to the middle REEs with
(Tb/Yb)n=1.21-1.36.

3.3.2. Volatiles

The average volatile contents are reported in Table S6. H,O con-
tents in the Investigator Ridge glasses vary from 0.18 to
1.13 g/100 g and strongly correlate with K,O (positively;
R? = 0.99) and MgO (negatively; R? = 0.98). The glasses are charac-
terized by relatively high H,O/K,0 values of 2.0-3.2 and H,0/Ce
values of 258-312, with both ratios at the uppermost values for
normal MORB (e.g., Dixon et al., 2002) and overlapping with com-
positions of plume-influenced MORB (Dixon et al., 2017) as well as
with glasses from the Southwest Indian Ridge (Le Voyer et al.,
2019; Wang et al., 2021). The trace element-enriched glasses from
the Outsider Seamount have moderate H,0O contents of ~ 0.62 g/1
00 g and relatively low H,O/K;0 values of 0.6 and H,0/Ce values of
190, suggesting their origin from a relatively H,O-depleted source.

CO, contents range from ~ 50 to 200 pg/g and together with
low CO,/Ba < 30 suggest significant degassing of the magmas prior
to and during submarine eruption (e.g., Le Voyer et al., 2017). The
maximum eruption depths estimated from the H,0-CO, systemat-
ics using the VolatileCalc model of Newman and Lowenstern
(2002) indicate eruption depths of ~ 1600 mbsl for the Outsider
Seamount and 2400-4200 mbsl for the Investigator Ridge samples.
These relatively deep-water eruptions are consistent with high S
contents (see below).

The studied glasses have highly variable Cl contents from ~ 30
to ~ 750 pg/g and cover most of the MORB range (Kendrick et al.,
2012; Michael and Schilling, 1989). Among the samples from the
Investigator Ridge, low-K,0 glasses from station DR2 have the low-
est Cl contents of ~ 38 ng/g and marginally mantle-like K/Cl values
of ~ 13 and CI/Nb values of ~ 35 (Kendrick et al., 2012; Le Voyer
et al.,, 2015). Trace element-enriched samples DR10 and DR22 have
the highest Cl contents of 460-745 pg/g, very low K/Cl values
of ~ 3.1-5.6 and high CI/Nb values of ~ 43-65 indicating signifi-
cant assimilation of Cl-rich, K- and Nb-poor brine (Kendrick
et al., 2012; Le Voyer et al., 2015). Trace element-enriched DR1
glasses from the Outsider Seamount have relatively low Cl contents
of ~ 230 pg/g, the highest K/Cl value of ~ 38 and the lowest Cl/Nb
value of ~ 12 which corresponds to mantle values and even more
Cl-depleted compositions, such as a hypothetical highly CI-
depleted recycled crustal material (Kendrick et al., 2014; Stroncik
and Haase, 2004).

Sulphur contents in the glasses range between ~ 950 and
2,000 pg/g and strongly correlate with FeO (positively; R? = 0.95)
and MgO (negatively; R? = 0.98). The contents fall within the MORB
FeO-S array, indicate saturation with an immiscible sulfide phase
(Wallace and Carmichael, 1992) and no significant degassing
(Wallace and Edmonds, 2011), which is consistent with the erup-
tion depths of > 1500 mbsl estimated from the H,0-CO,
systematics.

3.3.3. Radiogenic isotopes

Seawater-rock interaction can significantly alter the Rb-Sr and
U-Th-Pb isotope systems in submarine whole rocks, while the
Sm-Nd and Lu-Hf schemes are considered inert. These secondary
effects are therefore summarized in the following and their impact
on the data set is evaluated before the results of the radiogenic iso-
tope analyses are presented. 87Sr/%5Sr in MORB type igneous rocks
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is easily affected by seawater, as seawater contains ~ 7 ng/g Sr rel-
ative to MORB type rocks (100 £ 50 pg/g Sr) and has significantly
more radiogenic 37Sr/®6Sr compositions than MORB. &7Sr/%Sr in
seawater evolved from ~ 0.707 to ~ 0.709 since the Mid-
Cretaceous (Jones and Jenkyns, 2001). The tight cluster of volcanic
samples (whole rock and glass) from the Investigator Ridge in the
initial Sr-Nd isotope plot (Fig. 5a) confirms the efficiency of our
applied acid-leaching procedures, as whole rock initial 87Sr/3¢Sr
ratios are similar to primary magmatic values in most samples.
Exceptions include a single volcanic whole rock sample (DR6-2)
and the majority of plutonic rocks that are offset to radiogenic ini-
tial 87Sr/®5Sr values at broadly similar initial '**Nd/!**Nd ratios,
which is consistent with the addition of seawater-derived Sr. The
U-Th-Pb systems can also be disturbed by secondary processes,
since U and Pb are mobile during low temperature and/or
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Fig. 5. Isotope correlation diagrams. (a) Initial 87Sr/®6Sr versus '43Nd/'**Nd
diagram. The volcanic whole rock and glass samples cluster within the Indian
MORSB field and lie within the depleted end of the CHRISP field. Some of the plutonic
samples have lower initial Nd ratios than the volcanic samples but most of them are
shifted to higher (87Sr/®6Sr); ratios, probably largely due to post-magmatic seawater
alteration effects. The Outsider Seamount samples display more enriched compo-
sitions than the Investigator Ridge volcanic rocks plotting at the enriched end of the
Indian MORSB field. (b) €Nd; versus €Hf; diagram showing that most of the volcanic
rocks from the Investigator Ridge approximately lie on the Hf-Nd mantle array
(dashed line), within the enriched part of the Indian MORB field and the depleted
part of the CHRISP field. The plutonic samples, however, are shifted to more
unradiogenic €Nd; values and therefore lie subparallel to the volcanic samples and
outside the Indian MORB field. The Outsider Seamount samples plot at the most
unradiogenic end of the Indian MORB field. Whole rock data from the Outsider
Seamount are from Hoernle et al. (2011a), data for the CHRISP from Falloon et al.
(2022), Hoernle et al. (2011a) and Taneja et al., 2016), for different lamproites and
kimberlites from Chakrabarti et al. (2007), Murphy et al. (2002), Korsch and Gulson
(1986), Nelson et al. (1986) and Fraser et al. (1985) and for Indian and Pacific MORB
from PetDB at http://www.earthchem.org/petdb. Analytical errors are smaller than
the symbol size.
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hydrothermal overprinting. In contrast, Th is generally considered
to be resistant to alteration (e.g., Jochum and Verma, 1996; Verma,
1992). Average Nd/Pb and Nb/U values from the Investigator Ridge
N- and E-MORB glasses are 15.8 + 1.3 and 46.0 * 2.3, respectively,
whereas the Outsider Seamount glasses display Nd/Pb values of
6.3 + 0.2 and Nb/U values of 32.4 + 0.2 (Table S5). The Investigator
Ridge whole rock samples processed for isotope analysis have an
average Nd/Pb value of 15.9 + 7.8 that is similar to the associated
glasses, but the larger variability indicates some degree of Pb mobi-
lization. Nb/U values from the whole rock samples are significantly
shifted to lower values of 26.8 + 16.8 (Investigator Ridge) and 23.7
(Outsider Seamount) compared to the respective glass rims. This
effect is attributed to variable U addition to the rock samples from
seawater during seafloor weathering. Over geological time scales,
elevated U/Pb can result in higher amounts of ingrown 2°Pb by
238 decay, while the ingrowth of 2°Pb is negligible in the age
range of these rocks because of the high present-day 23%U/?3°U
value of 137.88. Reasonably good correlations in initial uranogenic
(R? = 0.77) and thorogenic (R?> = 0.86) Pb isotope spaces for the
whole rocks and their overlap with associated glass (Fig. 6a, b) con-
firm that despite some secondary U addition and minor Pb mobi-
lization, the initial isotope data reflect magmatic values and that
U and Pb element mobility probably occurred shortly after the rock
formed.

Since the “°Ar/*°Ar ages from our Investigator Ridge samples
and from the literature data cover a large age range, we first calcu-
lated the initial isotopic compositions for our data using the mea-
sured parent/daughter ratios and the respective ages. We then
projected all the literature and Investigator Ridge data to a com-
mon age of 100 Ma using estimated source parent/daughter ratios
(Stracke et al., 2003; Willbold and Stracke, 2006; Workman and
Hart, 2005) in order to compare the isotope data at a common
source age. Measured and initial isotope data from this study are
reported in Table S7. On initial 2°°Pb/?°*Pb versus 2°%Pb/2°‘Pb
and 2°’Pb/2%4Pb diagrams, the volcanic whole rock and glass sam-
ples from the Investigator Ridge form a fairly continuous positive
array subparallel to the Northern Hemisphere Reference Line
(NHRL) and are generally more enriched than Pacific MORB but
lie within the Indian MORB field, excluding samples from the
Southwest Indian Ridge (SWIR) between 39° and 41°E (Fig. 6a
and b). The array extends from sample DR2-4 with (2°6Pb/2%4-
Pb); = 17.88 at the depleted end to sample DR9-1 with (2°6Pb/2%4-
Pb); = 18.72 at the enriched end. The samples with the most
unradiogenic and the most radiogenic Pb isotopes correspond to
the most incompatible-element depleted and enriched samples,
respectively. Similarly, the volcanic rocks display a horizontal array
overlapping with the Indian MORB field on the (2°°Pb/2%*Pb); ver-
sus (37Sr/®6Sr); diagram (Fig. 3a of Supplementary Data 1) and a
slight negative array on (2°Pb/?°Pb); versus (***Nd/'"**Nd); and
("7®Hf/177Hf); diagrams (Fig. 6¢ and Fig. 3b of Supplementary Data
1). The samples also overlap with some of the CHRISP samples on
the different isotope diagrams. However, on the (2°°Pb/?°Pb); ver-
sus (2°7Pb/2°4Pb); and the (2°6Pb/?°4Pb); versus (17®Hf/'7’Hf); dia-
grams, only the most enriched sample (DR9-1) overlaps with the
Cocos-Keeling Volcanic Province (CKP) field, the westernmost pro-
vince of the CHRISP.

Except for sample DR29-1, the Investigator Ridge plutonic sam-
ples generally have less radiogenic (2°°Pb/2%4Pb); than the associ-
ated volcanic samples. With decreasing (2°°Pb/?°Pb); values,
however, they do not continue the array formed by the volcanic
samples that follows the Indian MORB field. Instead, the plutonic
samples extend toward more radiogenic (2°®Pb/2%*Pb); and (*"-
Pb/?°*Pb); and less radiogenic ('**Nd/'#*Nd); than Indian MORB.
Specifically, they trend toward or overlap with the Eastern Whar-
ton Basin Province (EWP) and to a lesser extent with the Vening-
Meinesz Province (VMP) of the CHRISP (Fig. 6). Interestingly, in
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Fig. 6. Initial 2°°Pb/2%4Pb versus (a) 2°®Pb/204Pb, (b) 207Pb/2°*Pb and (c) "**Nd/'*4Nd
diagrams normalized to an age of 100 Ma (see text for details). In (a) and (b), the
volcanic whole rock and glass samples from the Investigator Ridge form continuous
positive arrays subparallel to the NHRL and plot within the Indian MORB field.
Similarly, the volcanic rocks form a slight negative array within the Indian MORB
field in (c). With one exception (DR29-1), the plutonic rocks plot at the depleted end
of these arrays and trend towards more unradiogenic (?°Pb/2°Pb); and ('4>Nd/!44-
Nd);, but at the same time towards more radiogenic (*°*Pb/2%*Pb); and (*°”Pb/2%Pb);
values in the direction of Gaussberg (Antarctica), Krishna (India) and West
Australian lamproites and overlap with Finsch kimberlites (S Africa). On a more
local scale, the Investigator Ridge intrusive rocks overlap with the upper volcanic
series (UVS) of Christmas Island in thorogenic Pb isotope space (a) and trend toward
the UVS in uranogenic Pb space (b). The samples from the Outsider Seamount are
similar to the Investigator Ridge volcanic samples in terms of initial Nd isotope
ratios but display distinctly higher (2°®Pb/2°*Pb); and (2°’Pb/?°*Pb); values similar to
the CHRISP samples. Data sources are the same as in Fig. 5. Analytical errors are
smaller than the symbol size.

Pb-Pb isotope space the plutonic samples overlap with (Fig. 6a) and
trend towards (Fig. 6b) the upper volcanic series (UVS) of Christ-
mas Island. In Nd-Hf isotope space, the plutonic rocks are roughly
correlated and stretch subparallel to but above the Indian MORB/
SWIR 39-41°E arrays, with a faint trend toward the UVS field
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(Fig. 5b). Sample DR29-1 differs from the other plutonic samples
and shows a higher (2°Pb/2%4Pb); value overlapping with the mod-
erately enriched volcanic rocks in all isotope diagrams.

The whole rock and glass samples from the Outsider Seamount
have initial 2°°Pb/?%4Pb, **Nd/'**Nd and '7®Hf/*””Hf values similar
to the moderately enriched Investigator Ridge samples but they
display distinctly higher initial 2°8Pb/2%*Pb, 2°”Pb/2°*Pb and &Sr/%¢-
Sr values that overlap with the CHRISP.

4. Discussion

4.1. Correlation of “°Ar/>’Ar ages with magnetic chron ages along the
Investigator Ridge

Our new “°Ar/3°Ar ages cover much of the geographical extent
of the Investigator Ridge from ~ 9-17°S and thus allow us to exam-
ine magmatic geochemistry with age. The geochronology shows a
clear spatial age progression from 100.0 to 83.0 Ma for stations
DR23, DR10 and DR6 with the samples becoming younger with
decreasing southern latitudes (R? = 0.91; Fig. 7a). Samples DR8-5
and DR29-1 clearly deviate from this age progressive trend, as they
are ~ 23 and 45 Ma younger than expected, respectively. There-
fore, they may belong to a later magmatic event, presumably the
CHRISP volcanism, which will be discussed in more detail in Sec-
tion 4.3. The observed age progression is consistent with the regio-
nal E-W strike of the magnetic lineation in this region and the
northward decrease of magnetic chron ages (Sclater and Fisher,
1974, Liu et al., 1983; Jacob et al., 2014). Therefore, it is likely that
the recovered rocks formed during seafloor spreading at the now
extinct and subducted WSC located north of the Investigator Ridge,
and that the Investigator Ridge belongs to a fracture zone (FZ)
related to a ridge transform fault of the WSC (Jacob et al.,, 2014;
Liu et al., 1983). This is further supported by the average half-
spreading rate of 36.4 mm/a calculated from our 100.0 to
83.0 Ma “°Ar/>°Ar ages, which mostly cover the Cretaceous Normal
Superchron (CNS; chron C34, ~121-84 Ma) — a time period in
which deduction of spreading rates by magnetic seafloor anoma-
lies is not possible. Our calculated half-spreading rate is only
slightly slower than that of 38.6-42.3 mm/a obtained for
the ~ 84-68 Ma interval inferred from chrons 34-31 on both sides
of the FZ (Fig. 7; Jacob et al., 2014). Consequently, our “°Ar/>°Ar
dating results should approximately match the corresponding
chron ages and potentially extend ground-truthed crustal ages
well into the CNS.

However, some difficulties arise when comparing the “°Ar/>°Ar
ages with the chron ages due to the tectonic complexity of the area.
First of all, the chrons west and east of the Investigator FZ are left-
laterally offset by ~ 800-900 km (~6-7 chrons) meaning that the
crust west of the FZ is around 15-20 Ma younger than the crust in
the east. It is therefore crucial to know from which side of the FZ
the dredged rocks originate in order to relate their “°Ar/>°Ar ages
to the correct crustal ages and to extrapolate ages for undated
rocks and sampling sites. Furthermore, the inferred age progres-
sion based on geochronology only applies if samples belong to
the same side of the FZ. During SO199, the rocks were generally
recovered along the steep west-facing slope of the Investigator
Ridge implying derivation from the crust on the western side of
the FZ, assuming that the FZ runs along the center of the ridge.
However, the ridge-like morphology of the Investigator FZ is coun-
terintuitive, since FZs form at the terminations of ridge transform
faults which are usually deep troughs that are merged to zero
age oceanic crust at the ridge-transform intersection (RTI) to
become a FZ (Grevemeyer et al, 2021 and references therein).
Therefore, FZs usually form troughs, although filling of the trans-
form fault trough by volcanism at the RTI can also occur
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Fig. 7. (a) Latitude °S versus “°Ar/>*°Ar age showing the age progression along the
Investigator Ridge resulting in an average half-spreading rate of 36.4 mm/a (black
solid and dashed line). Exceptions are samples DR8-5 (located in the central part of
the ridge) and DR29-1 (located in the south at the ridge-like structure west of the
ridge) with distinctly younger ages deviating from the trend. These two samples are
interpreted to have formed by later CHRISP volcanism, thus they were excluded from
the determination of the DR6 to DR23 regression line. Chron age trends for the
oceanic crust from west (compartment G) and east (compartment H) of the
Investigator FZ system (gray solid lines) are derived from the magnetic lineations
identified by Jacob et al. (2014; see Fig. 1b), using the time scale of Seton et al. (2012).
Since the chron ages south of C34 are unknown due to the Cretaceous Normal
Superchron, crustal ages can only be estimated by extrapolation of spreading rates.
The average half-spreading rates of 42.3 mmy/a in compartment G and 38.6 mm/a in
compartment H between chrons C34 and C31 (83.5-67.7 Ma) are fairly similar to the
36.4 mm/a trend derived from our “°Ar/*°Ar ages. Recalculated “°Ar/>°Ar ages from
the Outsider Seamount and the DR30 Jurassic sliver are from Hoernle et al. (2011a)
and Gibbons et al. (2012), respectively. The minimum age of the basaltic basement at
Site 212 is assumed to be 100 Ma (von der Borch et al., 1974; see text for details). The
26/95 % confidence “°Ar/*°Ar age errors are typically smaller than the symbol size,
otherwise error bars are shown. (b) Sketch illustrating the assumed offsets of crustal
ages within the Investigator FZ system based on the new “°Ar/>°Ar ages from this
study combined with the location and corresponding chron ages from Jacob et al.
(2014); see text for details. Half arrows indicate the direction of the spreading axis
offset. The assumed distances of the magnetic lineations younger than C30 are
derived from compartment F, located west of compartment G (Jacob et al., 2014), as
C29 and C28 are missing in compartment G due to a local ridge jump.
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(Grevemeyer et al. 2021). It is not yet possible to solve the com-
plexities of FZ formation for the distant geological past in the
absence of an active ridge transform fault as is the case here. For
now, we assume that the Investigator Ridge formed on one side
of the FZ rather than the FZ running through the center of the ridge.
In the northern part, however, the Investigator Ridge is subdivided
into two parallel ridges with a basin in-between (Fig. 2a) that could
possibly mark the trace of the FZ. Ridge-like structures, the so-
called (oceanic) transverse ridges (Bonatti, 1978), have been
observed along large offset FZs in the equatorial Atlantic Ocean
such as the Romanche, Vema, Kane and Chain FZs (e.g., Bonatti,
1978; Gasperini et al., 2017; Marjanovi¢ et al., 2020; Pockalny
et al., 1996). In the Indian Ocean, transverse ridges have so far only
been reported for the Owen FZ (Carlsberg Ridge) and the Atlantis II
FZ (SWIR; Bonatti, 1978; Dick et al., 1991; Muller et al., 2000).
Transverse ridges are defined as topographic highs that run parallel
to a FZ within a distance of 50 km, are usually less than 50 km wide
and have an asymmetric morphology with a steep FZ-facing wall
and a gentle slope on the opposite side. They can reach lengths
of 50 to 1000 km and mostly run along the older lithospheric block
but can also be present on both sides of a FZ (e.g., Bonatti, 1978;
Pockalny et al., 1996). The origin of such ridges is still controversial
but it is assumed that they form by tectonic uplift of upper mantle
and crustal blocks, presumably in conjunction with a global plate
reorientation and thus changes in spreading direction (e.g.,
Marjanovic et al., 2020; Pockalny et al., 1996). The Investigator
Ridge generally shares the characteristics of a transverse ridge,
and the recovery of a large variety of rock types from the upper
and lower crust and upper mantle exposed at the steep west-
facing slope of the ridge requires tectonic uplift. In conclusion,
the rocks sampled on the Investigator Ridge are considered to
broadly belong to the same vertical strip of oceanic crust and can
thus be correlated with each other.

S0199 bathymetric mapping provides some information about
the position of the FZ relative to the Investigator Ridge. The asym-
metric dip of its western and eastern slopes is typical for a trans-
verse ridge and implies that the Investigator FZ is located west of
the ridge. Additionally, the steep western slope shows signs of
recent tectonic activity, such as sparse sediment cover, relatively
thin oxidation/weathering rinds of the recovered rocks and the
absence of sessile invertebrates, indicating frequent movements
at the slope (Werner et al., 2009). Young deformation is supported
by faulted surface sediments, N-S oriented ravines and asymmetric
tops of seamounts adjacent to the ridge such as the Outsider Sea-
mount (Fig. 2d; Werner et al., 2009). Furthermore, seismic activity
with left-lateral strike-slip motion in the Wharton Basin is
recorded by recent intraplate earthquakes with magnitudes of up
to 8.6. One of them is located directly west of the central Investiga-
tor Ridge, implying reactivation of older seafloor fabrics related to
the development of a diffuse new plate boundary between the
western and eastern parts of the Indo-Australian plate (e.g.,
Deplus, 2001; Deplus et al., 1998; Duputel et al., 2012; Gordon
et al,, 1990; Lay et al., 2016). Since the current deformation occurs
along pre-existing tectonic structures, the Investigator FZ likely
runs along the steep west-facing slope of the ridge and thus the
recovered magmatic rocks originate from the eastern part of the
oceanic crust. Interestingly, the current deformation pattern is
left-lateral along N-S striking FZs that originate from right-lateral
transform faulting of the WSC, implying reversal of the shear sense.
We speculate that tectonic reactivation in this case requires exces-
sive force to overcome the paleo-fabrics and may contribute to the
recorded high-energy earthquakes (e.g., Duputel et al., 2012; Lay
et al., 2016).

When comparing our “°Ar/?>°Ar ages from the magmatic rocks
(excluding the two distinctly younger CHRISP-related samples
DR8-5 and DR29-1) with the chron ages on both sides of the Inves-
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tigator Ridge, it becomes clear that they do not fit the chron ages of
either side. Our “°Ar/*°Ar ages are systematically ~ 30 Ma older
than the corresponding chron ages on the western side (Fig. 1b
and 7a), clearly excluding their direct assignment to the available
magnetic lineations on this side. The problem, however, is that
our “°Ar/>°Ar ages from the Investigator Ridge are also ~ 11 Ma
older than the chron ages on the eastern side (Fig. 7b). A more
detailed consideration of the tectonic situation yet shows that
the identified magnetic lineations on both sides do not reach the
ridge. On the western side, they terminate ~ 30-50 km west of
the ridge, apparently along a second FZ running parallel to the
Investigator Ridge. Parts of this second FZ were observed as a
N-S striking bathymetric depression during cruise S0199
(Werner et al,, 2009). Interestingly, Liu et al. (1983) mark the
course of the Investigator FZ as a combination of the course of
the Investigator Ridge (in the north) and the second FZ (in the
south) in their Fig. 2, treating the two FZs as a single FZ. At first
glance, it thus seems that the magnetic lineations to the west
defined by Liu et al. (1983) reach the Investigator Ridge, which
illustrates that the structure of the Investigator FZ could not be
fully explored in detail at that time. More recently, Jacob et al.
(2014) presented an updated tectonic map of fracture zones and
magnetic lineations in the Wharton Basin and describe the Investi-
gator FZ as having multiple FZs; the only such in the Wharton
Basin besides a number of single and double FZs. Their findings
highlight the complexity of this tectonic system containing at least
three subparallel N-S striking FZs, with the Investigator Ridge itself
being only one part of this system. Unfortunately, no magnetic
lineations within the narrow strips of oceanic crust between the
individual FZs of the Investigator FZ system have been identified
so far and therefore, the chrons immediately west of the Investiga-
tor Ridge are currently unknown. The same applies to the oceanic
crust directly east of the ridge, since the available magnetic lin-
eations seem to end at another FZ in the east (Fig. 1b; Jacob
et al., 2014). An additional uncertainty on this side arises from
the fact that south of ~ 12°S, the crust formed during the CNS.
Therefore, crustal ages can only be extrapolated assuming roughly
stable spreading rates. Furthermore, at least one fossil spreading
ridge (at about 11°S) is presumably embedded in the crust east
of the Investigator Ridge suggesting one or more local ridge jumps,
thus making the tectonic reconstruction even more complicated.
The unknown ages of the narrow oceanic crust segments
directly west and east of the Investigator Ridge prevent a precise
determination of the lateral displacements along the different fault
zones of the Investigator FZ system. In addition, the displacements
cannot be inferred from the segmentation of the fossil WSC either,
since this part is already subducted at the Sunda Trench. However,
our new “°Ar/?°Ar ages from the ridge allow the addition of some
constraints. As part of the oceanic crust directly east of the ridge,
the “°Ar/*°Ar ages reflect the age of this crust segment between
two Investigator FZs. Relative to the crust with identified chrons
in the west, referred to as compartment G by Jacob et al. (2014;
Fig. 7b), there must be a left-lateral offset of the WSC axis of ca.
1,200-1,300 km to account for the age difference of ~ 30 Ma across
the FZ. It is, however, likely that the narrow strip between com-
partment G and the Investigator Ridge is also offset, and Leg 22 Site
212 drilled at the southern end of the ridge may give an indication
of the extent of this offset. According to the locations of the FZs
from Jacob et al. (2014), Site 212 was drilled east of the FZ running
along the Investigator Ridge (Fig. 1b). However, since the ridge
bends toward a more NNW-SSE direction in its southern part, we
propose that the trace of the FZ is imprecisely defined and is
shifted more towards the east, therefore Site 212 is actually located
on oceanic crust between the ridge and compartment G (Fig. 7b).
Although the drilled basaltic basement at Site 212 has not been
dated, a minimum age of 100 Ma is assumed based on the
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extrapolated age of the overlying sediment, which gives an age
range of 85-110 Ma (inferred from assumed sedimentation rates)
with a mean age close to 100 Ma at the contact with the basement
(von der Borch et al., 1974). Site 212 is aligned with crust that
is ~ 18 Ma younger to the west (compartment G) and it should
be aligned with crust that is ~ 16 Ma older to the east (Investigator
Ridge), since it is situated ~ 600 km to the south of the location of
DR23 with a similar age (100.0 2.0 Ma; 95 % conf.; Fig. 7b). There-
fore, nearly half of the total left-lateral ridge offset seems to have
taken place along the FZ that runs directly west of the Investigator
Ridge. In contrast, on the opposite side, east of the Investigator
Ridge, we suggest a right-lateral offset of the paleo WSC axis rela-
tive to the crust segment with known chrons further east, referred
to as compartment H by Jacob et al. (2014; Fig. 7b). Although solely
left-lateral displacements of chron ages have been observed at FZs
in the Eastern Indian Ocean east of the Ninetyeast Ridge so far, a
right-lateral offset of about 450 km would explain our Investigator
Ridge “°Ar/>°Ar ages being ~ 11 Ma older than the corresponding
oceanic crust of compartment H. We cannot, however, constrain
whether an additional crust segment exists between this ridge
strip and compartment H as indicated by Jacob et al. (2014) and
if so, how it is displaced relative to these segments.

The two literature “°Ar/>°Ar ages from the Investigator Ridge
using SO199 samples relate to the WSC history as follows. Sample
DR1-10 from the Outsider Seamount (Hoernle et al. 2011a),
located ~ 80 km west of the Investigator Ridge, has a recalculated
age of 54.32 + 0.32 Ma and the seamount is situated near chron
C24r oceanic crust (53.3 Ma; Seton et al., 2012). The 54.3 Ma age
also lies on the regression line of the chron ages located west of
the Investigator Ridge (compartment G) between chrons 31 and
24 (Fig. 7a). Therefore, the Outsider Seamount apparently formed
as a near-ridge seamount at or near the WSC. Glass sample DR30
was recovered from one of the plateau-like structures directly west
of the southern part of the Investigator Ridge and is located imme-
diately west of the FZ running along the western base of the Inves-
tigator Ridge. However, the Late Jurassic recalculated “°Ar/*Ar age
of 155.6 = 3.4 Ma (Gibbons et al.,, 2012) is distinctly older than
expected crustal ages in this area. Based on our considerations dis-
cussed above, the crustal age at this location should either range
from ~ 75 Ma (the chron age west of the strip) to ~ 110 Ma (ex-
trapolated from our “°Ar/°Ar ages from the Investigator Ridge;
see dark red vertical dashed line in Fig. 7a), or it should
be ~ 93 Ma (extrapolated from the ~ 100 Ma basement age of Site
212 and using a half-spreading rate of ~ 40 mm/a). Thus, the
155.6 Ma DR30 “°Ar/3°Ar age does not fit any of the age progressive
trends in the region. This supports the conclusion of Gibbons et al.
(2012), based on their tectonic reconstructions, that glass sample
DR30 cannot have formed in the framework of the creation of
the Investigator FZ and the surrounding oceanic crust. Instead, they
suggest that it belongs to a tectonic sliver (the plateau-like struc-
ture) formed at the Argo spreading ridge, which initially separated
Argoland north of East Gondwana from Australia and Greater
India ~ 155 Ma ago and was transferred to its present-day location
after several spreading reorganizations and ridge jumps.

4.2. Geochemical characteristics of the Investigator Ridge

As shown in Figs. 3 to 6, igneous rocks from the Investigator
Ridge display a large compositional range in terms of trace ele-
ments and radiogenic isotope ratios. Considering their formation
at a mid-ocean spreading center, tholeiitic MORB type
compositions reflecting large degrees of melting are expected.
The substantial geochemical variability ranging from element-
depleted N-MORB to more enriched E-MORB tholeiites and sparse
transitional alkaline to alkaline basalts, however, implies variably
enriched source materials and extents of melting. The low
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TiO,/Yb ratios within the MORB array and flat HREE patterns of
most samples indicate shallow melting consistent with formation
at a spreading center, except for the three most enriched samples
(DR8-1, DR8-5 and DR9-1) pointing to a slightly deeper and shorter
melt interval (Figs. 3 and 4). In the following, we will further inves-
tigate the processes that led to these geochemical characteristics.

Initial radiogenic isotope compositions of the Investigator Ridge
igneous rocks provide information about the paleo-composition
and evolution of the Indian oceanic mantle in this region. On var-
ious isotope correlation diagrams, the samples lie within the Indian
MORSB field at 100 Ma (Figs. 5, 6 and Fig. 3 of Supplementary Data
1) and mirror the DUPAL-like compositions of typical Indian (and
South Atlantic) MORB magmas. In general, they are isotopically
more enriched than North Atlantic and Pacific MORBs with higher
207pp204pp, 208ph [204ph, 8751 /865t and lower *3Nd/!#*Nd at a given
206py204ph, Similar to the Indian MORB field, the samples form an
array between components with high and low 2°6Pb/2°4Pb ratios.
The component with radiogenic 2°°Pb/2%*Pb ratios may be repre-
sented by a moderately HIMU-like component, such as the com-
mon “C” or “FOZO” (Focal Zone) type components. The “C”
component, defined by Hanan and Graham (1996), and FOZO, orig-
inally defined by Hart et al. (1992) and Hauri et al. (1994) and rede-
fined by Stracke et al. (2005), are very similar and are assumed to
represent a large part of the lower mantle containing young
(~300-2000 Ma) recycled oceanic crust, which is sampled by both
MORBs and OIBs. At low 2°6Pb/2%4Pb ratios, the volcanic samples
from the Investigator Ridge and Indian (and South Atlantic) MORBs
in general require both an enriched (enriched mantle one (EMI)
type) and a depleted (DM) endmember unlike North Atlantic and
Pacific MORBs that only require a DM type component. Therefore,
the volcanic samples recovered at the Investigator Ridge represent
typical Indian upper mantle compositions, and our data show that
the Indian upper mantle has preserved this specific isotopic com-
position since at least ~ 100 Ma ago.

The Investigator Ridge plutonic rocks, in contrast, have isotopic
compositions different from those of the volcanic rocks, even when
compared with volcanic rocks from the same dredge site. The plu-
tonic samples trend toward an enriched component that is charac-
terized by more radiogenic 2°8Pb/2%4Pb, 297Pb/?°‘Pb and less
radiogenic Nd isotope ratios (Fig. 6 and Fig. 3 of Supplementary
Data 1). Therefore, a further enriched component in addition to
those involved in the volcanic rocks is required. But what kind of
source is responsible for this enriched isotopic flavor and why is
it only observed in the plutonic rocks?

A closer inspection of isotopic compositions in the nearby
CHRISP may help to constrain this additional enriched source com-
ponent. The CHRISP compositions overlap with those of the Inves-
tigator Ridge in most of the radiogenic isotope correlation
diagrams, spanning a large range between low and high 2°6Pb/2%4-
Pb. Vitally, however, the CHRISP samples also extend to more
radiogenic initial 2°Pb/2%*Pb, 297Pb/2°*Pb and ®7Sr/%®Sr and less
radiogenic '*>Nd/'#*Nd and '7®Hf/'”’Hf similar to the plutonic
rocks from the Investigator Ridge and trend towards or overlap
with various lamproites and kimberlites from Australia, Antarctica,
India and South Africa (Figs. 5, 6 and Fig. 3 of Supplementary Data
1). Hoernle et al. (2011a) proposed that the CHRISP formed through
decompression melting of delaminated subcontinental litho-
spheric mantle (SCLM) that contains components similar to lam-
proites from Australia and India which derive from
metasomatized continental lithospheric mantle and is mixed with
MORB material at or near a mid-ocean ridge. Since the CHRISP
formed shortly after breakup of East Gondwana, it is feasible that
continental material delaminated during breakup and was
entrained in the upper mantle. Therefore, such shallow recycling
of SCLM material could also account for the compositions of the
Investigator Ridge samples. In particular, the low proportions of
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the SCLM signal recorded in the plutonic samples are intriguing
as they formed at or near the spreading center where the upper
mantle MORB signal dominates. It can only be hypothesized why
this signature is more prominent in the plutonic samples. It is con-
ceivable that off-axis low degrees of melts preferentially tapped
the enriched and likely more fusible SCLM source material and that
such melts could have intruded young, off-axis crust and thereby
preserved the SCLM flavor, whereas this flavor was diluted by
the longer melt column beneath the ridge axis and thus is not
recorded in the WSC volcanics.

4.3. Investigator Ridge igneous record: Its relation to CHRISP and the
Indian MORB source

Since the Investigator FZ and the CHRISP are closely located to
each other and their igneous rocks display similar geochemical
characteristics, we will now evaluate the formation of these struc-
tures in a common tectonic framework, using available “°Ar/>°Ar
ages and tectonic reconstructions. Hoernle et al. (2011a) divided
the CHRISP into four different volcanic sub-provinces with
decreasing ages from east to west: the Argo Basin Province (AP)
with a recalculated “°Ar/*°Ar age of 138.4 Ma, the Eastern Wharton
Basin Province (EWP) being 117.8-95.8 Ma old, the Vening-
Meinesz Province (VMP) 97.2-64.5 Ma old and the Cocos-Keeling
Province (CKP) 57.0-47.5 Ma old (Fig. 1a). Christmas Island located
in the north of the eastern VMP is considerably younger than the
VMP. The island comprises two volcanic phases, the Eocene Lower
Volcanic Series (LVS; 44.3-37.6 Ma) and the Pliocene rejuvenated
Upper Volcanic Series (UVS; recalculated to 5.1-3.1 Ma; Falloon
et al., 2022; Hoernle et al., 2011a). The western portion of the
CHRISP crosses the Investigator Ridge and VMP and CKP volcanism
took place near the already existing Investigator Ridge (Figs. 1 and
7b). As discussed in Section 4.1, our new “°Ar/*°Ar ages show an
age progression along the Investigator Ridge, except for samples
DR8-5 and DR29-1 that are ~ 23-29 Ma younger than expected
according to their location on oceanic crust generated by mid-
ocean ridge spreading (Fig. 7a and b). Instead, our “°Ar/>*°Ar ages
of 65.5 and 64.1 Ma are similar to the youngest VMP seamounts
in the vicinity of the ridge (VMP age range is recalculated to
72.8-64.5 Ma) and are only slightly older than the recalculated
57.0-47.5 Ma range of CKP seamounts (Hoernle et al., 2011a).
Therefore, it is likely that samples DR8-5 and DR29-1 are part of
the CHRISP volcanism rather than of the Investigator Ridge and
formed after construction of the Investigator FZ and associated
ridge. This indicates that the CHRISP volcanism also occurred
across this tectonic structure and between the VMP and CKP sub-
provinces. The affiliation of the two young Investigator Ridge sam-
ples to the CHRISP volcanism is further supported by their geo-
chemistry. The CHRISP samples generally display more enriched
compositions than those from the Investigator Ridge, except for
these two samples plus samples DR8-1 (from the same dredge as
dated sample DR8-5) and DR9-1 (recovered slightly further south),
which fall within the CHRISP field on multielement diagrams and
on various diagrams of incompatible element ratios and trend
towards OIB compositions (Figs. 3 and 4). Although the two latter
samples could not be dated, it is possible that they have similarly
young ages as samples DR8-5 and DR29-1, and these four enriched
samples can presumably be regarded as part of the CHRISP. Fur-
thermore, the 54.3 Ma old Outsider Seamount has comparable geo-
chemical compositions and likely also formed in the framework of
the CHRISP volcanic event.

The various radiogenic isotope plots (Figs. 5, 6 and Fig. 3 of Sup-
plementary Data 1) reveal that the sub-provinces of the CHRISP
differ in their isotopic compositions. Whereas the AP, the oldest
province in the east, shows more depleted compositions and lar-
gely overlaps with the Indian MORB field, the EWP west of the
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AP has more enriched compositions and extends towards the
enriched SCLM component and Krishna lamproites. The field for
the more westerly and younger VMP partly overlaps with that of
the EWP but extends to more radiogenic (°°Pb/2°*Pb); values
and at the same time more in the direction of W Australian and
Gaussberg lamproites that display very high (2°7Pb/2%4Pb); ratios.
In contrast, the youngest portions of the CHRISP, the CKP and the
Christmas Island LVS, show fairly high (2°°Pb/2%*Pb); ratios and
overall higher Nd and Hf but lower Sr isotope ratios than the
EWP and VMP and plot near common “C” or “FOZ0O” compositions
in all diagrams (Figs. 5, 6 and Fig. 3 of Supplementary Data 1). This
implies that the composition of the source region in the CHRISP
area changed with time, which may also be the case for spreading
center volcanism recorded at the Investigator Ridge. In fact, a com-
bination of geochemical and age data reveals good linear correla-
tions of the “°Ar/*°Ar ages with incompatible trace element
ratios, such as (La/Sm)y (R? = 0.79 or 0.92 when excluding subvol-
canic sample DR6-2; Fig. 8a), (Sm/Yb)y (Fig. 8b) and (La/Yb)y
(R? = 0.42 and 0.78, respectively; and excluding DR6-2 improves
the R? value to 0.92 and 0.94, respectively). The “°Ar/*°Ar data also
show good correlations with (La/Nd)y, (Nb/Ta)y and Nb/Y (R? = 0.
82-0.83), (La/Ce)n (R? = 0.78), (Nb/Zr)y (R® = 0.63) and (Nb, Th,
TiO,)/Yb (R? = 0.47-0.84), showing higher ratios and thus more
enriched compositions with decreasing ages. Such systematic vari-
ations with age can also be observed for initial 2°°Pb/?°Pb ratios
(R? = 0.57; excluding DR6-2: R? = 0.93; Fig. 8c) and 2°®Pb/2%*Pb
(R? = 0.66; excluding DR6-2: R? = 0.81; Fig. 8d) and to a lesser
extent for Hf isotopes (R?> = 0. 61), but no systematic variations
with age are observed for 2°7Pb/2°“Pb, Nd and Sr isotope data
(not shown). As demonstrated in Fig. 8, samples from the CHRISP
sub-provinces yield comparable correlations, although they are
only very weak in terms of (La/Sm)y, and the CHRISP samples gen-
erally have more enriched trace element compositions. However,
their (2°°Pb/2°*Pb); and (2°®Pb/2°*Pb); isotopic compositions over-
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lap with those from the Investigator Ridge and they show a similar
increase in ratios with decreasing ages and thus from the oldest
province in the Argo Basin (AP) in the east, westwards to EWP
and the VMP, and finally toward the youngest CKP and the Christ-
mas Island LVS.

These observations have implications for the formation history
of the Investigator Ridge and CHRISP and for the characterization of
the Indian Mantle Domain in this region. Combining the geochem-
ical characteristics with the tectonic reconstructions for the East-
ern Indian Ocean, the evolution of the Investigator Ridge and the
CHRISP can be linked, as they formed in proximity of the same
spreading system, namely the WSC, and physically tapped the
same mantle region. The oldest dated samples from the Investiga-
tor Ridge (100.0-93.5 Ma) formed contemporaneously with the
EWP (117.8-95.8 Ma) and with the oldest part of the VMP (97.2-
83.4 Ma), and they overlap in radiogenic isotope compositions with
these two provinces (Fig. 9a and b). The 83.0 Ma old Investigator
Ridge sample also formed during emplacement of the older VMP
(Fig. 9b) and has similar (?°®Pb/2%4Pb); ratios but is shifted towards
higher (2°°Pb/?°Pb);. The two youngest (65.5-64.1 Ma) samples
found on/near the Investigator Ridge overlap with the younger part
of the VMP (72.8-64.5 Ma) both in terms of ages and geochemical
compositions, thus supporting the assumption that they can be
regarded as part of the CHRISP volcanism (Fig. 9c). The fact that
these two samples, although belonging to the CHRISP, form good
correlations with the samples clearly belonging to the Investigator
Ridge confirms that the ridge and the CHRISP share the same for-
mation history. The differences in trace element compositions with
the CHRISP rocks being more enriched may be attributed to the
Investigator Ridge samples having formed directly at the ridge axis
with high degrees of melting resulting from long melt columns. In
contrast, the CHRISP volcanism occurred at some distance from the
spreading ridge (although still in the vicinity), and is up to 25 Ma
younger than the underlying oceanic crust (Hoernle et al.,
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Fig. 8. “°Ar/>°Ar age in million years versus (a) (La/Sm)y, (b) (Sm/Yb)y, (c) (2°Pb/?°4Pb); and (d) (2°®Pb/?°*Pb); diagrams. The samples from the Investigator Ridge including the
Outsider Seamount show moderate to good linear correlations (R? = 0.42-0.79) with increasing incompatible element and Pb isotope ratios and thus more enriched
compositions from older to younger samples. Excluding subvolcanic sample DR6-2, which slightly deviates from the trend by showing more depleted trace element and more
enriched isotope characteristics, the R? increases to 0.81-0.93. The CHRISP samples also display a slight increase in (La/Sm)y and (Sm/Yb)y ratios with decreasing ages (a + b)
but generally have more enriched compositions than the Investigator Ridge samples. It must be noted, however, that the correlation coefficient for (La/Sm)y is very low
(R? = 0.14), whereas it improves for (Sm/Yb)y with R? = 0.67 (including Christmas Island UVS). A pronounced linear correlation is observed for Pb isotope ratios of the CHRISP
samples (c + d) with R? = 0.64 for (2°°Pb/2°4Pb); and 0.44 for (°®Pb/?**Pb);, and the values overlap with those of the Investigator Ridge samples in the respective age ranges.
Christmas Island UVS is excluded from correlations in isotope space as it represents rejuvenated petit-spot volcanism involving a purer signal of the recycled SCLM

component. Data sources are the same as in the previous figures.
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2011a), thus leading to lower overall degrees of melting as a con-
sequence of shorter melt columns under a thicker lithosphere.
The generally more depleted 2°%Pb/2°*Pb and 2°7Pb/?°*Pb and Nd
and Hf isotope ratios of the Investigator Ridge samples compared
to the CHRISP and their large overlap with the Indian MORB field
could be explained by melting of higher proportions of depleted
upper mantle material and dilution of the enriched component(s).
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The correlation of isotope ratios with the “°Ar/>*°Ar ages sug-
gests systematic compositional changes of the mantle source
region with time and therefore a temporal geochemical evolution
of the Indian Mantle Domain in the Eastern Indian Ocean, docu-
mented by the CHRISP and Investigator Ridge magmatism over a
large time span between 138.4 Ma (and thus shortly after breakup
of Gondwana) and 47.5 Ma. The mantle domain continuously
evolved from being more depleted in terms of incompatible trace
elements and with low 2°Pb/2%4Pb ratios to more enriched in
terms of incompatible trace elements with high 2°°Pb/2%4Pb ratios
that contain higher proportions of a “C” or “FOZ0O” component but
lower proportions of the SCLM material. The large range in 2%%-
Pb/2°4Pb, 297Pb/2%4Pb, Nd, Hf and Sr isotope ratios, especially
observed in the CHRISP provinces, implies that the SCLM material
was present in the Indian upper mantle in varying portions leading
to variable mixing with the surrounding upper mantle material
and heterogeneities in the Indian Mantle Domain. Interestingly,
the plutonic samples from the Investigator Ridge overlap with or
trend toward the Pliocene rocks from Christmas Island (UVS) on
initial 2°°Pb/2%*Pb versus 2°Pb/2%*Pb and 2°7Pb/?°*Pb diagrams
and in Nd-Hf isotope space (Fig. 5b and 6a-b). This 5.1-3.1 Ma
old magmatism represents a rejuvenated volcanic phase on the
island and does not fit into the general trend of an increasing pro-
portion of an enriched “C” or “FOZO” component in younger rocks.
Instead, the melts from the UVS seem to have tapped parts of the
mantle that preserved a higher portion of recycled SCLM material,
otherwise mainly found in the older (~100 Ma) CHRISP rocks,
showing that this material is still present in the Indian upper man-
tle and can be occasionally sampled (Hoernle et al., 2011a). Fur-
thermore, on the €Nd; versus €Hf; diagram where the
Investigator Ridge plutonic samples plot subparallel to the volcanic
samples and the fields for the CHRISP sub-provinces including the
Christmas Island LVS, they extend in the direction of the UVS sam-
ples that also deviate from the general trend of the CHRISP pro-
vinces, clearly plotting above both the Hf-Nd mantle array and
the SWIR 39-41°S field (Fig. 5b). Therefore, both the Investigator
Ridge plutonic and the UVS samples seem to be derived from a
source with slightly more radiogenic Hf isotope compositions than
the source containing SCLM material, which is preserved in the
sampled rocks from the CHRISP and Investigator Ridge area. This
observation further demonstrates that small-scale heterogeneities
are present within the Indian upper mantle both geographically
and temporally.

5. Conclusions

1) New “°Ar/*°Ar ages of magmatic rocks from the Investigator
Ridge decrease from 100.0 Ma to 83.0 Ma northward along the
ridge, consistent with their formation at the WSC. The radiometric

<

Fig. 9. Simplified illustration of the formation history of the Investigator Ridge and
the CHRISP volcanic sub-provinces between 100 Ma and 50 Ma. (a) The ~ 100 Ma
old part of the Investigator Ridge (sample DR23) formed at the WSCtcontempo-
raneously to the EWP. (b) At ~ 85 Ma ago, the rocks from DR6 formed at the
spreading center, when the older part of the VMP was emplaced near the WSC.
Samples from DR10 formed ~ 9 Ma earlier, when the youngest part of the EWP was
emplaced and the earliest volcanic activity of the VMP started. (¢) At ~ 50 Ma,
CHRISP volcanism had already passed over the Investigator FZ system, including the
emplacement of the younger VMP and DR8 and DR29 samples on and in the vicinity
of the Investigator Ridge along with the first activity of the CKP and formation of the
near-ridge Outsider Seamount. The colors of the denotation of the Investigator
Ridge samples indicate their geochemical and geochronological similarity to the
respective CHRISP sub-provinces (green = EWP, orange = VMP). The symbols for the
dredge locations are the same as in the previous figures.
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ages cover nearly half the duration of the Cretaceous Magnetic
Quiet Zone and ground truth that the WSC became active
significantly earlier than constrained by magnetic chrons thus far
(C34; ~84 Ma Jacob et al., 2014; Liu et al., 1983). The Investigator
Ridge represents a transverse ridge located directly east of one of
several large FZs that make up the complex Investigator FZ system.
The Investigator Ridge likely formed by tectonic uplift of crustal
and upper mantle blocks in the framework of major plate reorgani-
zations in the Eastern Indian Ocean and is possibly supported by
current intraplate deformation along the N-S striking FZ fabrics.

2) Our new “°Ar/*°Ar ages provide new insights into the crustal
ages and displacements within the Investigator FZ because mag-
netic lineations have not been identified so far within the narrow
strips between the individual fault zones. The new ages indicate
that, in contrast to the so far exclusively observed left-lateral
spreading axis offsets in the Wharton Basin, a large right-lateral
offset of ~ 450 km could exist between the Investigator Ridge
and the eastward lying crust of compartment H. Such dextral
offsets could account for the ~ 11 Ma age difference between our
“OAr/*°Ar ages and compartment H chrons. To the west,
a ~ 1,200-1,300 km left-lateral ridge axis offset is required to cor-
relate the chrons and is several hundred kilometers longer than
previously estimated. About half of the offset most likely was com-
pensated by a second FZ~30-50 km to the west of the Investigator
Ridge. A few younger samples deviate from the observed age pro-
gressive trend and are geochemically more enriched than the
Investigator Ridge MORB type rocks. They appear to be related to
the CHRISP volcanism, which occurred at 72.8-47.5 Ma in the
vicinity of the Investigator FZ and crossed the FZ in an E-W
direction.

3) The radiogenic isotope compositions of the volcanic rocks
from the Investigator Ridge display DUPAL-like compositions, sim-
ilar to present-day Indian MORB. Isotope correlations imply mixing
of an enriched common “C” or “FOZO” type component and a
depleted DM type component admixed with an EMI type compo-
nent. The Investigator Ridge plutonic rocks deviate from these mix-
ing relations and require an additional component similar to
recycled SCLM material proposed for the CHRISP. The restriction
of SCLM isotopic flavors to intrusions could reflect smaller degrees
of melting along an off-axis melt column. Correlations of our new
40Ar/*9Ar ages with trace element and radiogenic isotope composi-
tions for the Investigator Ridge and CHRISP samples suggest a rel-
atively continuous evolution of the regional mantle. Compositions
with low 2%6Pb/2%4Pb but more enriched 2°8Pb/2%4Pb, 2°7Pb/2%4Pb,
Nd, Hf and Sr isotope flavors are observed for the ~ 120-90 Ma
interval and changed to compositions dominated by a common
“C” or “FOZO” component with high 2°°Pb/2%4Pb ratios ~ 40-50 M
a ago.
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