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Despite its importance in regulating the global climate, the past deep ocean circulation in the western North Pacific has still been 
poorly understood. Nd isotopes of ferromanganese crusts have been proven to be a good proxy to monitor paleoceanic circulation 
changes. In this study, late Cenozoic Nd isotopic records are recovered from two ferromanganese crusts located near Mariana arc 
but at different water depths (MKD13: 1530 m, MDD53: 2700 m), and their implications for paleocirculation change in this area 
are explored. From the early to late Miocene, Nd isotopic compositions of MDD53 remained stable, and they were also character-
ized by the least radiogenic signatures (Nd 4.0 to 5.0) compared to crusts of similar water depths in the Miocene North Pacific. 
Afterward, an abrupt increase in its Nd value occurred in the Pliocene. In contrast, Nd isotopes of MKD13 became more radio-
genic with time in the Miocene and were almost invariable thereafter. The continual increase in Nd of shallower crust MKD13 is 
interpreted as reflecting progressive closure of Indonesian Seaway in the Miocene, while the deep western boundary current 
sourced from the Southern Pacific may have dominated Nd isotopes of deeper crust MDD53 during the same time interval. The 
lack of Nd isotopic variation of MKD13 in the Pliocene indicates that there were no changes in Nd sources in shallower waters 
and the final restriction between the Indian and Pacific may have only occurred since then. Therefore the observed large shift to 
more radiogenic Nd isotopes of MDD53 in the Pliocene should not be resulted from changes in vertical input from shallower to 
deeper water. Instead, a decreased ventilation of deep southern component current along the studied water depth range (~2700 m) 
may have continued in the Pliocene. 
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As the end of great oceanic conveyor, the deep western 
North Pacific is likely an essential part in understanding the 
dynamics of global thermohaline circulation. According to 
the water properties studies [1–5], the modern oxygen-rich 
Lower Circumpolar Deep Water (LCDW >3500 m) bifur-
cates at the equatorial central Pacific basin. The western 
branch of it flows northwest toward Mariana arc below wa-
ter depth of ~4000 m and the eastern branch flows across 
the Wake Passage and then into the central North Pacific. 
On the other hand, the Upper Circumpolar Deep Water 
(UCDW) at low latitudes in the Pacific, flows along 3000– 
3500 m depth. Its main route proceeds westward through 

the north of Pupua New Guinea and then flows into the 
Philippine Sea (Figure 1). However, since our knowledge 
about the past deep ventilation history of the western North 
Pacific is actually still very limited, it is not clear whether 
such water mass distribution changed or not in the past, e.g. 
during the closing of the Indonesian gateway. 

Neodymium isotopes from authigenic sediments, e.g. 
ferromanganese crusts, have been proven a useful tracer to 
monitor the pattern of ocean circulation [6–12]. The average 
residence time of Nd in the global ocean (~300 to ~600 a) 
which is shorter than the ocean mixing time (~1500 a) pre-
vents its complete homogenization and makes Nd isotopic 
signals of different water masses distinguishable throughout 
the ocean [8,13]. In the deep North Pacific, although Nd  
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Figure 1  Map of the western North Pacific, showing the location of ferromanganese crusts (MKD13, MDD53, D11-1 [6], Tasman [19]) and the schemati-
cally major currents in this area [5,20]. Also shown is a modern seawater profile TPS24 271-1 [14]. Orange lines represent surface and intermediate currents 
(<1500 m); purplish red lines represent upper parts of southern component water (~2000–3500 m); deep blue lines represent lower parts of southern compo-
nent water (>4000 m). NEC: North Equatorial Current; EUC: Equatorial Undercurrent; SEC: South Equatorial Current; UCDW: Upper Circumpolar Deep 
Water; LCDW: Lower Circumpolar Deep Water.  

isotopic compositions vary within a small range, they are far 
from homogenous, making Nd isotopes still a powerful tool 
to trace both modern and ancient water masses [6,14–16]. 
The ferromanganese crusts widely distributed in central and 
North Pacific are good archives to record past and present- 
day deep ocean circulation. A large number of crust samples 
have been collected around the area during several Chinese 
scientific cruises. This paper focuses on the radiogenic Nd 
isotope evolution of the deep western North Pacific in order 
to reveal past oceanographic changes in this area. 

Ling et al. [6,9] found that Nd values of crusts gradually 
increased with time based on analyses of Nd isotopic com-
position of several ferromanganese crusts in central North 
Pacific, indicating the increasing influence of more radio-
genic Nd from arc source. Nd values of crusts have in-
creased significantly especially from the past 15 Ma, but the 
cause of the change is not fully unclosed yet. A crucial point 
related to the problem is how to discriminate the changes of 
weathering input from those of deep water circulation. Tra-
ditionally, paleoceanographic researches based on Nd iso-
topes usually recovered only one record at one location, 
which lacked depth-related information [6,9,10,17,18]. Since 
deep water Nd isotopic composition may vary as a result of 

changes in weathering input, sediment-seawater exchange, 
and/or deep water circulation, it would be somewhat diffi-
cult to distinguish between changes in Nd sources and oce-
anic circulation at a specific location with the traditional 
approach. This study investigates the deep water paleocir-
culation changes east of the Mariana arc using two Nd iso-
topic profiles of ferromanganese crusts recovered respec-
tively from 1530 and 2700 m depths (Figure 1), which 
would help to constrain changes in Nd sources and water 
circulation. These two records traced the evolution of water 
mass mixing between the North Pacific deep water and in-
flowing southern component water, and thus provided im-
portant information on past deep water circulation in the 
western North Pacific. 

1  Materials and methods 

Both ferromanganese crusts in this study, MDD53 (17°26′34″N, 
150°17′18″E, 121 mm thick, water depth ~2700 m) and 
MKD13 (16°51′8″N, 149°47′55″E, 80 mm thick, water 
depth: ~1530 m) were dredged near Mariana arc in western 
North Pacific by the State Oceanic Administration of China. 
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MDD53 has a dense tabular feature with relatively smooth 
surface, whereas MKD13 has a more porous feature with a 
rough and micro-botryoidal surface.  

Dating ferromanganese crusts has always been compli-
cated. Each dating method used before, such as U series 
nuclide 230Th, Be isotopes, biostratigraphy, magnetostratig-
raphy, Os isotope stratigraphy and empirical Co equation, 
has its limits applied to ferromanganese crusts [8,21,22]. 
The U series nuclide 230Th, which is the most precise meth-
od to estimate growth rates, is restricted to about the last 
400 ka owing to its short half-life (75 ka) and thus can only 
date the very shallow surface part of crusts [23–25]. The 
sparse and incomplete nanofossils preserved in the crusts 
make biostratigraphy a difficult dating method, resulting in 
poorly constrained results and discontinuous ages [26,27]. 
Constrained by complicated demagnetization technique and 
sample preparation, magnetostratigraphic dating is difficult 
to be widely applied [28,29]. Considering that crusts can 
record the well-constrained Cenozoic seawater Osmium 
isotope evolution, attempts have been made to determine the 
age of each crust layer by matching Os isotope record of 
crust to that of coeval seawater. The 187Os/188Os seawater 
curve is characterized by gradual increase as a whole since 
late Cretaceous with two distinguished negative spikes at 
~65.5 and ~34.5 Ma, which can be regarded as two anchor 
points in the Os isotope stratigraphy. The former one may 
be related to meteor impacts at the K-T boundary [30] and 
the latter one is probably associated with weathering of an 
ultramafic magma event and an increased influx of extra-
terrestrial particles to the Earth in the late Eocene [31]. 
Therefore the Os isotope stratigraphy is more effective in 
dating crusts throughout the Cenozoic [32–36]. Since there 
are no distinguished Os isotope minimum events in the time 
scale of this study, it will be difficult to date the crusts by 
fitting the Os isotope curves. 

10Be dating method is considered to be relatively accurate 
in time scale of this study. However, such method can only 
cover at most the last ~10 Ma and have to extrapolate the 
age model beyond 10 Ma [6,37,38]. Unfortunately, 10Be 
analysis is not available to us. Another often used method to 
calibrate the ages of crusts in Cenozoic is based on the em-
pirical Co-flux model [9,39–46]. Co is incorporated into 
ferromanganese crusts from the water column by surface 
adsorption on hydrous MnO2 and colloidal Mn-oxyhydroxide 
phase. When Co is scavenged, the oxidation of Co2+ to Co3+ 
makes Co chemically stable [47,48], resulting in nearly 
constant flux of Co into crusts during the crust formation 
[39], if the content of Co in seawater is invariable and the 
distribution coefficient of Co in seawater and crusts is unal-
tered with time [40]. Co content is thus a good proxy to 
estimate the age of crust layers. Growth rates of the crusts 
are negatively correlated with the content of Co, i.e. the 
growth rate of crusts is higher when its Co concentration is 
lower [39]. Results of empirical Co-flux model  are re-
ported to be in good agreement with 10Be dating results for 

Pacific crusts [49] and the study of Ling et al. [9] who 
showed that Co-flux model based ages of crusts without 
hiatus and phosphatization are consistent with the ages in-
dicated by the Os and Pb isotopic patterns. So we can esti-
mate the age of crusts without hiatus or phosphatization by 
the method of empirical Co-flux model. Based on Co con-
tents of both crusts determined using electron microprobe, 
age estimates for the two crusts are obtained using the fol-
lowing cobalt calculation models.  

Puteanus [50] proposed that Co absorbed onto the Mn- 
oxide phase in older layers would be dissolved due to the 
infiltration of the ferromanganese crust with Ca- and phos-
phate-rich pore water. In order to estimate the growth rate, 
the primary Co content of the phosphatized older crust 
generation has to be calibrated. Considering the loss of Co 
in the phosphatized older layers of crusts in Pacific and ac-
cording to the negative correlation between the Mn/Co ratio 
and the phosphate content, the primary Co content can be 
calculated by [41]: 

( ) ( )m ( ) (b)Co Co Mn Co Mn Co ,x x x          

 ( ) (b)if Mn Co Mn / Co 1,x      >  (1) 

 ( ) ( )Co Co (1 0.05 P),x x     (2) 

where Co(x)m and Co(x)′ stand for measured and corrected Co 
concentration, respectively, in layer x of the older crust 
generation with phosphate dilution; Mn/Co(x) stands for Mn/ 
Co ratio measured in layer x of the older crust generation; 
and Mn/Co(b) stands for Mn/Co ratio measured of the boun-     
dary layers between the younger and older crust generation; 
P stands for difference between the apatite fraction of the 
older crust of layer x and the average value of the younger 
crust generation; Co(x)″ stands for double-corrected Co 
concentration of the layer (x) of the older crust generation. 

Manheim and Lane-Bostwick [40] presented that the 
growth rate of Co-poor crusts can be estimated by: 

   1.67
0.68 Co ,R w     (3) 

where R stands for growth rate in mm Ma1; and w(Co) 
stands for Co concentration in percent. The weight of detrital 
sediments in the samples should be less than 0.0012%. 

In this study, the elemental contents of crusts are ana-
lyzed using a JXA-8100 electron microprobe at State Key 
Laboratory for Mineral Deposits Research, Nanjing Univer-
sity. In order to prevent splintering when cutting the crusts, 
crusts studied were fixed using epoxy resins in vacuum drier 
at 40°C, and then cut into slabs (~8 cm × 4 cm ×2 cm) per-
pendicular to the growth layers. Then the slabs were pol-
ished, washed and dried below 50°C, and finally coated with 
carbon powder for electron microprobe analysis. Contents of 
Mn, Fe, Si, Al, P, Ca, Sr, Ni, Cu and Co are analyzed and 
the analytical condition is as follows: An accelerating volt-
age of 15 kV, a beam current of 20 nA and analyzed points 
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with 2 m spot diameter. 
Sub-samples with typical sample sizes of ~10 mg for 

neodymium (Nd) isotope analyses were taken every 1–5 mm 
from the counterpart slab cut apart for electron microprobe 
analysis. Neodymium isotope measurement was carried out 
at the State Key Laboratory for Mineral Deposits Research, 
Nanjing University, using LN resin and HCl leaching for 
the chemical separation of Nd. Neodymium measurements 
were performed with a Finnigan Triton thermal ionization 
mass spectrometer (TIMS). 143Nd/144Nd ratios were normal-
ized to 146Nd/144Nd=0.7219 to correct the instrumental mass 
fractionation during measuring. Repeated analyses of the 
Nd standard JNdi-1 yielded 0.512121±2 (2 external stand-
ard deviation, n=15). 

2  Results 

The electron microprobe analysis results show that phos-
phatization occurred below the depth of 63.0 mm in crust 
MDD53, whereas crust MKD13 is not phosphatized at any 
time since Miocene. Crust MKD13 has low Co content with 
an average of 0.40% and yields an age of 30.0 Ma for the crust 
bottom by using the model of Manheim and Lane- Bostwick 
(eq. (3)) [40]. Crust MDD53 also has low Co content in the 
non-phosphatization parts (average of 0.69%), and the Co 
content of the phosphatized parts is corrected using eqs. (1) 
and (2) of Puteanus and Lane-Bostwick [41] before age 
estimated by using model of Manheim and Lane-Bostwick 
(eq. (3)) [40], which yields a bottom age of 72.2 Ma that is 
similar to the ages of the central North Pacific crusts [9]. 

Dating results based on cobalt constant flux model are 
presented in Figure 2 and Table 1. Crust MKD13 has an 
overall growth rate about 2.67 mm/Ma. During the past ~20 
Ma, the average growth rate is about 2.80 mm/Ma with rel-
atively small variation. MDD53 can be divided into two 
sections with obviously different growth rates, the Quater-
nary section with growth rate similar to MKD13 and the 

Neogene section with much slower growth rates (~0.9 
mm/Ma). Crust MDD53 has an overall growth rate about 
1.66 mm/Ma. During the past ~20 Ma, the average growth 
rate is about 1.18 mm/Ma.  

As our major concern is the evolution of deep circulation 
in the western North Pacific associated with the progressive 
closure of Indonesian seaway, here we only presented the 
Nd isotopes since the early Miocene (~20 Ma). Earlier Nd 
isotopic records, which may be complicated by accumulated 
age uncertainties and plate-movement-associated factors, 
are out of our scope and thus will not be discussed in this 
paper. 

Neodymium isotope time series for crusts MDD53 and 
MKD13 are shown in Figure 3 and Table 1. Apparently, 
they display very different patterns of evolution. Over the 
Miocene, while MKD13 became progressively more radio-
genic in Nd isotopes (Nd 4.5 to 3.2), MDD53 was rela-
tively stable in Nd isotopes (Nd 4.1 to 4.8). In the Plio-
cene, a remarkable increase in Nd values is observed in 
MDD53 (4.6 to 3.2) but not in MKD13. Thus it is inter-
esting to note that the two Nd isotopic records were decou-
pled as a whole.  

Under the age model mentioned above, the increase of 
Nd values of crust MKD13 mainly occurred in Miocene, 
and then stayed stable in Pliocene and Quaternary, while 
crust MDD53 saw an abrupt increase in its Nd values in 
Pliocene. However, considering that the ages calculated 
from the empirical Co contents model which could not dis-
cover sedimentary hiatus may have errors and that such 
errors may have caused the discrepancy of the Nd isotope 
evolutions of two crusts, the reliability of the ages of both 
the crusts need to be further constrained. First, by compar-
ing the Nd isotope time series of this study with the nearby 
Nd isotope evolution records, we found that the evolution 
pattern of Nd isotopes in MKD13 is all the way similar to 
the nearby crust D11-1 at similar water depth (11°38′54″N, 
161°40′E, 1700 m) [6], which supports the age results of 
MKD13 (Figure 4(a)). Second, the distinct increase in Nd of  

 

Figure 2  Ages of ferromanganese crusts derived from cobalt constant flux model versus depth beneath surface of the crusts. (a) The overall growth rates of 
crusts MDD53 and MKD13; (b) the growth rates of crusts MDD53 and MKD13 in the past ~20 Ma.  
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Table 1  Nd isotopic compositions for ferromanganese crusts MKD13 
and MDD53 from the western North Pacific 

Sample Depth (mm) Age (Ma) 143Nd/144Nd (2) Nd
a) 

MKD13-0 0 0 0.512471±2 3.26 

MKD13-1 1.0 0.4 0.512470±2 3.28 

MKD13-2 3.0 1.0 0.512471±3 3.26 

MKD13-3 5.0 1.3 0.512479±6 3.10 

MKD13-4 7.0 2.2 0.512467±6 3.34 

MKD13-5 10.0 2.7 0.512472±6 3.24 

MKD13-6 14.5 3.3 0.512472±5 3.24 

MKD13-7 17.0 3.9 0.512473±6 3.22 

MKD13-8 21.0 5.5 0.512470±2 3.28 

MKD13-9 24.0 6.2 0.512458±6 3.51 

MKD13-10 27.0 6.9 0.512447±2 3.73 

MKD13-11 31.0 7.9 0.512436±1 3.94 

MKD13-12 35.0 9.3 0.512431±1 4.04 

MKD13-13 39.0 10.3 0.512420±2 4.25 

MKD13-14 43.0 11.0 0.512414±2 4.37 

MKD13-15 47.0 12.2 0.512409±2 4.47 

MKD13-16 51.0 14.5 0.512400±2 4.64 

MKD13-17 56.0 20.0 0.512408±4 4.46 

MDD53-0 0 0 0.512457±2 3.53 

MDD53-1 2.0 0.6 0.512446±2 3.75 

MDD53-2 3.8 1.6 0.512447±1 3.73 

MDD53-3 5.5 2.1 0.512472±3 3.24 

MDD53-4 6.5 2.5 0.512435±4 3.96 

MDD53-5 9.5 4.1 0.512403±8 4.58 

MDD53-6 10.5 5.3 0.512421±2 4.23 

Duplicate 10.5 5.3 0.512426±2 4.14 

MDD53-7 11.5 6.1 0.512421±3 4.23 

MDD53-8 12.5 7.8 0.512411±4 4.43 

MDD53-9 13.5 8.6 0.512392±2 4.80 

MDD53-10 15.5 10.7 0.512412±2 4.41 

MDD53-11 17.5 12.3 0.512403±3 4.58 

MDD53-12 20.5 16.1 0.512392±2 4.80 

a) Measured 143Nd/144Nd of crusts samples are presented as Nd values in 
Table 1. Nd values have been calculated as Nd=[(143Nd/144Nd)sample/(

143Nd/ 
144Nd)CHUR1]×104, where (143Nd/144Nd)sample means the 143Nd/144Nd ratio of 
the sample, and (143Nd/144Nd)CHUR is that of the modern Chondritic Uniform 
Reservoir (i.e. 0.512638 [51]). Since the time scale of crusts this study 
focuses (~20 Ma) is relatively very short to the half-life time of 147Sm 
(1.06×1011 a [52]), and 147Sm/144Nd of crusts is generally low (~0.11) [6], 
143Nd generated by the decay of 147Sm during this time is insignificant 
compared with that caused by the seawater variation with time, and thus 
(143Nd/144Nd)sample does not need be corrected by the decay of 147Sm. In 
other words, 143Nd/144Nd for samples of crusts we measured can represent 
that of crusts when they formed. 

crust MDD53 occurred only in ~0.5 cm intervals of the 
crust (from 9.5 to 5.5 mm, see Table 1). If this increase was 
as gradual as MKD13 or D11-1 over a time scale of more 
than 10 Ma, this would yield a growth rate for MDD53 of 
less than 0.5 mm/Ma, an extremely low growth rate never 
reported for hydrogenic ferromanganese crusts (the reported 
growth rates are usually 1–15 mm/Ma [37,41,54]). In addition,  

 

Figure 3  Plot of εNd values versus age of the Pacific ferromanganese 
crusts (Nd isotope data for D11-1 is from Ling et al. [6], and the age data is 
based on 10Be dating and minorly revised according to Tl isotope stratigra-
phy [53]; data for Tasman is from van de Flierdt et al. [19]).  

the specimen of crust MDD53 shows a smooth growth pat-
tern without clear growth hiatus. Finally, Nd isotopes ex-
tracted from the carbonate fraction of site 807 (3°4′N, 
156°4′E, 2815 m) [55], which located directly east of the 
Indonesian islands, displayed a similar evolution pattern as 
that of crust MDD53 (Figure 4(b)), i.e. an abrupt increase in 
Nd during the Pliocene and a small overall shift in Nd iso-
topes from ~15 to 5 Ma. However, Nd isotopes of site 807 
are systematically more radiogenic (about 1 unit in Nd 
higher) than those of MDD53, which may represent local 
addition from boundary sediments-seawater exchange to the 
water [56,57]. Nevertheless, this offset has to be further 
understood in future studies. However, the two evolution 
patterns are not all the way matched each other. An obvious 
difference occurred since the latest 5 Ma, that the maximum 
Nd value of Site 807 appeared in Pliocene (~3.2 Ma), while 
MDD53 appeared in early Quaternary (~2.1 Ma). Such dis-
crepancy may occur due to the error of the Co-flux model 
age results of this study, which may reach as large as 1–2 
Ma but may not affect the discussion on long-time Nd iso-
tope evolution since early Miocene. In fact, the two Nd iso-
topic evolution patterns revealed by this study are incon-
sistent (Figure 3) no matter how to slightly adjust the ages 
of both crusts to eliminate errors in the age estimates. 

3  Discussion 

3.1  Closing of Indonesian gateway to surface- and 
mid-water exchange and dominance of SCW in deep 
western North Pacific over the Miocene 

In the early and middle Miocene, crusts MDD53 and MKD13  
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Figure 4  Comparison between Nd time series of ferromanganese crusts MKD13 and MDD53 (this study) and the nearby Nd isotope records. (a) Shallower 
crust MKD13 and D11-1 (Nd isotope data for D11-1 is from Ling et al. [6], and the age data is based on 10Be dating and minorly revised according to Tl 
isotope stratigraphy [53]). (b) Deeper cust MDD53 and carbonate fraction of the western equatorial sediment core Site 807 [55].

had similar Nd values (4.0 to 4.8) (Figure 3), which were 
typical of modified southern component water signature 
[16]. While overall Nd isotopes of crust MDD53 remained 
stable, Nd of crust MKD13 increased by more than 1 Nd 
unit over the Miocene. A possible explanation for that 
would be an enhanced supply of Nd from arc materials since 
15–20 Ma, through the way of either boundary exchange or 
surface weathering. However, evidence from Pb isotopes 
was proposed against a progressive increase in Pacific arc 
erosion over the past 10 Ma [19]. In addition, the most ab-
rupt increase of Cenozoic pacific arc production actually 
occurred during the Pliocene and Quaternary, not the Mio-
cene [58–61]. Thus this enhancement of radiogenic weath-
ering flux alone is not a satisfactory interpretation for the 
observed increase in Nd of crust MKD13. One may also 
argue that a decrease in supply of SCW via the southwest 
Pacific to the studied area could generate the observed iso-
topic shifts in MKD13. However, this is not supported by 
the relatively stable Nd values of Southwest Pacific crust 
Tasman with a similar water depth (28°34.0′S, 163°00.0′E, 
~1700 m, Figure 3, [19]) during the early to middle Miocene. 
We therefore suggest that the low Nd values of MKD13 in 
the early Miocene indicated the presence of direct supply of 
less radiogenic Nd isotopic southern component surface and 
middle water [55] via the Indonesian gateway. Such sce-
nario was also proposed by Meynadier et al. [62]. In fact, 
Gourlan et al. [55] inferred that a shallow and intermediate 
current from Indian to Pacific probably existed before 14 
Ma in the southern part of the seaway. Then the subsequent 
increase in Nd of shallower crust MKD13 reflected the 
gradually diminishing supply of less radiogenic water from 
the Indian Ocean to the western North Pacific through the 
Indonesian gateway.  

Given the above explanation for MKD13, it seems coun-
terintuitive that the overall unradiogenic signal of crust 
MDD53 in deeper water depth varied little during the same 
period. However, this should not be surprising if supposed 
deep water exchange through the Indonesian Gateway had  

already closed before the early Miocene and thus exchange 
only occurred in surface- and mid-water in the early Mio-
cene. Reconstruction of this gateway evolution has been 
studied by different approaches, such as plate tectonic mod-
el, bio-stratigraphic comparison, and stable isotopes (C, O) 
of foraminifera tests. A comprehensive study of Cenozoic 
geological and plate tectonic evolution at the Indonesian 
gateway region was made by Hall [60]. At present, Indone-
sian Gateway is only open for very limited surficial water 
exchange between Pacific and India ocean. However, it is 
generally agreed that a wide Australia-Asia gap existed be-
fore 25 Ma, when deep water exchange between the Indian 
and Pacific could have occurred. At about 25 Ma, a major 
reorganization of plate boundaries was initiated by collision 
between the New Guinea Block and the SE Asia Block 
[56,59,60]. This may have effectively restricted the deep 
oceanic currents (>2000 m) across the seaway. Such a sce-
nario is supported by divergent deep water 18O evolution 
on both sides of the gateway in the early Miocene [63]. 
Therefore it is reasonable to infer that further closing pro-
cess of the Indonesian Seaway from 10 to 15 Ma had only 
influence on Nd isotopes of shallow to mid-water (crust 
MKD13) but not on those of the deep water (crust MDD53).  

In the modern central North Pacific, overall Nd of sea-
water in depth interval between 1000 and 5000 m vary 
within a small range (3 to 5). Specifically, a modern 
seawater profile (Figure 1, TPS 24 271-1 [14]) in the region 
of this study revealed little Nd isotopic difference between 
water depths of 1530 and 2700 m. The Nd values of the 
surface scrapings of crusts MKD13 and MKD53 are also 
similar. Given such homogeneity in the modern western 
North Pacific, a Nd difference of more than 1 unit between 
crusts MKD13 and MKD53 before ~5 Ma should have sig-
nificant implications, i.e. the ocean circulation pattern at 
that time was different from that of the present. Unradio-
genic continental Nd from marginal seas near China is not 
likely a contributor to the observed less radiogenic feature 
of the late Miocene to Pliocene part of crust MDD53. The  
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modern Kuroshio waters originating from the North Pacific 
Tropical Water (NPTW), for example, have very unradio-
genic Nd [64]. If these sources indeed supplied significant 
unradiogenic Nd to crust MDD53, they would have also 
affected Nd isotopic records of shallower crust MKD13. In 
fact, crust MKD13 became radiogenic more quickly than 
crust MDD53 from early to middle Miocene (Figure 3). 
Thus we believe that low Nd values of crust MDD53 before 
~5 Ma reflected intensified southern component deep water 
contribution along the western Pacific and Nd isotopic 
compositions of crust MDD53 revealed dominance of the 
deep western boundary current sourced from the Pacific 
Southern ocean (e.g. Nd= 4.5 to 5.0 [15]) along the water 
depth of crust MDD53 over the Miocene. Also noteworthy 
is that evolution of Nd isotopes of crust MDD53 is charac-
terized by wave-like excursions in the Miocene (Figure 3). 
These fluctuations should not be a result of arc weathering 
input or boundary exchange pulses to the surface western 
North Pacific, because such fluctuations are not observed in 
shallower crust MKD13. Nevertheless, Nd of crust MDD53 
in the Miocene were the lowest (Nd 4.0 to 5.0) among 
reported North Pacific crusts from similar water depths [19]. 
We interpret this as a result of an overall strengthened but 
fluctuated supply of deep southern component water via the 
western Pacific boundary to crust MDD53. 

3.2  Development of modern western Pacific deep  
circulation since the Pliocene 

The final restriction for surface and thermocline water masses 
exchange between the Pacific and Indian oceans through the 
Indonesian Gateway is still controversial. Various restriction 
events were proposed. Kennett et al. [65] interpreted the late 
Miocene similar assemblages of planktonic foraminifera 
across the entire tropical Pacific as reflecting the effective 
closing of the Indonesian Seaway around 8 Ma. In contrast, 
a switch from the South Pacific to North Pacific surface 
waters flowing through the seaway into the Indian Ocean, 
associated with a major Indonesian plates reorganization 
between 5 and 3 Ma, was suggested by Cane and Molnar 
[66]. Srinivasan and Sinha [67] provided planktonic foram-
inifera evidence and suggested that the Indonesian Gateway 
became an effective biogeographic barrier for deep-dwelling 
planktonic foraminifers only after about 5 Ma. The exist-
ence of Miocene Indian Ocean Equatorial Jet and its subse-
quent diminishing between 4–2.5 Ma accompanying the 
final closure of the Indonesian gateway has also been pro-
posed based on Nd isotopes study in marine sediments [55]. 
The data of this study supports that the final restriction be-
tween the Indian and Pacific may have only occurred since 
the Pliocene, as can be seen in Figure 3 that shallower crust 
MKD13 shows little Nd isotopic variations after ~5 Ma.  

In contrast, deeper crust MDD53 shows a remarkable in-
crease in εNd in the Pliocene. Possible causes for this could 
be: (i) changes in Nd isotopic composition of the circumpolar 

deep water; (ii) enhanced supply of radiogenic Nd isotopes 
from the surface and intermediate water; and/or intensified 
“boundary exchange” [66,67] with volcanic material (i.e. the 
southwest pacific arcs) along the path of UCDW (Figure 1); 
(iii) decreased supply of southern component deep water. 

Previous studies have already showed that Nd isotopes of 
southern circumpolar deep water are relatively stable during 
this period, and therefore changes in Nd isotopes of south-
ern circumpolar deep water could be ruled out as a possible 
scenario. Only if an increased supply of Nd from arcs did 
not alter much the overall Nd isotopic composition of the 
North Pacific surface and intermediate water, Nd isotopes 
of crust MKD13 could be expected as less sensitive than 
crust MDD53 to arc weathering flux. Otherwise, an en-
hanced radiogenic weathering flux in the Pliocene could 
have a consistent effect on both crusts records. The follow-
ing reasons indicate that this assumption may not be tenable. 
First, arc sediments typically show positive εNd values [19]. 
Accordingly, if arc erosion indeed gradually increased in 
supplying radiogenic Nd to the studied area, we should ex-
pect crust MKD13 (1530 m) be more sensitive to such in-
fluence when that weathering input including sediment- 
seawater exchange occurring basically in the upper ocean 
(<1500 m) is considered. Second, the similar increase of 
radiogenic Nd isotopes in the Southwest crust Tasman 
(28°34.0′S, 163″00.0′E, ~1700 m, Figure 3, [19]), which 
was suggested to reflect a deflection of South Equatorial 
Current (SEC) rather than weathering input variation, favors 
possibility of deep circulation reorganization during this 
period [19]. At the current stage, we could not rule out that 
intensified deep boundary exchange with volcanogenic Nd 
led to the increase in Nd of crust MDD53 at the early Plio-
cene. However, the following lines of evidences suggest this 
scenario is also unlikely. First, the increase in radiogenic Nd 
isotopes of crust MDD53 stopped when reaching the iso-
topic composition of central North Pacific intermediate wa-
ter, which is also the case for crust Tasman (Figure 3), im-
plying that central North Pacific intermediate water may 
still be the radiogenic end member for both crusts and no 
additional radiogenic sources are needed [12]. Second, in-
crease in boundary exchange needs enhanced supply of ra-
diogenic arc sediment from the surface and intermediate 
water. Again, a correspondent Nd change in shallower crust 
MKD13 is not observed. Therefore the two above scenarios 
i and ii are both unlikely. 

Therefore, scenario iii is the most likely cause for the 
Pliocene increase in Nd of deeper crsut MDD53, i.e. a de-
creased ventilation of unradiogenic deep water at ~2700 m 
probably occurred at the early Pliocene. Consequently, a 
concomitant increase in proportion of radiogenic North Pa-
cific water in the studied region should be expected and lead 
to increase in Nd of crust MDD53. The smaller Nd differ-
ence between crusts MDD53 and MKD13 at the Quaternary 
than before suggests similar Nd sources since then. Re-
markably, the growth rates of the two crusts have been close  
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to each other since the Pliocene (Figure 2). A modern near-
by seawater profile, TPS 24 271-1, also reveals that typical 
southern component water signal (Nd values of 4.5 to 5.0) 
occurs only at water depths below ~4000 m [14]. As men-
tioned above, modern UCDW which ventilates the western 
North pacific at about 3000–3500 m follows the route east 
of the Solomon Rise (Figure 1), but a large fraction of it 
does not directly flow into the east Mariana basin [2,5]. In-
stead, the major route turns westward near Papua New 
Guinea arc and then flows into the Philippine Sea. However, 
the flow pattern before 5 Ma might have not been the same 
like this. There could be a stronger eastern bifurcating cur-
rent of UCDW that directly ventilated the water surrounding 
crust MDD53 before ~5 Ma. This ventilation may have then 
diminished in the Pliocene. Nevertheless, the weakening of 
the local southern ventilation should not necessarily indicate 
that the total volume transport of deep currents to the North 
Pacific strengthened or weakened. Unfortunately, the Nd 
isotopic data presented here are not explicit in elucidating 
the cause of deep southern component water ventilation 
changes. We envisage that changes in bottom topography 
associated with plate movements and cooling/warming in 
the high latitudes of the Southern Ocean could regulate the 
intensity/depth of deep western boundary currents in the 
studied area. Further works, such as model study, are clearly 
needed to clarify the mechanism of the circulation changes 
in the Pliocene western North Pacific. Interestingly, the Nd 
isotopic records of southwestern crust Tasman [19] and 
northwestern crust MDD53 are closely correlated since the 
early Pliocene, implying that the deep western Pacific cir-
culation may be broadly coupled between both hemispheres 
when the Indonesian Seaway had been completely restricted. 

It is likely that the similarity in Nd isotopic compositions 
between the studied two crusts in the Quaternary marked 
the full development of the modern deep circulation pattern 
near the Mariana arc. In the surface western North Pacific, 
the modern circulation pattern is characterized by the final 
formation of the west Pacific warm pool (WPWP) during 
~3–4 Ma [68] and the intensification of Kuroshio Current at 
about 3 Ma [69,70]. Also noteworthy is the indistinguishable 
Nd isotopic composition of the equatorial and the South-
western Pacific deep water over the Quaternary (Figure 3), 
as well as the convergent trends in Nd isotopic composi-
tions of these crusts. Hence an overall intensification of 
western Pacific water masses mixing may have occurred in 
the Quaternary. 

4  Conclusion 

In this study, we reconstructed the deep water circulation in 
the western North Pacific since the early Miocene, using Nd 
isotopic time series of two ferromanganese crusts. These 
two crusts grew at the same longitude and latitude, but with 
depth difference of more than 1000 m, allowing us to iden-

tify changes in weathering inputs versus past ocean circula-
tion. We propose that relatively strong ventilation of south-
ern component boundary current along the water depth 
range of deeper crust MDD53 existed from the early to late 
Miocene. During this time interval, an increase in radiogenic 
Nd isotopes of shallower crust MKD13 reflected progres-
sive closure of the Indonesian Seaway to the middle and 
surface water exchange between the Pacific and Indian 
Ocean. In accordance with previous studies, the final re-
striction of the seaway probably occurred in the early Plio-
cene, which was demonstrated by the invariable nature of 
Nd isotopes in crust MKD13 afterwards. On the other hand, 
an abrupt increase in radiogenic Nd isotopes of crust 
MDD53 was notable in the Pliocene, suggesting that a de-
creased ventilation of the unradiogenic southern component 
water along the water depth range of crust MDD53 may 
have happened during this time. The data presented in this 
study provide a preliminary understanding of the deep west-
ern North pacific circulation changes since the Miocene, 
and also a comparison to the study of past southwestern 
Pacific circulation based on radiogenic isotopes [19].  
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