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Abstract

Temporal variations of Sr isotopic compositions in the detrital component of north
Pacific sediments have been precisely examined. The Sr isotopic composition is controlled by
the flux of eolian material from the Asian con‘tinent with a high *7St/*®Sr ratio (0.724 - 0.726)
relative to volcanic material with a low ratio (0.703 - 0.705) from the Izu-Ogasawara-Mariana
arc and oceanic islands such as Hawaiian Islands. Assuming that the volcanic flux is constant,
the temporal variation in Sr isotopic ratio reflects the amount of eolian input from the continent.
The major characteristics of the temporal variations and the interpretation of them are
summarized as follows: (1) The *’St/**Sr records show cyclic fluctuations of 400 ky and 100
ky periodicities which are associated with the eccentricity of the earth’s orbit (Milankovitch
Cycle). (2) Between 3 and 0.8 Ma, the *’Sr/**Sr ratio in the north central Pacific sediment
increases gradually. This reflects an increased eolian input from the arid region in east Asia.
The increase must be related to aridification of the Asian continent. (3) The decreased
¥7Sr/*°Sr ratio during the past 0.8 my implies a decreased eolian input.  The age of 0.8 Ma may
relate to the climatic event known as the middle Pleistocene shift. All of these phenomena
reflect a fluctuation of the eolian flux corresponding to the paleoclimatic cycle of aridity in the
Asian continent. The Sr isotopic composition of pelagic sediment in the north Pacific is

sensitive to changes in the eolian input reflecting to the aridity of the Asian continent.
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1. Introduction

Most studies of Quaternary climates have focused on changes in 8'*0 and 8"°C in the
CaCO;, of foraminiferal shells (e.g., [1]), carbonate content in sediments (e.g., [2]) and the
magnetic susceptibility of sediments (e.g., [3-5]). Recently, paleo-environmental analysis
using radiogenic isotopes in the detrital fraction of marine sediment has béen carried out. For
example, Sr-Nd isotopes are used as tracers of deep water and surface water currents in South-
Barbados [6] and in the North Atlantic [7, 8]. The Sr and Nd isotopic compositions of the
detrital fraction are valuable indicators of source-region ma;erial (e.g., [9-11]). Temporal
variation of the radiogenic isotopes will provide information on both paléochmatic variations in
the source region and geologic events.

We recently found that the areal distribution of *’Sr/*®Sr ratios in north Pacific surface
sediments is controlled by the mixing of two major components, i.e., a continental component
with a high *’Sr/*®Sr ratio and a volcanic component with a low rato (Fig. 1; [12]). In
particular, the ®’Sr/*Sr ratio is high in north central Pacific sediments, which have deposited
away from areas of river input and ice rafting. The high ratio indicates the signature of the
Asian continental material, loess [12, 13]. The Asian loess is carried into the north Pacific by
middle-latitude westerlies and beyond, as far as Greenland [14]. The vertical variation in Sr
isotopic composition of core samples is then expected to reveal paleoclimates in the Asian
continent such as aridity, glaciation and atmospheric circulation of the Northern Hemisphere.
In this study, temporal variations of Sr isotopic compositions in detrital component of north
Pacific sediments have been precisely examined. The most striking observation from the

records is the existence of a cyclic fluctuation with the periodicities associated with the

Milankovitch Cycle during the Quaternary. The eolian flux from the Asian continent into the



north Pacific is related to the aridity of the Asian source region and is sensitively reflected by the

$7Sr/*SSr ratios of pelagic sediments.

2. Samples

Vertical variations of Sr isotopic composition were examined at three locations in the
north Pacific (Fig. 1). Three cores were obtained during the NH91-1 and the NHO93-1 cruises
of the R/V Hakurei-maru. Two locations, NGC55 and NP18, are in the north central Pacific
and the other, NP29, is in the western north Pacific close to the Mariana arc. NP18 and NP29
are piston cores and NGCS55 is gravity core. The water depths of the coring sites are deeper
than 5000 m, which is below the CCD. Then, these sediments do not contain any carbonate.
The three cores were not included in the previous study of strontium isotope distribution of
surface sediments [12]. Details of mineralogical and morphological descriptions on the three
sites were published elsewhere [5, 15, 16] and are summarized in Table 1.

NGCS55 is a core sample taken in close vicinity of NB69 of Asahara etal. [12]. The
core consists of dark brown to dark reddish brown clay, and 196 samples were examined there.
The samples cover the age of 0 to 3.1 Ma. NP18 is taken in proximity to NB37 [12]. The
core is composed of brown to dark brown clay, and 114 samples were examined. The
samples cover the age of O to 3.6 Ma. NP29 is taken from the location close to NB50 [12].
The core contains brown to dark brown clay and 205 samples were examined. The samples
cover the age of 0 to 6.3 Ma. NB69, NB37 and NB50 are surface sediments and their
¥'Sr/*°Sr ratios are 0.7191, 0.7188 and 0.7129, respectively. The high Sr isotopic ratios of
the former two locations clearly reflect the strong supply of the Asian loess to the sediments.

The surface sediment of the latter location partially reflects the volcanics supplied from the



Mariana arc and oceanic islands.

The ages of these core samples have been determined by magnetostratigrapy [5, 17].
Ages of geomagnetic polarity reversals follow Berggren [18]. Ages between boundaries of
geomagnetic reversals are determined on the assumption that the sedimentation rate of each
interval is constant. The age before 3.58 Ma of NP18 core is not known because of unstable
remnant magnetization. As shown later, fluctuation patterns of Sr isotopic ratios in the three
core samples during the period 0.8 - O Ma are quite similar to each other and therefore the shift
of age of cores due to missing of core-tops and/or bioturbation is small, if any. Then the core-
tops are assumed to be zero age.

The sampling interval of each core is usually 2 cm, but partly 1 or 10 cm, and a sample
of 1 cm in thickness is taken at every sampling point. Average linear sedimentation rates for
the cores range from 0.5 to 1.2 mm ky'. Benthic fauna continuously reworks ocean-floor
sediments after their deposition and further smear temporally fluctuating sedimentary signals.
Each Sr isotopic ratio, then, is an integrated representationiof at least 8§ ky of deposition
processes. The sedimentation rates of 0.5 - 1.2 mm ky' and a sampling interval of 2 cm
provide a temporal resolution of 17 - 40 ky.

The velocity of the Pacific plate motion is about 10 cm y ' and, therefore, sample
locations move at about 100 km my'. Change in the distance between the sampling localities

and the Asian source region can be disregarded in the following discussion.

3. Analytical procedures
Most of the samples weighed approximately 100 mg. The silicate detritus of each

sample was refined by a chemical extraction of authigenic material using 0.25N-hydrochloric



acid for 1 hour. The detrital residue was washed several times with ultrapure distilled and
deionized water. This leaching procedure does not affect the isotopic ratio of the detrital
fracion [12]. HCl-treated residue, defined as the detrital component, was decomposed by
hydrofluoric acid and perchloric acid.  Strontium was separated from the major elements using
a AGS50W-X8 cation exchange resin.

Sr isotopic compositions were measured with a VG Sector thermal ionization mass
spectrometer using dynamic triple collector analyses at the Geological Survey of Japan for
NP18 and with a VG Sector 54-30 at Nagoya University for NGC55 and NP29. During the
collection of 200 dynamic cycles, the **Sr ion beam was maintained at 2.0 V (0.020 nA) for VG
Sector and at 1.0 V (0.010 nA) for VG Sector 54-30. The average *’St/*°Sr ratios of the
NIST-SRM 987 during the course of this study were 0.710244£0.000023 (26, n=11) for
NP18 and 0.710252£0.000027 (26, n=152) for NGC55 and NP29. The ratios of NP18
presented in Table 2 were normalized to the value of the NiST—SRM 987 for NGC55 and

NP29.

4. Results

Sr isotopic composition, depth and age are presented in Table 2. The temporal
variations in *’Sr/**Sr ratio are shown in Figs. 2-a, b and c.

Sr isotopic compositions in the top of the NGC55 and the NP18 cores are consistent
with those of the surface sediments in the vicinity, NB69 and NB37 (Tables 1 and 2). The top
of the NP29 core has a slightly higher ratio (0.7142) than the NB50 surface sediment (0.7129).
Although the sampling points of NP29 and NBS50 cores are close, their sedimentary

environments are considered to be slightly different. Manganese nodules occur at the surface



of NB50 [16] and do not occur at the surface of NP29.

*7Sr/**Sr ratios and their temporal variation patterns of NGC55 and NP18 are quite
similar to each other and tend to increase during the interval from 3 to 0.8 Ma, when the highest
isotopic ratios reach about 0.720, and tend to decrease during the past 0.8 my. The isotopic
ratio of NP29 is lower than those of NGC55 and NP18, and tends to increase slightly from 6 to
2 Ma, when it reaches approximately 0.717, and tends to decrease during the past 0.8 my.

The temporal variations in Sr isotopic composition of the core sediments are compared
with the sedimentation rates in Fig. 3 in which the averages of the Sr isotopic ratios and the
accumulation rates in each geomagnetic polarity interval are shown.  The sedimentation rate
(g cm™ ky") is calculated, based on the sediment accumulation rate (mm ky') and the dry
sediment density deduced from the water content and the specific gravity [19, 20]. Estimated
sedimentation rates of short polarity intervals, such as 0.78 - 0.99, 0.99 - 1.07 and 1.77 - 1.95
Ma, may not be accurate. In segments with short polarity intervals (< 0.2 my) and low
sedimentation rates (< 1.5 mm ky''), lags of age between the geomagnetic reversals and the
deposition may be caused by a relatively viscous nature of the remnant magnetization.
Fluctuation patterns of average Sr isotopic ratios of the three cores during the past 3 my are

fairly similar to each other, except for a drop in Sr isotopic ratio of NP29 at 1.9 Ma.

5. Discussion
5.1 Long-term trend of fluctuation in *’Sr/*°Sr ratio

The temporal variation in Sr isotopic ratio of the core sediment dominantly reflects the
relative flux of material with a high *’Sr/*®Sr ratio to one with a low ratio. The material with a

high ratio is the eolian dust from the Asian continent (0.724 - 0.726; [21}]) and the material with



a low ratio is the volcanics from the Izu—Ogasawara—Mariapa arc and oceanic islands, such as
the Hawaiian Islands (0.703 - 0.705; [22-25]). Rb-Sr isochron plot for some of the detrital
components in the three core samples is shown in Fig. 4 to demonstrate the mixing of the two
components [21]. Approximately 15 samples of each core during the period 0 - 3.0 Ma are
plotted. The Rb-Sr isotopic systematics of these Quaternary core sediments show a well-
correlated pseudo isochron with an age of 300 Ma. This proves the mixing of the two
components.

The temporal variations of continental (eolian) and volcanic fluxes for these core
samples are calculated as follows. At first, the relative contributions of the continental
component are quantitatively calculated for the samples shown in Fig. 4 from the plausible Sr
isotopic compositions and concentrations for the continental and the volcanic components.
St/*°Sr ratios and Sr concentrations for the continental and the volcanic components are
regarded as 0.725, 100 ppm and 0.704, 300 ppm, respectively. Relative amounts of the
continental component are calculated using Sr isotopic ratios of the samples. Using the
relative amounts of the continental and volcanic components and the quantitative sedimentation
rates in Fig. 3, the continental and volcanic fluxes (g cm™ ky'lj are calculated. The results are
shown in Fig. 5. Both of the calculated fluxes of NP18 at 0.83 Ma are anomalously low.
As described above, the sedimentation rate at 0.83 Ma may not be precise enough for the
quantitative calculation because of a low sedimentation rate and a short geomagnetic period (0.2
my).

At NP18 and NGCS55 in the north central Pacific, the eolian fluxes increase during the
period from 3.0 Ma to 0.8 Ma and decrease slightly since 0.8 Ma. The volcanic fluxes of the

two cores are almost constant (0.005 and 0.010 g cm™ ky™!, respectively) during the past 3 my.



Then, the fluctuations of ¥’St/**Sr ratio of the two core sediments appear to be controlled by the
eolian flux.

Around 2.5 Ma, the Earth’s climate changed significantly. Ruddiman and Raymo
[27] suggested that accelerated uplift of the thalayan—Tibetaﬁ region at about 2.5 Ma caused
the change of atmospheric circulation in the Northern Hemisphere, which triggered the growth
of continental ice-sheets [28, 29] and loess formation in the Asian continent [30, 31]. The
increase of the eolian flux must be related to increased aridification of the Asian continent.

The NP18 core shows an anomalously low *’St/*®Sr ratio at 2.6 Ma (Fig. 2-b).  This
is caused by a temporarily reduced input of the eolian material, not an increased input of
volcanic material. By smear slide analyses of unleached samples, a larger amount of
authigenic phillipsite is found at the depth corresponding to 2.6 Ma. If the formation rate of
phillipsite is constant, it is considered that a relatively large amount of authigenic phillipsite at
2.6 Ma is caused by a temporarily decreased supply of the continental material, which is
consistent with the anomalously low *’St/*®Sr ratio in the detrital component of the NP18. No
clear isotopic anomaly, however, is found in NGC55 and NP29 cores simultaneously.

While the two cores in the north central Pacific, NGC55 and NP18, show similar
long-term trends of ®’Sr/*°Sr ratio, the third core NP29 in the east of the Mariana arc has
different features. In fact, continental and volcanic fluxes of NP29 show a different
fluctuation pattern from those of NGCS55 and NP18 (Fig. 5). The continental and volcanic
fluxes both decrease during the past 3 my. A drop in Sr isotopic ratio of NP29 at 1.9 Ma is
caused by a decreased input of the continental material. From 1.9 to 0.8 Ma, the *’Sr/*Sr
ratio of NP29 increases due to a reduced volcanic supply, not due to an increase of the eolian

material. NP29 is in close vicinity to Mariana Islands, Magellan Seamounts and Marshall



Islands. Their volcanic supply to the area of NP29 may have fluctuated. Moreover, there is
a possibility that the current of the middle-latitude westerlies was not influential in the area of
NP29 and that the supply of the continental material did not increase there. This may be
related to the hiatus between 1.5 Ma and the present in the core NP27 (197 59.88 N, 158" 29.87
E, 5582 m; [16]) that is close to NP29.

The *7Sr/**Sr ratios of all three sites start to decrease synchronously from around 0.8
Ma to the present. The decrease is caused by a reduced supply of the Asian continental
material to the north Pacific (Fig. 5). This is supported by the mass-accumulation rates of
north Pacific pelagic clays at DSDP Site 578 [32], at LL44-GPC-3 [33] and at KK75-02 [34]
that show decreased supplies of the continental material during that period. The age of 0.8 Ma
may relate to the middle Pleistocene shift which is the change in the nature of fluctuations from
the early to the late Pleistocene [27, 35]. The aridity associated with loess formation in the
Asia may have changed, although the linkage is not clear.

The ¥’Sr/*°Sr variations in the detrital sediments inversely correlate with the variations
of magnetic susceptibility reported for all cores examined here (Figs. 2-a, b and c; [5, 17)).
Yamazaki and Ioka [5] suggest that magnetic minerals of pelagic clay in the north Pacific consist
predominantly of two components: one is detrital hematite and magnetite (and/or maghemite)
transported as eolian dust and the other is biogenic magnetite formed in situ. Biogenic
magnetite is produced in the surface sediments at a constant rate and has high suscepubility.
When the continental component with a high *’Sr/**Sr ratio and a low susceptibility comes to be
dominant in sediments, the ratio becomes high and the susceptibility becomes low. The
variations of Sr isotopic ratio and magnetic susceptibility in pelagic sediments are both

considered to reflect changes in eolian flux from arid regions in the Asia.
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5.2 Cyclic change of *’Sr/*5Sr ratio

Despite the difference of sedimentation localities, the Sr isotopic variations in all three
cores have fluctuation patterns fairly similar to each other. They show similar cyclic changes
(Figs. 2-a, b and ¢). For example, all the cores have lower *’St/**Sr ratios at about 0.1, 0.5
and 1.7-1.9 Ma and higher ratios at about 0.3, 0.8, 1.6, 2.0 and 2.3-2.4 Ma.

The frequency spectrum of the *’Sr/**Sr record was examined and compared to the
periodicities of the earth’s orbital parameters as estimated by Berger [36]. Data from O to 2.58
Ma, that is the Quaternary, were used in this spectral analysis. Two data of NP18 at 2.526 Ma
and 2.562 Ma, which are anomalously low *’Sr/**Sr ratios, were notused. The data used for
this spectral analysis were interpolated from the raw data by spline function. The long-term
trend during the Quaternary was removed by subtraction of a 3rd order polynomial fit to
¥Sr/*°Sr data.  Autocorrelation of the data, smoothing with a Bartlett window and Blackman-
Turkey method were conducted using the time-series analysis of Paillard et al. [37]. Cross-
spectral analysis was also used to compare the *’St/*°Sr records with the eccentricity of the
earth’s orbit and to assess directly the coherency at each frequency.

Variance spectra of NGC55, NP18 and NP29 cores and the eccentricity of the earth’s
orbit together with their coherency spectra are shown in Fig. 6. Temporal resolution of
¥St/**Sr record, 17 - 40 ky as mentioned in the above section, prevents the detection of the
short periodicities associated with tilt and precession (< 50 ky; [36]) and, therefore, only the
eccentricity is used for this comparison. Spectral analyses of the three *’Sr/**Sr time series
spanning the Quaternary show that the record of NP29 is strongly influenced by the 400 ky
periodicity and that those of NGC55 and NP18 are also influenced by the same periodicity.

Among the periodicities of the Milankovitch Cycle associated with the eccentricity of the earth’s

11



orbit, 100 ky (126 and 96 ky) and 412 ky periodicities are important [36]. For all the cores,
the *7St/*®Sr record and the eccentricity are highly coherent at the 400 ky earth-orbital period
(Fig. 6).

The ¥7Sr/*°St variation in NGCS55, the core with the highest sedimentation rate among
the three cores, is compared with the SPECMAP stacked 6186 record [38] for the period from
0.8 Ma to the present. The SPECMAP stack is a well-established climate indicator. It is
found that the ¥'Sr/*°Sr variation is remarkably similar to the variation of 8O (Fig. 7).
Higher ratios correspond well with glacial periods (even numbers in Fig. 7) and lower ones
correspond well with interglacial periods. The variance spectrum of the *’Sr/**Sr record of
NGCS55 is concentrated at approximately 100 ky and the *’St/**Sr record and the eccentricity of
the earth’s orbit are coherent at about 100 ky (Fig. 6). Fine structure of the glacial-interglacial
cycle appears to be superimposed on the main structure of increasing and decreasing trends and
the fluctuation of the 400 ky periodicity discussed above. Some small time lags between the
S7S1/*°Sr ratio fluctuation and the 8'°0 curve (Fig. 7) may be caused by the inaccurate
assumption of linear sedimentation rates between boundaries of geomagnetic reversals. While
the NGC55 core has a relatively high sedimentation rate (0.10 g cm™® ky'), the NP18 and the
NP29 cores have small sedimentation rates (< 0.05 g cm? ky'") during the past 0.8 my. Their
small sedimentation rates are likely to have prevented shorter periodicities in *’Sr/**Sr variation
according to the Milankovitch Cycle.

The *’St/**Sr ratios in north Pacific sediment depend on the share of the continental
component from east Asia. If volcanic supply is constant, the glacial-interglacial cycle of
$7Sr/*°Sr variation in the pelagic sediments is considered to be controlled by the load of eolian

input with a high ¥ Sr/*°Sr ratio of the Asian continental signature. ~ Actually, periods of higher

12



7Sr/8Sr ratio tend to be longer than those of lower ratio on the diagram and this fluctuation
pattern suggests a reflection of the eolian flux with the high *’St/*Sr ratio (Fig. 7). The
northern hemisphere was more arid and more dust was transported during glacial periods than
during interglacial periods [39]. The cycle of the *’Sr/*°Sr ratio must correspond to the

paleoclimatic cycle of the aridity in the Asian continent [40].

6. Conclusions

The temporal variation of Sr isotopes in the detrital component of the north Pacific
sediment was precisely examined. The north Pacific sediments are mixtures of the Asian
continental material with a high *'S1/**Sr ratio (0.724 - 0.726) and volcanic material with a low
ratio (0.703 - 0.705). Assuming that the volcanic flux is constant, the temporal variation in Sr
isotopic composition of pelagic sediment in the north Pacific indicates the eolian flux from the
continent.
L. The 7St/*Sr ratio in the north central Pacific sediment increases over the period from
3t00.8 Ma. This reflects an increased eolian input from the arid region in the Asian continent,
which must be related to aridification of the continent.
2. The decreasing *’Sr/*°Sr ratio in the north Pacific sediment during the past 0.8 my
implies a decreasing eolian flux. The age of 0.8 Ma may be related to the climatic event
known as the middle Pleistocene shift.
3. The *’Sr/**Sr variations in the detrital sediments inversely correlate with the variations
of magnetic susceptibility. The variations of *’St/*°Sr ratio and magnetic susceptibility in
detrital sediments are both considered to reflect changes in eolian flux from the Asian continent.

4. 7Sr/*Sr records show cyclic fluctuations with periodicities of 400 ky and 100 ky

13



which are associated with the eccentricity of the earth’s orbit (Milankovitch Cycle). This must
reflect a fluctuation of the eolian flux corresponding to the aridity in the Asian continent.
37S1/*Sr variation as shown here is expected to exist in any pelagic and hemi-pelagic
sediments in the north Pacific. Precise and sequential analyses of radiogenic isotopes for
detrital sediments may reveal changes of the aridity of source regions in the Asian continent,

volcanic supply and atmospheric circulation.
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FIGURE CAPTIONS

Fig. 1 Locations of NGC55, NP18 and NP29 cores on the distribution map of Sr isotopic
compositions in the Pacific surface sediments from Asaharaetal. [12]. Open circles are
locations of surface sediments in the previous study. Stars are locations of the core

samples in this study.

Fig. 2 Temporal variations of *’Sr/**Sr ratio and magnetic susceptibility of core NGC55 (a),
NP18 (b) and NP29 (¢). They correlate inversely. Data of magnetic susceptibility is
from Yamazaki and Ioka [5] and Yamazaki [17]. Note that scale of magnetic
susceptibility is inverted. The horizontal bars at the top of diagrams show the

geomagnetic polarity intervals (black / white shows normal / reversed polarity).

Fig. 3 Temporal variation in Sr isotopic ratio and accumulation rate of the three core samples.
Thick lines show Sr isotopic ratios and thin lines show accumulation rates. ~ Averages of

Sr isotopic ratio and accumulation rate in each geomagnetic polarity interval are shown.

Fig. 4 Rb-Srisochron plot for the detrital components in the three core samples of the north
Pacific sediments and in three size fractions of the Asian continental materials (loess and
river deposif). These data are from Asahara et al. [21]. The Rb-Sr isotopic
systematics of the core sediments show a well-correlated pseudo isochron.  This pseudo

isochron reflects the mixing of two material, i.e., the Asian continental material with high



S7Rb/*°Sr ratios (5.0 - 6.0) and high ¥ Sr/*®Sr ratios (0.724 - 0.726) and the volcanic
material with low *’Rb/**Sr ratios (0.0 - 0.1) and low *’Sr/*Sr ratios (0.703 - 0.705),
from island-arc volcanics such as the Izu-Ogasawara-Mariana arc and oceanic islands
such as the Hawaiian Islands. Continental component of the core sediments has a high
$’Rb/**Sr ratio that implies fine particles (a few um) transported from the Asian continent
by wind.  Data field for volcanic material [22-25] and riverine suspended material in the

Japanese Islands [26] are shown on this diagram.

Fig. 5 Temporal variation of fluxes of the continental and volcanic materials in each core [21].
Fluxes are calculated from the relative amounts of the continental and the volcanic fluxes
and sedimentation rate (Fig. 3). The continental flux corresponds to the eolian flux
from the Asian continent. The data at 0.83 Ma of NP18 (dotted line) is excluded

because sedimentation rate at 0.83 Ma may not be correct.

Fig. 6 Variance spectra of Sr isotopic ratio of NGC55, NP18 and NP29 cores and the
eccentricity of the earth’s orbit and coherency spectra bémeen Sr isotopic ratios and the
eccentricity.  The significance level (80%) is shown. The long-term trend during the
Quaternary is removed by subtraction of a 3rd order polynomial fit to *’St/*®*Sr data
before spectral analysis. High concentrations of variance spectra of the eccentricity
(0.412, 0.126 and 0.096 my) are shown. The *’Sr/**Sr records and the eccentricity

have high coherencies at the 400 ky earth-orbital (Milankovitch) period.

Fig. 7 Comparison between the *’Sr/*Sr record of the NGC55 core and the SPECMAP



stacked 3'°O record [38]. Oxygen isotopic stages are labelled. Even numbers
represent glacial periods. High frequencies of the *’Sr/**Sr variation are remarkably

similar to the 8'%0 curve.



Table 1

Sample descriptions

Core Location Depth
sample Latitude Longitude (m)

Description

ref.?

Sample of surface sediment in
close proximity to the core

sample and its ¥Sr/*°Sr ratio ®

NGC55 24°00.14N 175 06.56E 5741

NP18 207 00.03'N 1757 07.11'W 5323

NP29 19°59.92’N 153" 2891'E 5262

Core length 362 cm, dark brown to brown clay.
Core length 676 cm, brown to dark brown clay.

Core length 700 cm, brown to dark brown clay.

Ferromangnese nodules occur at depths of 0.30
and 1.93 m.

[5, 15]

(5, 16]

(16]

NB69  0.719086

NB37  0.718812

NB50  0.712928

a  Data sources for sample descriptions.
b Data source is Asahara et al. [12].

Asahara



Table 2
Sr isotopic data for NGC55, NP18 and NP29 cores

depth(cm) age(Ma) °’Sr/*®Sr* depth(cm) age(Ma) °*’Sr/*°Sr * depth(cm) age(Ma) ®'Sr/*°Sr *

NGC55 98 - 99 0.718 0.719763%£13 218 -219 1.701 0.719241416
0- 1 0.004 0.719219+14 100-101 0.733 0.719796x16 220 -221 1.717 0.719389+13
1- 2 0.011 0.718827%17 102 -103 0.747 0.719647+14 222 -223 1.733 0.719091£16
2- 3 0.018 0.718889+14 104 -105 0.762 0.719839+14 224 -225 1.750 0.719003+14
3- 4 0.026 0.719094+16 106 - 107 0.776 0.719813x14 226 -227 1.766 0.718970+14
4- 5 0.033 0.719083«14 108 - 109 0.791 0.719863x16 228 -229 1.797 0.719095+14
5- 6 0.040 0.718962+£14 110-111 0.805 0.719880+16 230 -231 1.833 0.719055+17
6- 7 0.047 0.719103%14 112 -113 0.820 0.719778+14 232 -233 1.869 0.719076t14
7- 8 0.055 0.719272%16 114 -115 0.834 0.719905+17 234 -235 1.905 0.719027%16
8- 9 0.062 0.719319+14 116-117 0.849 0.719981+17 236 -237 1.941 0.719082+14
9- 10 0.069 0.719309+14 118-119 0.863 0.719973+16 238 -239 1.964 0.719139+14

10- 11 0.077 0.719290£16 120-121 0.878 0.719937+16 240 -241 1.982 0.719223%14"
11- 12 0.084 0.719282+16 122 -123 0.892 0.719832+16 242 -243 2.001 0.719280t14
12- 13 0.091 0.719289%17 124 - 125 0.907 0.719669+14 244 -245 2.019 0.718783%14
13- 14 0.098 0.719229+16 126 - 127 0.921 0.719705+14 246 - 247 2.038 0.718869+17
14- 15 0.106 0.719297*16 128 - 129 0.936 0.719878+16 248 - 249 2.057 0.718844+16
15- 16 0.113 0.719310%16 130-131 0.950 0.719829+17 250 -251 2.075 0.718782+14
16- 17 0.120 0.719187*16 132 -133 0.965 0.719791+14 252 -253 2.094 0.718757%16
17- 18 0.128 0.719217+14 134 -135 0.979 0.719836+16 254 -255 2.112 0.718928+17
18- 19 0.135 0.719166+14 136 - 137 0.998 0.719793+14 256 -257 2.131 0.718923%13
19- 20 0.142 0.719352%14 138 - 139 1.030 0.719766+16 258 -259 2.149 0.718724%16
20- 21 0.149 0.719353£14 140 -141 1.062 0.719699+14 260 -261 2.168 0.718695+14
22- 23 0.164 0.719280x14 142 -143 1.082 0.719686+14 262 -263 2.186 0.718822+17
24- 25 0.179 0.719396%16 144 - 145 1.098 0.719758x16 264 -265 2.205 0.718644%14
26- 27 0.193 0.719332%16 146 - 147 1.115 0.719491+14 266 -267 2.223 0.718629%16

28- 29 0.208 0.719363x14 148 - 149
30- 31 0.222 0.719359%14 150 - 151
32- 33 0.237 0.719478+14 152 -153
34- 35 0.251 0.719547+14 154 - 155
36- 37 0.266 0.719391+14 156 - 157
38- 39 0.281 0.719430+17 158 - 159
40- 41 0.295 0.719540+£16 160 - 161
42- 43 0.310 0.719538+14 162 - 163
44- 45 0.324 0.719462+14 164 - 165
46- 47 0.339 0.719427+14 166 - 167
48- 49 0.354 0.719418%14 168 - 169
50- 51 0.368 0.719577£17 170 - 171
52- 53 0.383 0.719642%16 172 - 173

1

1

1

1

1

1.131 0.719577£16 268 - 269 2.242 0.718665%14

1.147 0.719671£14 270 -271 2.260 0.718764%13

1.164 0.719536x16 272 -273 2.279 0.718663t16

1.180 0.719546+14 274 -275 2.297 0.718748%16

1.196 0.719396+13 276 - 277 2.316 0.718845%13

1.212 0.719586+16 278 -279 2.334 0.718954%£16

1.229. 0.719712x14 280 - 281 2.353 0.718726%t14

1.245 0.719744£14 282 -283 2.372 0.718754%£16

1.261 0.719654+16 284 - 285 2.390 0.718922+14

1.278 0.719671+17 286 - 287 2.409 0.719320+14

1.294 0.719655t16 288 - 289 2.427 0.719052+14

1.310 0.719576+14 290 -291 2.446 0.718642+14

1.326 0.719738+13 292 -293 2.464 0.718510%16
54- 55 0.397 0.719394%+14 174 -175 1.343 0.719573+14 294 -295 2.483 0.718536%16
56- 57 0.412 0.719282+17 176 -177 1.359 0.719458+14 296 -297 2.501 0.718576x14
58- 59 0.426 0.719160%16 178 -179 1.375 0.719624+14 298 - 299 2.520 0.718492%13
60- 61 0.441 0.719328+16 180-181 1.392 0.719547£16 300 -301 2.538 0.718544+13
62- 63 0.456 0.719417+13 182 -183 1.408 0.719458+17 301 -302 2.548 0.718457%16
64- 65 0.470 0.719431%17 184 -185 1.424 0.719595t14 302 -303 2.557 0.718417£16
66- 67 0.485 0.719272+£14 186 - 187 1.440 0.719380%14 303 -304 2.566 0.718543%14
68- 69 0.499 0.719231%£14 188 -189 1.457 0.719206x16 304 -305 2.575 0.718491%14
70- 71 0.514 0.719246%14 190-191 1.473 0.719232+17 305-306 2.585 0.718454+13
72- 73 0.529 0.719287+13 192 - 193 1.489 0.719288+16 306 -307 2.594 0.718393%16
74- 75 0.543 0.719321+14 194 -195 1.505 0.719344%13 307 - 308 2.603 0.718446%14
76- 77 0.558 0.719473£16 196 - 197 1.522 0.719351+14 308 -309 2.612 0.718183%13
78- 79 0.572 0.719342£16 198 - 199 1.538 0.719349+14 309 -310 2.622 0.718059%16
80- 81 0.587 0.719325%f14 200-201 1.554 0.719065+13 310-311 2.631 0.718079+14
82- 83 0.601 0.719468+17 202-203 1.571 0.719330+14 312-313 2.649 0.717809+14
84- 85 0.616 0.719521%£14 204 - 205 1.587 0.719314+14 314 -315 2.668 0.718067+14
86- 87 0.631 0.719711£14 206 - 207 1.603 0.719353+17 316 -317 2.687 0.717980%16
88- 89 0.645 0.719690+14 208 -209 1.619 0.719612+17 318 -319 2.705 0.718252+14
90- 91 0.660 0.719891x16 210-211 1.636 0.719565+14 320-321 2.724 0.718133%13
92- 93 0.674 0.719804+14 212 -213 1.652 0.719487+14 322 -323 2.742 0.718169+16
94- 95 0.689 0.719518+17 214 -215 1.668 0.719516x14 324 -325 2.761 0.718065%14
96- 97 0.703 0.719760+13 216 -217 1.685 0.719277+17 326 -327 2.779 0.717933%16
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Table 2 (continued)

depth(cm) age(Ma) *Sr/*°Sr * depth(cm) age(Ma) *'Sr/*®Sr * depth(cm) age(Ma) *’Sr/*Sr *

NGC55 80- 81 1.495 0.719162+13 280 - 281 0.714988+16
328-329 2.798 0.717713%£13 82 - 83 1.532 0.719261+£14 290 - 291 0.714658+16
330- 331 2.816 0.717574+£16 84 - 85 1.569 0.719325%£16 300 - 301 0.714548£12
332- 333 2.835 0.717737+13 86 - 87 1.606 0.719109+13 310-311 0.714472£14
334- 335 2.853 0.717737£17 88 - 89 1.643 0.719109+13 320 -321 0.713667£16
336- 337 2.872 0.717867%17 90- 91 1.679 0.718948+12 330 -331 0.713461%14
338- 339 2.890 0.717962%13 92- 93 1.716 0.718414%13 340 - 341 0.713028+14
340- 341 2.909 0.717864*14 94 - 95 1.753 0.717989+14 350 - 351 0.713254%17
342- 343 2.927 0.717507+14 96 - 97 1.788 0.718362+14 360 - 361 0.713003%14
344- 345 2.946 0.717848%16 98- 99 1.821 0.718544%+14 370 -371 0.713206%16
346- 347 2.964 0.717739+16 100-101 1.854 0.718533+13 380 - 381 0.712919+14
348 - 349 2.983 0.717323+14 102 -103 1.887 0.718677+13 390 - 391 0.712863%17
350- 351 3.002 0.717673+14 104 -105 1.920 0.718800+£14 400 - 401 0.712701£16
352-353 3.020 0.717421+14 106 -107 1.954 0.718762+12 410 -411 0.712683£17
354- 355 3.039 0.717644+14 108 - 109 1.989 0.718568+£13
356- 357 3.057 0.717741%13 110-111 2.025 0.718553£11 NP29
358-359 3.076 0.717574%16 112-113 2.061 0.718466+£11 0- 1 0.013 0.714174%16
360- 361 3.094 0.717433+14 114 -115 2.097 0.718465+11 2- 3 0.067 0.714119+16
116 - 117 2.133 0.718554%11 4- 5 0.120 0.714123+14
NP18 118 -119 2.168 0.718463%x11 6- 7 0.173 0.714126%14
0- 1 0.008 0.718851x14 120-121 2.204 0.718442+11 8- 9 0.226 0.715154+14
2- 3 0.041 0.718799+12 122 -123 2.240 0.718332+11 10- 11 0.280 0.714927+14
4- 5 0.074 0.718816%£12 124 -125 2.276 0.718409+13 12- 13 0.333 0.714865+14
6- 7 0.107 0.718881+10 126 -127 2.312 0.718201%13 14- 15 0.386 0.715009+14
8- 9 0.140 0.718815+16 128 -129 2.347 0.718342+14 16- 17 0.439 0.714884+14
10- 11 0.173 0.719281+12 130-131 2.383 0.717756%11 18- 19 0.492 0.714791+16
12- 13 0.206 0.719100%12 132 -133 2.419 0.717329+14 20- 21 0.546 0.715574+£16

14- 15 0.239 0.719306+13 134 - 135 2.455 0.717379+13 22 - 23 0.599 0.715499+14
16- 17 0.272 0.719197+13 136 - 137 2.491 0.716488+13 24 - 25 0.652 0.715645%14
18- 19 0.305 0.719444+14 138 - 139 2.526 0.714732t16 26 - 27 0.705 0.715709t14
20- 21 0.338 0.719275%£12 140 -141 2.562 0.713168+14 28 - 29 0.759 0.715435%16
22- 23 0.371 0.719250+12 142 - 143 2.609 0.717380%16 30- 31 0.804 0.715468t16
24- 25 0.404 0.719255%39 144 - 145 2.667 0.717203114 32- 33 0.843 0.716055%16
26- 27 0.437 0.719184%£12 146 - 147 2.725 0.717320£10 34- 35 0.882 0.715833+14
28- 29 0.470 0.719038*12 148 -149 2.783 0.716920+£13 36 - 37 0.921 0.715174%16
30- 31 0.503 0.718992+13 150 - 151 2.841 0.716981+13 38 - 39 0.961 0.714970+14
32- 33 0.536 0.718979%13 152 -153 2.899 0.717056+11 40 - 41 0.997 0.715088+13
34- 35 0.569 0.719364+16 154 - 155 2.957 0.716855%16 42 - 43 1.025 0.715293+14
36- 37 0.602 0.719381+30 156 -157 3.015 0.717092+11 44 - 45 1.053 0.715166+13
38- 39 0.635 0.719393%13 158-159 3.073 0.717087+11 46 - 47 1.081 0.714771%16
40- 41 0.668 0.719295+12 160-161 3.131 0.717263%19 48 - 49 1.109 0.714608+16
42- 43 0.701 0.719491+13 162 -163 3.189 0.717489+22 50- 51 1.136 0.715207%16
44- 45 0.734 0.719690+13 164 - 165 3.247 0.717148%17 52- 53 1.164 0.715261%16
46- 47 0.767 0.719500+13 166 - 167 3.305 0.717115%20 54- 55 1.191 0.715748%16
48- 49 0.830 0.719728+14 168 -169 3.363 0.717063+19 56- 57 1.219 0.715966%14
50- 51 0914 0.719668+t12 170-171 3.421 0.716644+11 58 - 59 1.246 0.715394+14
52- 53 0.993 0.719621+13 172 -173 3.479 0.716933%16 60- 61 1.274 0.714796%14

N e e o N N N e e e e

54- 55 1.024 0.719625+13 174 - 175 3.537 0.716815%17 62- 63 1.301 0.715051%16
56- 57 1.055 0.719667+13 176 - 177 0.716789+29 64 - 65 1.329 0.714976%14
58- 59 1.088 0.719557+13 178 - 179 0.716811%17 66 - 67 1356 0.714973%16
60- 61 1.125 0.719335+14 180 - 181 0.716313%13 68 - 69 1.384 0.714505%13
62- 63 1.162 0.719506x14 190 - 191 0.716753+%11 70- 71 1.411 0.715196%14
64- 65 1.199 0.719180+£10 200 - 201 0.716662+14 72 - 73 1.439 0.714816+14
66- 67 1.236 0.719291£13 210 - 211 0.716272+11 74 - 75 1.466 0.714847+14
68- 69 1.273 0.719107+£14 220 - 221 0.716059+13 76 - 77 1.494 0.714245%14
70- 71 1.310 0.719058£13 230 - 231 0.716051£11 78 - 79 1.521 0.714029+16
72- 73 1.347 0.718966+23 240 - 241 0.715983%13 80 - 81 1.549 0.714362+14
74- 75 1.384 0.719146+14 250 - 251 0.715611£11 82 - 83 1.576 0.714571x14
76- 77 1.421 0.719271£13 260 - 261 0.715363%17 84 - 85 1.604 0.715050+14
78- 79 1.458 0.719141f12 270-271 0.715385+17 86 - 87 1.631 0.715910+16
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Table 2 (continued)

depth(cm) age(Ma) *’Sr/*°Sr * depth(cm) age(Ma) 37S1/*°Sr * depth(cm) age(Ma) ®'Sr/*°Sr*

NP29 194 -195 2.693 0.715537+14 302-303 3.531 0.714884+£13
88- 89 1.659 0.715900+14 196 -197 2.708 0.715484%14 304 -305 3.543 0.714851*13
90- 91 1.686 0.715896*16 198 - 199 2.722 0.715335+¢14 306 -307 3.555 0.714809%16
92- 93 1.714 0.715785x16 200 -201 2.737 0.714838x16 308 -309 3.567 0.714733%14
94- 95 1.741 0.715748+16 202 -203 2.752 0.714987x14 310-311 3.579 0.714730£16
96- 97 1.769 0.715670+16 204 -205 2.766 0.715054+14 312 -313 3.605 0.714788%14
98- 99 1.792 0.714974+14 206 -207 2.781 0.715055t14 314 -315 3.632 0.714806£16
100- 101 1.815 0.714870+16 208 -209 2.795 0.715088+16 316-317 3.659 0.714634%£16
102- 103 1.838 0.714076x16 210-211 2.810 0.714897+14 318 -319 3.686 0.714914%14
104- 105 1.861 0.714488+16 212-213 2.825 0.715074x16 320-321 3.713 0.714679£16
106- 107 1.884 0.714851+16 214 -215 2.839 0.715116x16 322 -323 3.739 0.714509%14
108- 109 1.906 0.714820+t14 216-217 2.854 0.714865+16 324 -325 3.766 0.714740+14
110- 111 1.929 0.715247+14 218 -219 2.868 0.714966+14 326 -327 3.793 0.714602f14
112- 113 1.952 0.715471£14  220-221 2.883 0.714800+x16 328 - 329 3.820 0.714583%14
114- 115 1.971 0.715266%14 222 -223 2.898 0.714926+14 330 -331 3.847 0.714377%£16
116- 117 1.990 0.715996+16 224 -225 2.912 0.714837+14 332 -333 3.873 0.714164+£17
118- 119 2.009 0.716447+16 226 -227 2.927 0.715019+17 334 -335 3.900 0.715670x14
120- 121 2.027 0.716393+£16 228 -229 2.941 0.714830+16 336 -337 3.927 0.714315%16
122-123 2.046 0.716007+14 230 -231 2.956 0.714780+14 338 -339 3.954 0.714131%16
124- 125 2.065 0.716172+14 232 -233 2.971 0.714742%11 340 - 341 3.980 0.714192*16
126- 127 2.084 0.716015+14 234 -235 2.985 0.714542+14 342 -343 4.007 0.714210%16
128- 129 2.103 0.715992+14 236 -237 3.000 0.714511+37 344 -345 4.034 0.714458+16
130- 131 2.122 0.715992+14 238 -239 3.014 0.714343%x14 346 - 347 4.061 0.714703x14
132- 133 2.141 0.715865%t14 240 -241 3.029 0.714585%16 348 -349 4.088 0.714858+14
134- 135 2.160 0.715826%13 242 -243 3.045 0.714774+16 350-351 4.114 0.714608x14
136- 137 2.179 0.715925+16 244 -245 3.067 0.714772£16 360 -361 4.257 0.714643%16
138- 139 2.197 0.715991+£14 246 - 247 3.088 0.714543+14 370-371 4.358 0.714916%16

140- 141 2.216 0.715308+14 248 - 249
142- 143 2.235 0.715517£17 250 -251.
144- 145 2.254 0.715325+14 252 -253
146- 147 2.273 0.715497+£16 254 - 255
148- 149 2.292 0.715335%+14 256 - 257
150- 151 2.311 0.715735£14 258 - 259
152- 153 2.330 0.715958+£16 260 - 261
154- 155 2.349 0.715909£17 262 -263
156- 157 2.367 0.716029+14 264 - 265
158- 159 2.386 0.715992%16 266 - 267
160- 161 2.405 0.716125x16 268 - 269
162- 163 2.424 0.715878%+14 270 - 271

110 0.714812+16 380 -381 4.446 0.714589%14
131 0.714917+413 390 -391 4.538 0.714460%16
153 0.714591+17 400 - 401 4.633 0.713834+14
174 0.714882%£13 410 -411 4.720 0.714280%14
196 0.715077+14 420 - 421 4.806 0.714205+14
217 0.714966+14 430 -431 4.873 0.714788+14
239 0.714756+16 440 -441 4.965 0.714302+14
260 0.714582+14 450 -451 5.042 0.713736*14
.282 0.714637£14 460 -461 5.115 0.713265%16
303 0.714886+14 470 -471 5.188 0.712946+16
325 0.714543x16 480 -481 5.258 0.713747£14
339 0.714989+14 490 -491 5.325 0.713886%16
164- 165 2.443 0.716101+16 272 -273 3.351 0.714407+x16 500 -501 5.392 0.714007£16
166- 167 2.462 0.715802+14 274 -275 3.363 0.714984%£13 510-511 5.458 0.714081+14
168- 169 2.481 0.715828%16 276 -277 3.375 0.714619+17 520-521 5.525 0.714051£14
170- 171 2.500 0.715653%x16 278 -279 3.387 0.714725+14 530 -531 5.592 0.713833%14
172- 173 2.519 0.715606+£14 280 -281 3.399 0.714781£14 540 -541 5.659 0.713977£14
174- 175 2.537 0.715576+14 282 -283 3.411 0.714726t14 550-551 5.726 0.713680£16
176- 177 2.556 0.715672+£17 284 - 285 3.423 0.714950%14 560-561 5.792 0.713723+17
178- 179 2.575 0.715795%t14 286 - 287 3.435 0.714985+x14 570 -571 5.859 0.713780%16
180- 181 2.591 0.715858+16 288 - 289 3.447 0.714959+14 580 -581 5.926 0.713457%16
182- 183 2.606 0.715395%t14 290 -291 3.459 0.714977x13 590-591 5.993 0.713593%14
184- 185 2.620 0.715586+14 292 -293 3.471 0.715026£14 600 - 601 6.060 0.713860%+14
186- 187 2.635 0.715528t14 294 -295 3.483 0.714835%16 610-611 6.126 0.713203%16
188- 189 2.649 0.715353£14 296 -297 3.495 0.714959+17 620 -621 6.193 0.712955+14
190- 191 2.664 0.715483%16 298 -299 3.507 0.714924%16 630 -631 6.260 0.712775%14
192-193 2.679 0.715585%f14 300-301 3.519 0.715195%17 640 -641 6.327 0.713041%£16

WWWWLWWWLWWWWWWWWW

All ratios are normalized to **St/**Sr = 0.1194. The *’Sr/**Srratios of the NISTSRM-987 during the analysis
are 0.710244+0.000023 (26, n= 11) for NP18 and 0.710252+0.000027 (20, n = 152) for NGC55 and NP29. The
ratios of NP18 are normalized to the value of the NIST-SRM 987 for NGC55 and NP29.

* The error in the final digit (20,)is given.
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