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ABSTRACT:

Zhang, J., Witkowski, A., Tomczak, M., McCartney, K., He, G. and Zglobicka, 1. 2019. Diatomaceous ooze in
a sedimentary core from Mariana Trench: implications for paleoceanography. Acta Geologica Polonica, 69 (4),
627-643. Warszawa.

Diatomaceous ooze sampled from near the Mariana Trench sediment surface by gravity corer (Core JL7KGCO05)
revealed a high sedimentary abundance of Ethmodiscus rex (Rattray, 1890) Wiseman and Hendey, 1953 frag-
ments and tropical open ocean planktonic diatom taxa including Azpeitia nodulifera (Schmidt, 1878) Fryxell
and Watkins in Fryxell, Sims and Watkins, 1986 and Alveus marinus (Grunow, 1880) Kaczmarska and Fryxell,
1996. Subsurficial sediments from the ooze are assigned a Marine Isotope Stage 2 age, approximately at the
Last Glacial Maximum. The occurrence of Ethmodiscus ooze suggests massive late Pleistocene blooms in the
Northwestern Pacific Ocean and provides a plausible link to paleoceanographic and paleoclimatic changes
related to Antarctic Intermediate Water mass, which carried a high dissolved silica content as silicon leakage
that reduced dissolution rate of diatom frustules. Northward flow of Antarctic Intermediate Water was probably
related to surface current migration and southward shift of the Northwest Pacific Gyre to form oligotrophic
conditions that triggered Ethmodiscus rex blooms under unusual nutrient recycling conditions within the ocean
system. This bloom hypothesis may help explain differential silica dissolution during the last glacial stage.

Key words: Diatomaceous ooze; Diatom; Ethmodiscus rex; Mariana Trench; Challenger Deep.

INTRODUCTION cially below the Calcium Carbonate Compensation
Depth (CCD). The white, yellowish-gray, yellowish-

Diatomaceous ooze is a widely distributed type brown or reddish-brown diatomaceous ooze is also

of marine sediment composed of siliceous diatom known as diatom dump (Mikkelsen 1977; Burckle

frustules that is deposited on deep sea floor, espe- and Cirilli 1987; Kemp and Baldauf 1993; Rea e? al.
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Water Core
Author(s) and year Leg/Cruise Hole Location depth Area length
(m) (m)
Wiseman and Hendey (1953) HMI; g"g%ﬂger 25 11°24.0'N, 143°16.0°E | 8186 Mariana Trench | no data
DSDP 60 453 17°54.42°N, 143°40.95°E | 4693 605
. DSDP 60 459 17°51.75°N, 147°18.09°’E 4121 . 3.5
Martini (1982) Mariana Trench
DSDP 60 460 17°40.14°N, 147°35.92°E | 6452 85
DSDP 60 460A 17°40.02°N, 147°35.16’E | 6445 99.5
Janecek and Rea (1985) DSDP 68 503B 4°03.02°N, 95°38.32°’W 3682 Eastern Pacific 112.8
ODP 145 882 50°21.8’N, 167°36.0’E 3244 . 398
Rea et al. (1993) Northern Pacific
ODP 145 883 51°11.9°N, 167°46.1’E 2385 830
Kemp et al. (1995) ODP 138 850A 1°17.84°N, 110°31.28°W 3672 Eastern Pacific 74.2
De Deckker and Gingele (2002) BAR 9442 6°04.56’S, 10°25.08’E 2542 Eastern Indian 9.8
. . WPDO03 17°19.82°N, 138°27.28°E | 5250 e 4.05
Zhai et al. (2012) Kexue Yihao-2004 Eastern Philippine Sea
WPDI12 20°35.95°N, 139°14.53’E | 4954 1.0
Luo et al. (2018) Hai Six2012 GC 05 10°59.73°N, 141°59.74’E | 7118 Mariana Trench 2.7
Hoerat Alvang s BC11 | 11°38%'N, 141°57.14E | 7016 ariana Tene 0.74
this study Haiyang Six-2012 | JL7KGCO05 | 10°59.75°N, 141°59.70’E 7120 Mariana Trench 2.15

Table 1. Location data for cores cited herein

1993; Romero and Schmieder 2006; Smetacek 2009).
The ooze sediments of the Equatorial Ocean zone are
usually composed of giant Ethmodiscus rex (Rattray,
1890) Wiseman and Hendey, 1953, reduced to frus-
trule fragments (Villareal 1993). Detailed study of
deep sea cores recovered by the Deep Sea Drilling
Project (DSDP), Ocean Drilling Program (ODP) and
other expeditions (see Table 1) show Ethmodiscus
ooze to be associated with specific environmental
conditions and a potential indicator of past climatic
and oceanographic regime changes (Smetacek 2009;
Rackebrandt et al. 2011; Kemp and Villareal 2013).
In 1875, scientists on board R/V H.M.S. Challenger
discovered the deepest sea floor at Station 225, 8186
m water depth below mean sea level, named this the
Challenger Deep area and applied a term “diatoma-
ceous ooze” to sediments retrieved from this site
(Wiseman and Hendey 1953). Hanzawa (1933) de-
scribed submarine ooze sediments from the tropical
Northwestern Pacific Ocean recovered by Japanese
research expeditions of 1926 through 1933 that stud-
ied separate areas from 2780 to 5714 m bathymetrical
range between 19°08.5°N — 8°40.0’N and 136°22.6’E
— 153°06.5’E. These studies included observation of
abundant Ethmodiscus, a taxon originally identified
from Bay of Bengal by Wallich (1868; Grunow and
Kitton 1879). Sediment cores retrieved from DSDP
Hole 453 at 4693 m below sea floor (bsf) and Holes
459, 460, 460A at 4121, 6452 and 5445 m bsf, re-
spectively (Table 1), in the northern Mariana Trench
slope showed occurrence of siliceous ooze with abun-
dant microfossils such as diatoms and radiolarians on

the trench wall (Martini 1982). Until now, there has
been little additional sampling and exploration of the
Mariana Trench and thus only a few diatom reports
are available (Table 1).

In 2012, the Chinese R/V Haiyang Six sup-
ported piloted submersible R/V Jiaolong to retrieve
near-surface sediments from the Challenger Deep
area at 7120 m water depth (Zhang et al. 2015). The
present paper reports on the diatom assemblages of
diatomaceous ooze, along with age interpretation and
paleoceanographic significance of these sediments.

GEOLOGICAL AND OCEANOGRAPHIC
SETTING

The Mariana Trench is situated in a vast Pacific
Plate subduction zone that thrusts beneath the
Eurasian Plate (Hussong and Fryer 1982; Gardner et
al. 2014). The research site (Text-fig. 1) is located in
the Challenger Deep area, influenced by the North
Equatorial Current driven by trade winds that pro-
vide warm temperature (~29.5°C), high salinity
(~34.5 psu) and low surface water nutrient concen-
trations to the tropical Western Pacific Warm Pool
(Delcroix et al. 1996; Picaut 1996; Lin et al. 2013).
The region is associated with high average annual
rainfall of ~3500 mm (Delcroix et al. 1996; Picaut
1996). The Mariana Trench is positioned in a low pri-
mary productivity region controlled by the Northwest
Pacific Gyre (Broecker 1991; NASA Ocean Biology
2014). In addition, the research area is located on
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Text-fig. 1. Location of sampling site (made with ArcGIS V10.0; currents model modified from Broecker 1991 and Kawabe et al. 2009)

main pathway where Antarctic Intermediate Water
(AAIW) invades the Northwest Pacific Ocean in
global oceanic conveyor belt (Broecker 1991; Kawabe
et al. 2009). The Indonesian Through Flow (ITF)
current also influences subsurface oceanographic
conditions in the Pacific-Indian Ocean connecting
zone (Rahmstorf 2002, 2003).

MATERIAL AND METHODS

Deep water gravity core JL7KGCO0S5, 215 cm in
length (Text-fig. 3), was retrieved from the south-

cast slope of the Mariana Trench slope (10°59.75°N,
141°59.70’E) at 7120 m water depth (Text-figs 1 and
2, Table 1), which is ~2600 m below CCD in this part
of the Pacific (Broecker 1991). Core top sediments
are gray to slightly brown diatomaceous ooze that ap-
pears homogenized. The uppermost 10 cm of core is
unconsolidated diatomaceous ooze with a brownish-
gray color. From 10 to 13 cm bsf'is a mixed yellowish-
brown mud and pelagic red clay. Below 13 cm bsf,
core sediment grades to a stiffer eupelagic red clay
with low iron and manganese oxides content observed
between 15 and 19 cm bsf.

The 0—13 cm core section was divided into 5 mm
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Text-fig. 2. Sampling sites in the Mariana Trench. Core JL7KGCO5 is from this study; cores GC 05 and BC 11 are from Luo ez al. (2018);
Station 225 is from Wiseman and Hendey (1953). Red rectangle shows the deepest site in the Challenger Deep area (from Gardner et al. 2014)

thickness sub-sampling followed by one sample
in the 13—14 cm interval. Dried sediment samples
(0.1 g) were soaked in water. The uppermost turbid
liquid was decanted every 6 h over 24 h, followed
by removal of the upper turbid liquid layer at 4-hour
intervals (in 48 h). The material was then transferred
to a scale centrifugal tube as a reserve.

Twenty subsamples of red clay (1 cm in thickness)
were collected at 10 cm intervals from 15 cm to the
core bottom. About ~1 g of dry sediment was soaked
in distilled water and transferred as suspension to
50 ml centrifuge tubes. After settling and removal of
upper clean water, zinc iodide, a heavy liquid with a
density of 2.4 g/cm? was added. After flotation, about
15 ml distilled water with suspended material was
placed as a reserve. Finally, the upper clean liquid
from all samples was removed, the remaining vol-
ume made constant by addition of distilled water to
5 ml, from which 50 pl used to prepare a microscope

slide with 22x22 mm cover-slip and Naphrax® as
mounting medium. The identification of diatoms was
carried out over the entire slide with X400 and x1000
magnifications (using x100 oil immersion lens) by
Olympus BX63 light microscope. Counting of valves
included whole and fragmented specimens of more
than half a diatom valve. The volume of material
used in slide preparation and dried weight of each
sample was used to calculate the diatom sedimen-
tary abundance in terms of absolutely abundance
(valves/g) (e.g., Abrantes 2001; Abrantes et al. 2016).
Ethmodiscus rex fragments > 50 um, while less than
half a valve, were counted using the methodology of
Abrantes (2001) in 10 random view fields at x400
magnifications, and then the diatom sedimentary
abundances were calculated (valves/g). For the ac-
companying diatom counts, the observed number of
valves for each species in the whole slide was used to
calculate sedimentary abundance (valves/g).
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Text-fig. 3. Lithological log of core JL7TKGCO05
RESULTS

The diatom analysis shows ooze sediments of
core section from 0 to 14 cm bsf to be rich in di-
atoms, while no diatom remains were observed in
the eupelagic red clay below 25 cm depth. Ooze is
dominated by large quantities of fragmented frustules
(~10-300 pum) of the giant diatom Ethmodiscus rex,
which unfragmented could reach 2-3 mm in diameter
(Round et al. 2007). No complete valves of this spe-
cies were observed, thus identification of Ethmodiscus

rex is based on the presence of numerous long tu-
bular processes (length ~11 um) and sparse areola
emblazonment on the almost flat valve surface (see
Text-figs 4, 5). The Ethmodiscus rex fragments (Text-
fig. 4A-D) are accompanied by more than twenty
eupelagic, warm water planktonic diatom taxa that
include: Actinocyclus ehrenbergii Ralf in Pritchard,
1861 (Text-fig. SU); Alveus marinus (Grunow, 1880)
Kaczmarska and Fryxell, 1996 (Text-figs 4E, 5A);
Asterolampra marylandica Ehrenberg, 1844 (Text-
fig. 5F); Asterolampra vanheurckii Brun, 1891 (Text-
fig. 4F, 5E); Asteromphalus arachne (Brébisson,
1857) Ralfs in Pritchard, 1861 (Text-fig. 51); Astero-
mphalus imbricatus Wallich, 1860 (Text-fig. 5G);
Asteromphalus roperianus (Greville, 1860) Ralfs
in Pritchard, 1861 (Text-fig. 5J); Asteromphalus sp.
(Text-fig. SH); Azpeitia africana (Janisch in Schmidt,
1878) Fryxell and Watkins in Fryxell, Sims and
Watkins, 1986 (Text-fig. 5C); Azpeitia neocrenulata
(Grunow, 1884) Fryxell and Watkins in Fryxell, Sims
and Watkins, 1986 (Text-fig. 5SD); Azpeitia nodulifera
(Schmidt, 1878) Fryxell and Watkins in Fryxell, Sims
and Watkins, 1986 (Text-fig. 5B); Fragilariopsis doli-
olus (Wallich, 1860) Medlin and Sims, 1993 (Text-fig.
5V); Hemidiscus cuneiformis Wallich, 1860 (Text-fig.
5K); Rhizosolenia bergonii Peragallo, 1892 (Text-fig.
5N); Rhizosolenia styliformis Brightwell, 1858 (Text-
fig. 50); Roperia tesselata (Roper, 1858) Grunow
in Pelletan, 1889 (Text-fig. 5L, M); Thalassiosira
leptopus (Grunow in Van Heurck, 1883) Hasle and
Fryxell, 1977 (Text-fig. 5P); Thalassiosira oestru-
pii (Ostenfeld, 1900) Hasle, 1960 (Text-fig. 5R);
Thalassiosira pacifica Gran and Angst, 1931 (Text-
figs 4H, 5Q); Thalassiosira sp. (Text-fig. 5S, T) and
Thalassiothrix longissima Cleve and Grunow, 1880
(Text-figs 4G, SW). From 15 to 25 cm bsf, sparse frag-
ments of Ethmodiscus rex, a few fragments of Azpeitia
africana and Thalassiosira sp. were observed.

The diatom sedimentary abundance of Ethmodis-
cus rex fragments in the 0—14 cm interval averages
several million fragments per gram of dried sedi-
ment (hereafter abbreviated as /g), with a maximum
value ~60x10° fragments/g in the 6-10 cm interval
(Text-fig. 6). This value is consistent with data from
the Eastern Equatorial Atlantic Ocean (Stabell 1986).
The sedimentary abundances of accompanying dia-
toms exceed several million/g (Text-fig. 6). Azpeitia
nodulifera and Alveus marinus sedimentary abun-
dances are higher than other accompanying taxa,
reaching 30x10° valves/g and 13x10° valves/g, respec-
tively. Diatom sedimentary abundances are highest
in the 6—10 cm bsf interval, followed by 0—6 cm and
10—14 cm bsf intervals.
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Text-fig. 4. Diatoms from core collected in the Mariana Trench (water depth 7120 m, 0—-14 cm bsf). A-D — Ethmodiscus rex (Rattray, 1890)
Wiseman and Hendey, 1953; E — Alveus marinus (Grunow, 1880) Kaczmarska and Fryxell, 1996; F — Asterolampra vanheurckii Brun, 1891;
G — Thalassiothrix longissima Cleve and Grunow, 1880; H — Thalassiosira pacifica Gran and Angst, 1931
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DISCUSSION

Regional comparison of diatom component
in ooze

The diatomaceous ooze in the 0—14 cm core in-
terval is predominantly composed of Ethmodiscus
rex as E. rex ooze, and shows results similar to pre-
vious analyses from low latitude ocean beds in the
Ethmodiscus ooze distribution area as outlined by
Mikkelsen (1977). Wiseman and Hendey (1953) and
Riedel (1954) studied Ethmodiscus oozes in terms
of taxonomy but did not report other diatom species
from Challenger Deep area materials. Seventeen dia-
tom species were identified from DSDP Legs 59 and
60, northern Mariana Trench slope (Martini 1982;
Table 2), although other diatom species associated
with the mass occurrence of Ethmodiscus rex were
significantly less abundant and diverse, representing
only a few specimens of genera Thalassiosira and
Thalassionema in Hole 460, and Hemidiscus, Cos-
cinodiscus, Thalassionema, and Asteromphalus in
Hole 459 (Martini 1982).

Twenty diatom species were observed in our sam-
ples, a diversity lower than observed in the Eastern
Philippine Basin (Zhai et al. 2012). The diatomaceous
ooze in the Eastern Philippine Sea shallow submarine
sediments (Cores WPD03 and WPDI12; Text-fig. 1,
Table 1) consists mainly of fragmented Ethmodiscus
rex as well, but with much higher diversity, up to 101
diatom species (Zhai et al. 2012). Surface sediments
from Western Philippine Basin have about 68 iden-
tified diatom species in the Ethmodiscus rex ooze
(Shen et al. 2017). In the Ethmodiscus rex ooze distri-
bution area of the Eastern Equatorial Pacific, domi-
nance by other diatom species such as Thalassiothrix
longissima may be observed (Kemp et al. 1995). Luo
et al. (2018) discussed geochemical characters of two
Mariana Trench cores, GC 05 and BC 11, from near
Core JL7TKGCO5 location on the same cruise (Text-
fig. 2, Table 1), but did not identify the diatom flora
in detail, although these were from Ethmodiscus rex
ooze. Luo et al. (2018) recorded diatomaceous ooze
in the Core GC 05 to occur 0—5 cm bsf, and showed
the ooze layer at c. 18 cm bsf in Core BC 11.

The diatom component comparison presented
here improves the record of fossil diatoms from this
trench, and supports a potential implication that more
diatom species could be observed in future studies.
Diatom component differences among these loca-
tions reflect regional variation across the low latitude
Pacific Ocean, and the relatively special Mariana
Trench geological environment.

Diatom species Reference
Actinocyclus subtilis Gregory, 1857 Martini (1982)
Actinoptychus cf. splendens (Shadbolt, ..
181;4)12) Ralfs in[;’ritchard,( 1861 Martini (1982)
Alveus marinus (Grunow, 1880 ..
Kaczmarska anfl Fryxell, 1996) Martini (1982)
Asterolampra marylandica Ehrenberg, 1844 |  Martini (1982)
Asteromphalus cf. brookei Bailey, 1856 Martini (1982)
Asteromphalus hookeri Ehrenberg, 1844 Martini (1982)
Cocconels sp. Martini (1982)
Coscinodiscus sp. Martini (1982)
Diploneis sp. Martini (1982)

Wiseman and Hen-
dy (1953); Martini
(1982); Luo et al.

Ethmodiscus rex (Rattray, 1890) Wiseman
and Hendey, 1953

(2018)
Hemidiscus cuneiformis Wallich, 1860 Martini (1982)
Nitzschia bicapitata Cleve, 1901 Martini (1982)
Nitzschia sp. Martini (1982)

Pseudotriceratium wallichii (Ralfs in

Pritchard, 1861) Simonsen, 1979 Martini (1982)

Rhizosolenia bergonii Peragallo, 1892 Martini (1982)
Rhizosolenia sp. Martini (1982)
Thalassionema sp. Martini (1982)

Table 2. Fossil diatom species found in the Mariana Trench during
previous studies

Diatomaceous ooze formation age

Gardner and Burckle (1975) noted the Pleistocene
Ethmodiscus rex ooze widely recorded in Western
Pacific Ocean, although the Neogene Ethmodiscus
rex ooze in Challenger Deep area was a special
case recorded by Riedel (1954), and dated as late
Oligocene to Miocene based on radiolarian biostra-
tigraphy. According to the description of Riedel
(1954), Ethmodiscus rex ooze in Station 225, located
about 149 km from Core JL7KGCO5 site, was be-
low an iron-manganese oxide layer. However, the
Ethmodiscus rex ooze in Core JL7KGCO5 is above the
iron-manganese oxides interval (Text-fig. 3), although
no evidence could be used to correlate the chronol-
ogy of iron-manganese oxides between Station 225
and Core JL7KGCOS5 in the Challenger Deep area.
The diatomaceous ooze in Core JL7TKGCO05 may be
younger than the ooze recorded in Station 225 if the
ages of iron-manganese oxides layers are equivalent.
Moreover, whether remains of this species have been
transported from the Mariana Trench upper levels is
uncertain.

Chronology determined by means of calcareous
microfossils was not applicable due to deposition at
a water depth below CCD in the Challenger Deep
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Depth (bsf, cm) area. In the studied core, the pelagic red clay at 25
to 215 cm interval lacks fossil diatoms and thus pre-
vents diatom-based age control. Fragilariopsis do-
liolus, a Quaternary zonal marker in the low lati-
tude Pacific Ocean (Burckle 1977; Bolli et al. 1985;
Koizumi 1986), was found in several samples within
the 0—14 cm interval of Core JL7KGCO05. We con-
sider the chronology of this diatomaceous ooze to
fall within the Fragilariopsis doliolus Partial Range
Zone of Quaternary age (Burckle 1977).

Recently, Luo et al. (2018) reported the AMS
(Accelerator Mass Spectrometry) “C age of diato-
maceous ooze materials from Cores GC 05 and BC
11 (Text-figs 2 and 7, Table 1) of the Challenger
Deep area in close geographic proximity to Core
JL7KGCOS5, at about 1.8 km and 4.9 km distance,
respectively. The results show an Ethmodiscus rex
ooze layer at 0—2 cm bsf, dated at 18.35 ka BP in
Core GC 05, and at 16—18 cm bsf, dated at 21.82 ka
BP in Core BC 11. These ages could be equivalent to
the diatomaceous ooze with Ethmodiscus rex formed
between 29 ka BP and 16 ka BP in Core WPDO03 and
Core WPDI12 (Text-fig. 7) recorded in the Eastern
Philippine Sea (Zhai et al. 2010). Thus, our assump-
tion is that Ethmodiscus rex ooze in Core JLTKGCO5
is dated to the Marine Isotope Stage (MIS) 2, near the
Last Glacial Maximum (LGM). This result is consis-
tent with the chronology of diatom biostratigraphy,
i.e., the Fragilariopsis doliolus Partial Range Zone
(Burckle 1977; Bolli et al. 1985).

Diatomaceous ooze formation mechanism
and the paleoceanographic record

Diatomaceous ooze formation hypothesis

Ethmodiscus rex is often attributed to a group of
taxa indicative of oceanic oligotrophic conditions of
open ocean warm waters and distinguished from other
taxa in the dystrophic habitat. The Ethmodiscus rex
group may have a capability of vertical migration in

Text-fig. 6. Distribution of diatom sedimentary abundances -
of major species in the ooze the water column that offers a competitive advantage

<— Text-fig. 5. Diatoms from the core collected in the Mariana Trench (water depth 7120 m, 0—14 cm bsf). A — Alveus marinus (Grunow,
1880) Kaczmarska and Fryxell, 1996; B — Azpeitia nodulifera (Schmidt, 1878) Fryxell and Watkins in Fryxell, Sims and Watkins, 1986;
C — Azpeitia africana (Janisch in Schmidt, 1878) Fryxell and Watkins in Fryxell, Sims and Watkins,1986; D — Azpeitia neocrenulata (Grunow,
1884) Fryxell and Watkins in Fryxell, Sims and Watkins, 1986; E — Asterolampra vanheurckii Brun, 1891; F — Asterolampra marylandica
Ehrenberg, 1844; G — Asteromphalus imbricatus Wallich, 1860; H — Asteromphalus sp.; | — Asteromphalus arachne (Brébisson, 1857) Ralfs
in Pritchard, 1861; J — Asteromphalus roperianus (Greville, 1860) Ralfs in Pritchard, 1861; K — Hemidiscus cuneiformis Wallich, 1860;
L, M — Roperia tesselata (Roper, 1858) Grunow in Pelletan, 1889; N — Rhizosolenia bergonii Peragallo, 1892; O — Rhizosolenia styliformis
Brightwell, 1858; P — Thalassiosira leptopus (Grunow in Van Heurck, 1883) Hasle and Fryxell, 1977; Q — Thalassiosira pacifica Gran and
Angst, 1931; R — Thalassiosira oestrupii (Ostenfeld, 1900) Hasle, 1960; S, T — Thalassiosira sp.; U — Actinocyclus ehrenbergii Ralf in
Pritchard, 1861; V — Fragilariopsis doliolus (Wallich, 1860) Medlin and Sims, 1993; W — Thalassiothrix longissima Cleve and Grunow,
1880. Scale bars equal to 10 um



www.czasopisma.pan.pl P N www.journals.pan.pl

)

L KADEMI

636 JINPENG ZHANG ET AL.

JL7TKGCO05 GC 05 BC 11 WPDO03 WPD12
b »J18.35ka BPbI?.st kaBP [ ] ]
10 - > [16.05kaBP
" »  |21.82kaBP
=0 ] » [18.30kaBP
3045
40 > f17.80 ka BP ™ 16.60 ka BP
5041
6048
< o
T0-4 > o a
74ZI2T-89KaBPL}  Lg 49 kamp
L 21.40 ka BF

s0—{8

80+ > 18.65 ka BP

1o L |
- 20.60 ka BP
1018
12048
130
! >

_— 20.70 ka BP
1502
1604 -
1709 > 23.30 ka BP
1808

180+ > 2710 ka BP

Depth (bsf, cm)

22.80 ka BP

2101 21048 210
215

22041 27.98 ka BP 220
21.60 ka BP

> 20.70ka BP

21.70ka BP

l:l Diatomaceous ooze 3104
Clay with 330
iron-manganase oxides [ S—

350}

D Pelagic red clay

360

v+

27.50 ka BP

380
3904

400
405 ==

Text-fig. 7. Correlation of sedimentary cores in the Challenger
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from Zhai et al. (2010)

among dystrophic organisms in poor nutrition eco-
systems (Villareal 1993; Villareal ef al. 1999b). In the
modern ocean, Ethmodiscus rex is a minor constitu-
ent of planktonic assemblages but is frequently found
in monospecific deep sea oozes. This phenomenon is
identified as the “Ethmodiscus rex problem” (Gardner
and Burckle 1975). Mikkelsen (1977) proposed five
hypotheses related to Ethmodiscus rex ooze forma-
tion: 1) plankton bloom hypothesis infers from a rare
Ethmodiscus rex occurrence in modern plankton

that blooms would be required to accumulate thicker
oozes; 2) dystrophic habitat hypothesis suggests that
Ethmodiscus rex lived as heterotrophic organisms
in large quantities at great water depth with oligo-
trophic conditions; 3) re-deposition hypothesis con-
siders Ethmodiscus rex with large valves were sepa-
rated from smaller frustules during current transport
and concentrated in ocean floor depressions; 4) taxon
decline hypothesis suggests Ethmodiscus rex to be a
decaying form as minor constituents in the present
plankton; and 5) differential dissolution hypothesis
based on Ethmodiscus rex dissolution resistance com-
pared to other diatom species, suggests that more eas-
ily dissolvable diatoms were removed from lower lev-
els of the water column and sediment-water interface.

Abrantes (1994, 2001) expressed an additional
(sixth) hypothesis that equatorial nutrient-rich con-
ditions provided by upwelling and freshwater-dis-
charged nutrients in the Eastern Atlantic Ocean could
also support Ethmodiscus rex blooms. Kemp (1994,
1995) proposed that the Ethmodiscus rex ooze rep-
resents response to frontal zone convergence rather
than upwelling. De Deckker and Gingele (2002) be-
lieved that there was no ocean front and relied on
upwelling conditions to explain the presence of fossil
Ethmodiscus rex accumulations in offshore southeast
Sumatra, Eastern Indian Ocean (Hole BAR9442 re-
cord; Table 1). The Mariana Trench, being ~3400 km
distant from the East Asia continent, does not have
the advantages of either upwelling or massive river-
ine nutrient discharge. Meanwhile, there is no evi-
dence to support oceanic front occurrence at Mariana
Trench. Such oligotrophic conditions surrounding
the Mariana Trench could be key factors in favor of
Ethmodiscus rex blooms.

Strongly silicified diatom species such as Azpeitia
nodulifera and Alveus marinus show higher abun-
dance in Core JL7TKGCO5 compared with other as-
sociated species, i.e., Asterolampra marylandica,
Rhizosolenia bergonii or Roperia tesselata (Text-
fig. 6). As Zhai et al. (2012) noted, Thalassionema
frauenfeldii (Grunow, 1880) Tempeére and Peragallo,
1910 with weakly silicified frustules occurred with
higher percentages in the laminated diatomaceous
ooze core, while not reported at other sites (e.g.,
Core JL7KGCO05, Hole 460) within the Mariana
Trench. Besides, associated diatom species such as
Rhizosolenia spp. in Core JLTKGCOS5 are relatively
less abundant compared with laminated diatoma-
ceous ooze cores WPDO03 and WPDI12 in the Eastern
Philippine Sea (Zhai et al. 2012). Weakly silicified
species were strongly dissolved at water depths ex-
ceeding 7000 m. Consequently, the Ethmodiscus rex
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ooze in this study area may result from combined
action of variable factors that include blooming, nu-
trient-poor ecological conditions and/or differential
dissolution hypothesis, but without hypotheses of up-
welling or freshwater discharged nutrients.

Paleoceanographic implication for Ethmodiscus
rex ooze formation

Primary productivity expansion due to climate
cooling

Formation of diatomaceous ooze, which results
from high fluxes of primary production, may coun-
teract the siliceous dissolution effect. The diatom
primary production extent could have implications
for global chemical budgets and influence rates of
biogeochemical cycling, especially cycling of silica
and other nutrients (Tréguer et al. 1995; Lyle and
Baldauf 2015). The Eastern Equatorial Pacific Ocean
ODP Sites 848 and 854 recovered laminated diato-
maceous ooze accumulations at 15, 13-12, 10.5-9.5,
6.3-6.1, 5.8-5.1 and 4.4 Ma, while no laminated ooze
originated after 4.4 Ma (Kemp et al. 1995). Kemp
and Baldauf (1993) noted also that the depositional
periods of Eastern Equatorial Pacific Ocean lami-
nated ooze coincided with episodes of major cool-
ing and ocean reorganization during 15-4.4 Ma.
Nevertheless, in the North Pacific, diatomaceous
ooze records from ODP Sites 882 and 883 (Table 1)
begin at 7.1 Ma and opal deposition continued to in-
crease after 5.0 Ma up to a remarkable drop at 2.7 Ma
(Rea et al. 1993), usually interpreted as a Pliocene
warm stage (Haywood ef al. 2009).

Regardless of the above, Northern Hemisphere gla-
ciation began during late Pliocene to early Quaternary
(Ravelo et al. 2004). During this time, Northern
Pacific sedimentation changed from abundant clay
deposition to a clay—diatomaceous ooze (Dickens and
Owen 1996). The diatomaceous ooze formation shift
in the Western Pacific Ocean as recorded in Hole 460
shows massive deposition of Ethmodiscus rex in the
Pliocene and Quaternary (Martini 1982). Gardner and
Burckle (1975) considered the wide distribution of
Ethmodiscus rex ooze in the Western Pacific Ocean
to mainly occur in the Pleistocene cold stage. The
Ethmodiscus rex ooze in Core JL7TKGCO05 was an ex-
treme case with higher production flux and could be
formed during MIS 2 of the last glacial stage accord-
ing to AMS '#C dating results from the geographi-
cally nearby core ooze described by Luo et al. (2018).

These enlarged diatomaceous ooze deposits
shifted within the Northern Pacific Ocean, were re-

lated to enhanced diatom paleoproductivity and co-
incided in time with global glacial conditions. This
pattern is also observed beyond the Pacific Ocean,
as Ethmodiscus rex ooze deposits are recorded in
subtropical Southern Atlantic cores within glacial
stages MIS 14 (537 ka BP) and MIS 12 (432 ka BP)
(Romero and Schmieder 2006), where primary pro-
duction increased over a short timescale. Meanwhile,
the Ethmodiscus rex ooze occurred during the glacial
stage as MIS 4 and MIS 6 in the Eastern Atlantic
Ocean (Abrantes 2001), and during MIS 4 to MIS 2 in
the Eastern Indian Ocean (Broecker et al. 2000; De
Deckker and Gingele 2002).

Nutrients sources to support diatom bloom

Despite large frustule size, Ethmodiscus rex oc-
curs in oligotrophic open sea waters, and possibly has
adapted to survival by a vertical migration to utilize
nutricline, based on observations of Villareal (1993)
and Villareal ef al. (1999a). The migration behavior
is similar to other positively buoyant phytoplankton
species such as Rhizosolenia spp. In the North Pacific
Gyre oligotrophic waters, Rhizosolenia is known to
form massive mats in the euphotic zone (Villareal
et al. 2011), while Ethmodiscus rex has an abun-
dance level of less than 2 cellsm (Villareal 1993).
Whether vertically migrating in the stratified water
column or blooming in unstratified water (Kemp et
al. 2000), the diatom needs nutrients to maintain pro-
ductivity. Ethmodiscus rex being a siliceous microor-
ganism, significant concentration of silica and related
biological elements would supplement the continuous
nutrient absorption for its blooms to support the high
export fluxes that create ooze sediments.

Continental weathering and airborne/riverine
nutrient transport could be potential sources for
synchronous changes in ocean primary production.
Asian winter monsoons could fertilize the Northern
Pacific Ocean with higher rates of dust/clay transfer
from Eastern Asian Interior arid and semiarid areas
during the Pleistocene (Zhang K. et al. 2010; Zhang
W.F. et al. 2016). As well, there is evidence of in-
creased glacial wind velocities based on the grain
size of accumulated dust. For example, Janecek and
Rea (1985) estimated that glacial trade wind intensity
at DSDP Hole 503B was 36% higher than during the
interglacial, based on changes in aeolian sediment
grain size distribution. Aeolian dust contributed iron
and silica to nutrient contents driven by the Eastern
Asian winter monsoon to support Ethmodiscus rex
blooms during the LGM at ca. 20 ka BP (Xiong et
al. 2012).
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However, data along a 3000 km transect in the
Northern Pacific Ocean roughly along 28°N provide
no correlation between flux and Fe, N or P stress
for Ethmodiscus rex (Villareal et al. 2007). Both Si
and P residence times in the oceans are sufficiently
short with 10 ka (Tréguer and De La Rocha 2013) and
1020 ka (Filippelli and Delaney 1996), respectively.
Such changes in weathering could rapidly influence
ocean nutrient content. Nevertheless, we comment
that the Ethmodiscus rex ooze is not correlated to
these changes and thus the origin is not adequately
explained by cooling stages through dust-supplied
nutrients based on the known records.

Chemical weathering by strong precipitation,
enhanced by summer Asian monsoons, could sup-
ply the nutrients consumed in the ocean. Even the
weak presence of monsoonal rain in the cooling stage
would have helped maintain high sea-surface salin-
ities as well stratified, high oxygen, high silica and
nutrient levels near the tropical Indian Ocean sea sur-
face to support Ethmodiscus rex blooms (De Deckker
and Gingele 2002). The Ethmodiscus rex ooze could
form from stages MIS 4 to MIS 2, including stronger
but unstable summer monsoons during MIS 3, and
previous records suggest the Ethmodiscus rex ooze
occurrence in the cooling stage is associated with
weak precipitation conditions.

Nutrient recycling within the ocean inner sys-
tem is another potentially important factor to support
increased diatomaceous flora diversity/productiv-
ity. Dickens and Owen (1999) suggested a change in
ocean circulation that upwelled more nutrients into
the Indo-Pacific tropics. Broecker et al. (2000) com-
mented that the entry of high silica-content Pacific
thermocline water into the Indian Ocean during gla-
cial times would have been a source of nutrients to
support Ethmodiscus rex accumulations on offshore
southeast Sumatra, Eastern Indian Ocean. However,
Diester-Haass et al. (2004) linked high production in
the biogenic bloom interval to lowered sea level along
the South African margin, and thus to an Antarctic
driver source. This scenario is supported by the link
between deep bottom ventilation and diatom produc-
tivity and flux during the most recent termination of
glaciation (Anderson et al. 2009).

Silicon leak and silica supplement

The ocean deep thermohaline circulation driven
by Antarctic Ice Sheets disperses cold water north-
ward to deep basins in the Pacific, Atlantic and Indian
Oceans. This includes bottom meltwater, in particu-
lar during the global cooling stages (Broecker 1991;

Bullister et al. 2013). In the Southern Hemisphere,
Antarctic deep water from the Southern Ocean pro-
vided low temperature, high salinity and density,
silica and oxygen-rich waters related to Antarctic
sea ice formation. This provided a strong Southern
Ocean silicon leak that can influence the larger ma-
rine realm through northward directed conveyance
in the deep sea over long distances. For instance,
Sarmiento et al. (2004) showed that 75% of the sil-
ica primary production in southern latitude surface
waters north of 30°S in abyssal subtropical basins is
from the Southern Ocean.

The Southern Ocean silicon leak is considered an
important mechanism to support diatom growth in
the open ocean (Tréguer 2014). The ODP Leg 138 and
145 records were interpreted as AAIW effect on sili-
ceous elements to support diatom blooms (Kemp and
Baldauf 1993; Rea et al. 1993). Likewise, increased
opal contribution to Pliocene and Quaternary sedi-
ments on Walvis Ridge in the Southeastern Atlantic
Ocean was interpreted as silica-enriched intermedi-
ate water from Southern Ocean waters that supported
diatom blooms (Lange ef al. 1999).

The Core JL7KGCOS5 location is on a major path-
way where AAIW enters the Northwest Pacific
(Broecker 1991; Kawabe et al. 2009; Text-fig. 1). The
AAIW originates from Southern Ocean currents that
transport waters northward along the Southern Paci-
fic, Atlantic and Indian Ocean sea beds and ascends
gradually into intermediate water (Broecker 1991;
Johnson and Toole 1993; Ferreira and Kerr 2017),
ranging at water depth from 700 to 1200 m in the
subtropical regions (Zenk et al. 2005). In the Western
Equatorial Pacific Ocean, the AAIW has an approx-
imate 800 m water depth (Zenk et al. 2005). After
turning westward in the Northern Pacific Ocean, the
AAIW changes to a southwest direction throughout
the ITF (Rahmstorf 2002) which could enhance silica
content in subsurface waters of Western Equatorial
Pacific Ocean. De Deckker and Gingele (2002) con-
firmed Ethmodiscus rex ooze in the Eastern Indian
Ocean generated at the end of the last glacial period,
and suggested as cause high silica content and diatom
blooms that resulted from ITF.

Xiong et al. (2013) commented that § 3CE. rex
testing result was consistent with an aeolian source
of Ethmodiscus rex silica formed during the LGM in
the Eastern Philippine Sea, as proposed by the ‘sil-
ica hypothesis’ and ‘silicon-induced alkalinity pump
hypothesis’ but not by the ‘silicic acid leakage hy-
pothesis’ in that paper. The ‘silica hypothesis’ is an
alternative method selected by Xiong et al. (2013) to
interpret the silica sources and challenged the deep
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thermohaline circulations, but remains subject to un-
certainty.

The silicic acid leakage is an effectual silica
source for formation of siliceous skeletons in the
global oceanic conveyor belt, especially during the
MIS 2 near the LGM. We believe the silicon leak
phenomenon caused by the Southern Ocean currents
is an important source of silica supply for support-
ing diatom Ethmodiscus rex ooze formation in the
study area. The AAIW and related silicon elements
complementing effect in large scale in term of caused
export in global level is an important driving mecha-
nism to impact the Mariana Trench.

Oligotrophic conditions and meteorology

As mentioned above, Ethmodiscus rex is a warm
water tropical oligotrophic diatom species shown by
previous observations (e.g., Villareal 1992) to occur in
a widely dispersed area. At present, nutrient poor con-
ditions occur in the Northwest Pacific Gyre (Text-fig.
1), although occurrence of organism cells in the deep
sea does not mandate formation of oozes. Following
the ocean and wind transport, ocean current migra-
tion may have shifted the gyre to become a local fac-
tor in oceanographic environments of the past. During
a glacial stage, the clockwise circulating Northwest
Pacific Gyre spread southward, which could contrib-
ute to lower nutrient levels and thus stimulate the
competitive advantage of Ethmodiscus rex to bloom
under conditions of high dissolved silica content.

Based on flat valves of large size, the Ethmodiscus
rex cells are easily transported via ocean currents that
might redeposit Ethmodiscus rex into particular loca-
tions due to the effects of wind generated hydrodynam-
ics on the drum-shape of this species cells (Gardner and
Burckle 1975). In the Western Pacific Ocean region of
this study, the Trade Wind drives westward motion of
the North Equatorial Current, which could have trans-
ported Ethmodiscus rex frustules to the study area. In
addition, Villareal (1993) showed local Ethmodiscus
rex ooze accumulations in the Northern Pacific Ocean
as the result of meteorological events that mediated
redeposition, not in situ growth of Ethmodiscus. These
arguments deserve more study, especially modern
ocean observations.

In the context of Ethmodiscus rex ooze research
results in the adjacent sea area of the Mariana Trench,
this paper views that Core JL7TKGCO5 diatomaceous
ooze could be formed in or near the LGM. The ooze
formation of the studied site at Pacific Ocean low
latitudes is controlled by global scale climate and
thermohaline circulations. Cold climate conditions

near the LGM caused stronger Southern Ocean silica
acid leakage effect via the Antarctic Intermediate
Water conveyor belt. Strong northern forward inva-
sion of the AAIW to the Northern Pacific Ocean
influenced regional diatom ecological status in the
Mariana Trench, in terms of climate change driv-
ing and silica leakage interpretation. The surface
Northwest Pacific Gyre migration may have created
oligotrophic conditions that resulted in competitive
advantage for Ethmodiscus rex blooms, matching up
with greater silica acid leakage. Meanwhile, the lo-
cal character of the extreme Mariana Trench water
depth promoted high dissolution of diatom frustules
and precipitated Ethmodiscus rex blooms forming
the ooze. There is no evidence to support slumping
of the trench slope to accumulate ooze in the location
studied.

CONCLUSIONS

1. Ethmodiscus rex ooze in the top section of
Core JL7KGCO5 is predominantly composed of large
quantities of Ethmodiscus rex fragments and also
contains a small group of open ocean, warm water
diatom species characterized by strongly silicified
valves, such as Azpeitia nodulifera and Alveus mari-
nus. Diatoms are not observed in the pelagic red clay
section that underlies the ooze.

2. Comparison to well-dated diatomaceous oozes
enabled us to estimate that the studied Ethmodiscus
rex ooze formed during the last glacial stage, likely
MIS 2 at about the LGM. The formation model
could be analogous to the hypothesis of Mikkelsen
(1977) involving a combination of several factors:
Ethmodiscus rex blooms, oligotrophic habitat and/
or the differential dissolution of diatom species. The
diatomaceous ooze formation was closely related to
the multiple mechanisms that increased the intensity
of deep Antarctic Intermediate Water currents and
southward migration of surface circulations of the
Northwest Pacific Gyre.

3. Ethmodiscus rex ooze in the deep sea oceanic
subsurface provides useful paleoceanographic infor-
mation. The occurrence of diatomaceous ooze records
the Ethmodiscus rex bloom event and changes in pa-
leoceanographic conditions in the Mariana Trench
through geological time. This is related to the late
Quaternary global glacial prevalence, which brought
the Antarctic Intermediate Water flow into the North-
west Pacific Ocean to replenish silica and reduce
diatom dissolution processes. At the same time, the
contribution launched by regional surface current mi-
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gration promoted the oligotrophic status to trigger
Ethmodiscus rex competitive advantages. This re-
search provides a case study of global climate and ma-
rine environment change influence on the evolution of
siliceous microfossils in the low latitude trench area.
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