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I Cenozoic history of the Australian Monsoon

Stephen J. Gallagher, Vera A. Korasidis, Gerald Auer, David De Vleeschouwer, Jeroen Groeneveld and Beth
Christensen

Keywords: Paleomonsoon, Pseudo-Monsoon, Quasi-Monsoon, Cenozoic, Quaternary, Proxies

The Australian monsoon is part of the global mon-
soon and often included as a component of the Asian
Monsoon system although they operate out of phase.
Due to their hemispheric positions, the dry (wet) Aus-
tralian winter (summer) monsoon coincides with the wet
summer Asian monsoon and vice versa. The Australian
monsoon controls rainfall distribution in northern tropical
Australia where over 80% of the median annular rainfall
occurs from December to March, the summer wet sea-
son. Three types of the Australian monsoon are distin-
guished based on distinct atmospheric circulation and
heating patterns: a northwest Pseudo-Monsoon, a north-
east Quasi-Monsoon and an Australian Monsoon (sensu
stricto) north of Australia. While the modern climatology
of the Australian monsoon has been extensively docu-
mented, its paleohistory is poorly constrained, especially
in Australia’s continental interior where harsh arid climatic conditions have degraded almost all physical evidence
of monsoonal activity. However, reassessment of northern and central Australian terrestrial and marine sequences
reveals a fairly robust Cenozoic history of this monsoon, especially for the Neogene, which we synthesize for the first
time here. Evidence for a Paleogene Australian paleomonsoon is equivocal due to the small number of sites, their lim-
ited age control, and the poor preservation of flora with ambiguous affinities. Modeling and tectonic evidence suggest
the northern part of the Australian Plate migrated to the (sub)tropical region (north of 30°S) creating “modern” boundary
conditions for monsoonal onset by ~10 Ma. Cores off northwest Australia reveal arid late Miocene and humid Pliocene
conditions were followed by the Pseudo-Monsoon at ~3.5 Ma when northern hemisphere glacial expansion “forced”
the ITCZ (Inter Tropical Convergent Zone) south. Subsequently, variable humid and arid periods typify Quaternary
high-amplitude glacio-eustatic cycles until ~1 Ma, when arid conditions expanded across Australia. Glacial/interglacial
cyclicity and obliquity/precession insolation during terminations modulated Pseudo-Monsoon intensity when the ITCZ
migrated northward (during glacial) and southward (during interglacial periods) from ~1 Ma to present. From ~1.6 to 1
Ma, precession paced Pseudo-Monsoon variability. Mega-lake expansion in central Australia and fluvial intensification
generally correspond to wetter interglacial periods. Lake Eyre monsoonal shorelines may have been influenced by
abrupt millennial events. Monsoonal conditions re-established near the base of Holocene as the ITCZ migrated across
northern Australia. The Australian Monsoon (sensu stricto) and Quasi-Monsoon (a) initiated from 12.5 to 11 ka; (b)
intensifying from 9 to 2 ka; then (c) weakened, possibly due to the onset of ENSO intensification. The Pseudo-Mon-
soon was established at ~14.5 ka off northwest Australia intensifying from 11.5 to 7 ka. It weakened after ~7 ka north
of 15°S and ~5 ka to the south. In the absence of a topographic influence, insolation (precession/obliquity), abrupt
millennial events and/or ITCZ variability across northern Australia were important controls on Quaternary Australian
monsoon intensity. Further investigations of deeper time pre-Quaternary records off northwest and northeast Australia
will reveal the paleohistory of this important domain of the Global Monsoon.
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I Rheower mantle: a review

Shun-ichiro Karato, Jennifer Girard, Heechen E. Cho

We review our current understanding of the rheological prop-
erties of the lower mantle based both on materials science and
geophysics points of view. We assume a simple model of the
lower mantle that is made of only two minerals: bridgmanite (Br)
(Mg,Fe)SiO3 and ferropericlase (Fp) (Mg,Fe)O, and address

a question of (i) which mineral is weaker (lower viscosity),

2890 km

(il) how does lower mantle viscosity change with depth and

upper mantle lower mantle

location, and (iii) discuss implications for shear localization. ek

We first review plausible mechanisms of deformation based
on the deformation mechanism map on the normalized stress olivine o
and temperature space. We conclude that likely mechanism of

deformation in the lower mantle is either diffusion creep or power-law dislocation creep. Based on this review, we discuss recently proposed
models by Cordier and his group (Cordier in Nature 481:177—181, 2012; Cordier in Nature 613:303-306 , 2023) where either asthermal creep
(i.e., low-temperature plasticity) or pure climb creep (not power-law dislocation creep) would play an important role. We conclude that these
models are not acceptable because (1) many aspects of their models are incompatible with experimental observations and theoretical models
of deformation of most materials including oxides and metals and (2) these models are not consistent with the distribution of seismic anisotropy.
Hence, we focus on power-law dislocation creep and diffusion creep. We review previously published results on deformation (by dislocation
creep) and diffusion, we conclude that Fp is weaker than Br. The radial (depth) depth and lateral variation of viscosity is discussed based on
the estimated activation volume and estimated variation of grain-size. Geophysical studies suggest only modest depth variation of viscosity
that demands relatively small activation volume (V* (<3 x 10-6 m3/mol)). Plausible models to explain small activation volume are discussed
including the role of extrinsic diffusion. Grain-size also controls viscosity if deformation is by diffusion creep. Okamoto and Hiraga (J Geophys
Res, 2024. 10.1029/2023JB027803), Solomatov et al. (Phys Earth Planet Inter 129:265-282, 2002) estimated the grain-size evolution in the
lower mantle based on the kinetics of grain-growth and the role of a phase transformation. In contrast, there are other papers (e.g., Paul et
al. in Prog Earth Planet Sci 11:64, 2024; Rozel in Geochem Geophys Geosyst, 2012. 10.1029/2012GC004282) where grain-size distribution
is estimated assuming that grain-size is controlled by dynamic recrystallization. The validity of assumption is questionable because dynamic
recrystallization occurs due to deformation by dislocation creep but not by diffusion creep and the absence of seismic anisotropy indicates
that diffusion creep dominates in most of the lower mantle. Finally, we review the published models of shear localization that would explain
the long-term preservation of geochemical reservoirs in the lower mantle. Accepting that two minerals (Fp and Br) in the lower mantle have
largely different viscosity, Ballmer et al. (Nat Geosci 10:236-240, 2017) proposed that the presence of regions of compositional difference
(difference in Fp/Br ratio) leads to localized deformation (deformation mainly in the weaker regions). However, in addition to the ad hoc nature
of this model, there is no strong evidence for the presence of large variation in Fp/Br in the lower mantle that makes the validity of this model
questionable. There are some papers where processes of shear localization are explored without invoking the presence of regions of large
rheological contrast. Thielmann et al. (Geochem Geophys Geosyst, 2020. 10.1029/2019GC008688) presented the results of theoretical study
of deformation of initially homogeneous two-phase mixture (Fp and Br) and showed that deformation causes the elongation of a weak Fp that
promotes shear localization. In this model, the rheological contrast between Fp and Br was assumed to be independent of strain. However,
Cho and Karato (J Geophys Res 2022. 10.1029/2021JB022673 ; Phys Earth Planet Inter, 2024. 10.1016/j.pepi.2024 ) showed that when
deformation is by diffusion creep, the rheological contrast increases with strain due to the evolution of stress concentration caused by grain
elongation. They showed that this will promote strain weakening particularly in simple shear that would lead to shear localization. Consequently,

the tendency for shear localization is stronger in their model than a model where rheological contrast is assumed to be independent of strain.
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I Review of radiolarian microfossils as a tool for reconstructing sea surface temperature of the
past in the Northwest Pacific

Kenji M. Matsuzaki, Takuya Itaki, Yoshimi Kubota, Kyung Eun Lee, Isao Motoyama, Takuya Sagawa, Keiji Horikawa,
Masafumi Murayama, Hajime Obata

Keywords: Radiolarian, Sea surface temperature (SST), Radiolarian-based SSTs, G. ruber Mg/Ca-based
SSTs, Alkenone-based SSTs, Northwest Pacific, Water masses

In this review we re-evaluated the potential of radiolarian
species as palaeoceanographic proxies in the Northwest
Pacific Ocean relying on 33 new samples collected since
2021, combined with already published datasets. Our re-eval-

uation revealed significant differences between Sea of Japan
and Northwest Pacific radiolarian assemblages, leading to the
exclusion of the Sea of Japan dataset for further sea surface
temperature (SST) reconstructions in the Northwest Pacific. By

employing factor analyses, we were able to identify four distinct
radiolarian assemblages characterizing the Northwest Pacific
and East China Sea as follows: the Subtropical, the Sea of Okhotsk-related subarctic, the Oyashio Current to transi-
tional zone-related, and the coastal water assemblages. Each assemblage showed specific species associations with
different water masses and SST ranges. Species like Tetrapyle circularis/fruticosa and Dictyocoryne tetrathalamus were
associated with waters above 24 °C, while Lithomelissa setosa and Ceratospyris borealis were associated temperatures
below 14 °C. Based on a review of the literature about modern radiolarian species blooming conditions in the Northwest
Pacific, we suggest that radiolarian species-based reconstructed SSTs more likely infer summer SSTs. Applying weighted
averaging partial least squares transfer function on selected radiolarian species showing strong affinities with changes in
summer SST, we re-evaluated past summer SSTs at IODP Site U1429 in the northern East China Sea with high accu-
racy (R2=0.97, error margin£1.4 °C). Our radiolarian-based summer SST reconstruction is similar to Globigerinoides
ruber Mg/Ca-based summer SSTs, though showing minor disparities during glacial periods, while constant disparities
were observed with alkenone-based SST estimates at the same site, which is likely due to seasonal biases. Notably,
we identified L. setosa as a potential proxy for East Asian Winter Monsoon intensity.
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