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Abstract The internal structure and composition of a 37-

mm-thick Co-rich Mn crust from the Lamont Guyot in the

Marcus-Wake Seamount cluster have been studied in detail

by means of electron-probe microanalysis (EPMA). 184

point analyses for 16 elements were carried out at an

average spacing of 0.20 mm and each point was dated

using the Co-geochronometer method. Two types of vari-

ation in composition were observed in the crust: long-term

trends and short-term erratic variations. The long-term

trends were identified using the fifth order polynomial. Mn

and Ni were shown to increase in concentration from

23.3 Ma to a maximum at about 20 Ma and then decline

steadily to the Present, whereas Fe, P and Si showed the

opposite trend. By contrast, Co displayed a double humped

pattern with maxima at about 19 Ma and 3.5 Ma and

minima at 23.3 Ma, about 11 Ma and at Present. The long-

term trends in element concentrations in the crust lead us to

suggest that much of the Fe in western Pacific Ocean fer-

romanganese crusts is aeolian in origin and derived from

the deserts of central Asia. Cooling of the Asian mainland

at about 20 Ma led to an increase in the flux of Fe to the

oceans. This was supplemented by an additional input of Fe

into the crusts as a consequence of the dissolution of

biogenic CaCO3 tests at 4.5–10.5 Ma. For the short-term

erratic variations, three periods of 0.61, 0.96 and 1.65 m.y.

were identified by spectral analysis. The second harmonics

of these periods are 1.22, 1.92 and 3.30 m.y., which may

correspond to the highest-order periods for eccentricity of

1.31, 2.04 and 3.47 m.y. This suggests the possibility that

the high-frequency oscillations of the time series data are

linked to climatic changes controlled by the highest-order

periods of the Milankovitch cycles.

Keywords Co-geochronometer � Co-rich manganese

crust � Electron microprobe analysis � Lamont Guyot �
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Introduction

Co-rich Mn crusts may be considered to be condensed

stratigraphic sections that record variations in paleocea-

nographic conditions with time. As a result, they have at-

tracted considerable attention over the past 10–15 years for

the study of the patterns of deep ocean circulation and to

establish the provinciality of the crusts. These studies have

been mainly based on the determination of the distribution

of the long-lived radiogenic isotopes of Nd, Pb, Be, Hf and

Os in well-dated crusts. This topic was well reviewed by

Frank (2002). However, relatively few studies have been

directed to the study of the fine scale internal structure of

Co-rich Mn crusts, which underpins the interpretation of

these paleoceanographic data.

The use of electron microprobe analysis (EMPA) to

study variations in the composition of Co-rich Mn crusts

with depth in the crust has been reported by Hein et al.

(1992), Jeong et al. (2000) and Frank et al. (1999). In

particular, Hein et al. (1992) studied a 47- to 60-mm thick

crust from the Horizon Guyot in the central Pacific. The

age of this crust was estimated to be 18.5 Ma by 87Sr/86Sr
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dating, based on comparison with the standard seawater

Sr isotope curve. EMPA was carried out at 1 mm inter-

vals at 50 locations on a vertical profile through a pol-

ished section of the crust. 16 elements were analyzed at

each location and profiles of the element distribution were

plotted. Optical studies on the polished section suggested

that botryoidal layers formed during hiatuses in crustal

growth when ocean bottom water flow intensified and

laminated intervals formed during more quiescent periods

of bottom water flow. Broad changes in the composition

of the crust with time (at 15, 11.5, 7.4, 6.4, 5.2 and

4.6 Ma) were thought to be related to changes in the

pattern of ocean circulation (Hein et al. 1992). High-

frequency changes, on the other hand, were thought to be

related to Milankovitch orbital parameters corresponding

to the highest-order periods for eccentricity at about 3.47,

2.04 and 1.31 m.y.

Jeong et al. (2000) studied seven Co-rich Mn crusts

from seamounts located in the Marshall Islands, Microne-

sia and the Palau Islands. The crusts from the Marshall

Islands were shown to be much thicker (54–104 mm) than

those from Micronesia and Palau Islands (15–42 mm) and

displayed two generations of crustal growth, an older

generation characterized by impregnation of CFA (car-

bonate fluorapatite) in compact laminations and columns

and younger crust characterized by porous botryoidal and

columnar structures. The boundary between these two

generations was dated at about 25 Ma. In samples from

Micronesia and the Palau Islands, only the younger gen-

eration of the crusts was present.

On a much shorter time scale, Han et al. (2003) radio-

metrically dated the outer 1.3 mm of a deep-sea manganese

nodule from the Clarion-Clipperton Fracture Zone in the

equatorial North Pacific by means of the 230Th/232Th

method at 0.1 mm intervals and presented evidence that the

occurrence of laminae bands in the nodule is controlled by

Milankovitch cycles related to orbital eccentricity (95 and

123 k.y.), obliquity (41 and 54 k.y.) and precession (23 and

19 k.y.), respectively. These authors also suggested that

Pacific deep-sea nodules may have been constructed by

numerous microbes with filaments about 2–4 nm in

diameter. Assuming that these microbes reproduce once or

twice per year, it was estimated that this would correspond

to a growth rate of the nodule similar to that determined for

this nodule (4.6 mm m.y.–1). However, the size attributed

to these microbes is much smaller than the diameter of

100 nm by which nannobacteria are defined and is con-

sidered by many to be below the size limit for viable living

organisms (Nealson 1997). In addition, Melnikov and

Pulyaeva (1995) have compared the characteristics of Co-

rich Mn crusts from the Marcus-Wake and Magellan

Seamount clusters and shown that the Marcus-Wake

Seamount crusts are thinner but contain higher concentra-

tions of Mn and Co and lower concentrations of P than the

Magellan Seamount crusts.

In this study, we present the results of a detailed electron

microprobe study of a Co-rich Mn crust from the Marcus-

Wake Seamount cluster in the western Pacific Ocean in

order to investigate further some of the interesting ideas

presented by previous workers.

Sample description

The sample investigated in this study is a 37-mm-thick Co-

rich Mn crust (L09-A-1), which was dredged by R/V

Dayang Yihao from Lamont Guyot in the Marcus-Wake

Seamount cluster at 21�28¢N, 159�40¢E at a water depth of

about 2450 m. Figures 1 and 2 show the location of the

Lamont Guyot in the Marcus-Wake Seamount cluster.

In polished section, the crust can be divided into four

intervals (Fig. 3). The upper interval (0–10 mm) corre-

sponding to an age of 0–7.6 Ma (see below) was black with

a columnar texture. The second interval (10–28 mm),

corresponding to an age of 7.6–18.5 Ma, displayed an

irregular dendritic texture and was streaked by vertical

bands of light-coloured detrital material about 5 mm wide.

The third interval (28–34 mm), corresponding to an age of

18.5–22.5 Ma, was also black and characterized by a dense

dendritic texture. This consisted of irregular V-shaped

structures about 2–8 mm wide growing upwards and sep-

arated from each other by cracks about 2 mm wide. These

cracks were infilled by light-coloured detrital material. The

individual columns within these V-shaped structures are

about 350 lm wide and continuous throughout the interval.

The lowermost interval (34–37 mm), corresponding to an

age of 22.5–23.3 Ma, was too thin to enable a proper

description at the macroscopic level except that it formed

an irregular contact with the underlying substrate. The

substrate was a breccia made up of highly-weathered fine-

grained silicate debris (typically < 1 mm in diameter). The

matrix of the breccia had been significantly interpenetrated

by manganese oxides.

Studies of backscattered electron images of a polished

section of the crust showed that the upper interval (0–

10 mm) of the crust consisted principally by columnar

growth structures typically about 3000 lm long and

500 lm wide, which were characterized by the presence of

rhythmic fine banding, with the finest bands about 1 lm

wide. The second interval (10–28 mm) displayed a den-

dritic texture with columns typically about 500 lm wide

and containing a much higher detrital mineral fraction than

the upper interval. This interval was characterized by the

occurrence of two types of cracks; (1) sharper cracks with a

width of about 60 lm formed as a result of dehydration of

the crust after collection and (2) more diffuse cracks with a
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width of about 180 lm formed between columns during

crustal growth followed by post-depositional migration of

fluid within the crust resulting in the deposition of man-

ganese minerals within the vacant pore spaces. The third

interval (28–34 mm) consisted of long vertical laminae

about 5000 lm long and 350 lm wide separated by diffuse

fine cracks about 15 lm wide. The lowermost interval (34–

37 mm) is quite different in character from the upper

intervals. It is much more densely interpenetrated by the

more diffuse type of cracks, which are up to 900 lm wide.

The timing of the interpenetration of the manganese oxides

into the substrate matrix is not known. However, Lamont

Guyot is dated as 81.5–90.5 Ma (Clouard and Bonneville

2000). It seems probable that extensive weathering of the

host rock on the sea floor with the resultant interpenetration

of manganese into the rock matrix preceded formation of

the Co-rich Mn crust proper.

Within this section, there appear to be no major hiatuses

and no evidence of the botryoidal and laminated intervals

recorded by Hein et al. (1992). In particular, the boundaries

between the intervals do not appear to represent hiatuses

because they are not associated with any enrichments of

aluminosilicates, CFA (carbonate fluorapatite) or biogenic

calcite. It should be noted that, in this section, the columnar

growth structures are all aligned in the direction of crustal

growth whereas the fine cracks are aligned parallel to the

layering of the crust.

Analytical methods

Electron-probe microanalysis of the Co-rich manganese

crust was carried out at the Geological Laboratory Center

of the China University of Geosciences in Beijing. For this

Fig. 1 Schematic map showing

the location of the Marcus-

Wake Seamount cluster. The

location of the Co-rich Mn crust

studied by EPMA is indicated

by a black filled star. The

location of the crust at 23.3 Ma

was estimated by assuming that

the underlying Pacific Plate had

migrated at a rate of 70 mm a–1

in a direction of 290� for the

past 23.3 Ma. This location is

indicated by a black filled circle

Fig. 2 Schematic map showing

the bathymetry of the Lamont

Guyot in the Marcus-Wake

Seamount cluster contoured at

intervals of 500 m. The position

of the Co-rich Mn crust studied

by EPMA is indicated by a

black filled star. The filled black

triangles show the locations of

the 12 dredge stations where the

31 CFA-poor Co-rich Mn crusts

were sampled
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purpose, a section was cut vertically through the crust and

one side was polished. The polished section was then at-

tached to a micro slide with resin and the other side pol-

ished to produce a thin section. The thin section was then

placed in a SC701C Quick Carbon Coater and coated with

a film of carbon. The sample was analyzed using an EPMA

1600 electron-probe microanalyzer manufactured by Shi-

madzu of Japan. Prior to analysis, the thin section was

placed in the vacuum chamber of the electron-probe mic-

roanalyzer and the air contained in the pores of the crust

driven out by vacuum pump. The acceleration voltage,

beam current and the diameter of the spots analyzed in this

study were 15 kv, 7 nA and 10 lm, respectively.

The EMPA measurements were carried out for 16 ele-

ments including O and the results are expressed in per cent.

All the elements except Cl are present in the crust as oxi-

des. The concentration of H was calculated on the

assumption that H occurs in the crust as H2O and balances

any residual O left over. It should be noted that Cu was not

analyzed because its concentration in the crust was too low

(Glasby and Schulz 1999). In all, 184 point analyses were

made at intervals 0.002–0.966 mm (average 0.20 mm)

along a vertical transect through the crust but three anal-

yses were omitted because of incomplete datasets. The

total analyses of the samples did not add up to 100% be-

cause the surface of the polished section was not perfectly

smooth and a percentage of the incoming electron beam

would not have been reflected normally to the receiver.

Apart from the surface sample where the total element

analysis summed to only 51.6%, all the other analyses

summed from 74.7% to 94.0%. In order to normalize the

data for statistical analysis, the analyses were recalculated

so that the total analysis summed to 100%. Using these

normalized data, it became possible to calculate a corre-

lation matrix. For a correlation matrix of this size, corre-

lation coefficients >0.15 are statistically significant at the

95% confidence level and coefficients >0.22 statistically

significant at the 99% confidence level. In order to estab-

lish long-term trends in the compositional data, variations

in element concentrations with time were fitted by means

of polynomial regression. The fifth order fit was seen to

give the best approximation to the data.

In addition, 39 bulk samples of CFA-poor material taken

from 31 Co-rich Mn crusts dredged from 12 sites (Fig. 2)

around Lamont Guyot were analyzed by Inductively Cou-

pled Plasma-Atomic Emission Spectrometry (ICP-AES) in

order to determine the concentrations of the transition

elements (Mn, Fe, Co, Ni and Cu) and rare earth elements

(REE) in the crusts. Analytical precision was determined to

be <±6% (relative standard deviation) for the all elements.

The analyses were carried out at the Qingdao Institute of

Marine Geology.

Dating of the Co-rich Mn crust was carried out using the

Co-geochronometer, which is based on the inverse rela-

tionship between the Co content of the crusts and their rate

of accumulation (Manheim and Lane-Bostwick 1988;

Puteanus and Halbach 1988). Based on the analysis of 520

samples of ferromanganese crust from about 250 locations,

Puteanus and Halbach (1988) established that the flux of

Co into ferromanganese crusts is almost constant over the

entire period of growth of the crusts, whereas the flux of

Mn into the crusts is variable. As a consequence, the

content of Co in crusts is inversely proportional to the rate

of formation of the crust. It was then possible to derive an

Fig. 3 Profile of the polished

section of the Co-rich Mn crust

studied by EPMA. The crust

could be divided into four

intervals; the upper interval (0–

10 mm) corresponded to an age

of 0–7.6 Ma; the second interval

(10–28 mm) to an age of 7.6–

18.5 Ma, the third interval (28–

34 mm) to an age of 18.5–

22.5 Ma and the lowermost

interval (34–37 mm) to an age

of 22.5–23.3 Ma. Variations in

the Mn/Fe ratios of the crust are

plotted as a solid line and in the

Si/Al ratios as a dashed line.

The ages of the stratigraphic

intervals in the crust and of

major paleoceanographic events

during the last 23.3 Ma are

shown as horizontal lines
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empirical equation relating the growth rate of each layer in

a crust to the Co content in that layer by fitting data derived

from the 10Be dating of 20 ferromanganese crusts. This led

to the formulation of the equation G (mm Ma–1) = 1.28/

[Co(%)–0.24] where G is the growth rate of the layer of the

crust under consideration from which the growth rate and

age of individual layers in the crust could be derived

without the need for additional radiometric dating. How-

ever, modification of this equation is required in cases

where phosphatization of the crust has occurred. In this

case, no modification was required because of the low P2O5

contents of the crust (see previous section).

Frank et al. (1999) confirmed the validity of the Co-

geochronometer and showed that it provides detailed

information on the growth history of ferromanganese crusts

after 10–12 Ma where the 10Be method cannot be applied.

The principal problem with this method is that it does not

take into account the occurrence of any hiatuses in growth

or erosion of the crust in sections older than 10–12 Ma and

can therefore underestimate the age of the crust. However,

detailed inspection of the crust failed to reveal any evi-

dence of hiatuses or erosion in this crust (see previous

section).

Results

The distribution of the EMPA compositional data with

depth through a section of the Co-rich Mn crust from the

Lamont Guyot is presented in Table 1 and the correlation

matrix calculated from these data is presented in Table 2.

The correlation matrix reveals the presence of four prin-

cipal groups of elements: Mn–Ni–K–Mg–Ca, Co, Fe–P and

Si–Al–Fe. In addition, Mn and its associated elements

show a significant negative correlation with Fe–P–Si–Al.

The patterns of element association are broadly similar to

those reported by Wen et al. (1997) and Koschinsky and

Hein (2003) for ferromanganese crusts.

In this crust, Fe is present dominantly as Fe oxyhy-

droxides with only minor amounts of Fe derived from

detrital silicates and Fe phosphate. The low content of P2O5

in these samples precludes the presence of CFA. If the Si/Al

ratio in pelagic clays is taken to be 2.97 (Wen et al. 1997),

then it can be calculated that the upper interval of the crust

contains on average about 3.5% biogenic siliceous tests (or

inorganic opal formed by reprecipitation of dissolved silica

derived from dissolution of these tests) and the second

interval about 1.6% biogenic silica, as previously reported

in Co-rich crusts by Jeong et al. (2000). The biogenic silica

content of the lowermost intervals was negligible.

In order to simplify interpretation of the data, the dis-

tributions of elements in each of these groups with depth in

the crust were plotted and their profiles presented in Fig. 4.

Plots of the distributions of Mg, S, Cl, Ti, Cr and O were

not considered sufficiently informative to warrant inclu-

sion. It will be noted that Fe is included in two groups, Fe–

P and Si–Al–Fe, and that Co is not significantly correlated

with any element.

Considering the distribution of element concentrations

with depth in the crust, two types of variation can be ob-

served; long-term trends and short-term erratic variations.

As shown in Fig. 4, long-term trends in the compositional

data are difficult to discern because they are overprinted by

short-term erratic variations in composition. Mn, for

example, shows an increase in concentration in the crust

from 23.3 Ma to 20.4 Ma followed by a steady decline in

concentration to the Present, whereas Fe and Si show the

opposite trend. Co, on the other hand, appears to have at-

tained its modern concentration at about 22.4 Ma. Average

concentrations of the elements in each of the intervals

similarly show no systematic changes with time (Table 3).

Plots of the element concentrations were fitted using the

fifth order polynomial (Fig. 4). This gives a much clearer

picture of long-term trends in element concentrations.

These plots show that the data can be divided into three

groups. Mn–Ni, Fe–P–Si and Co. In these plots, K, Mg and

Ca show only weak associations with Mn, while Al only

has a weak association with Fe, suggesting that these

associations are not highly significant. Of those elements

displaying well-defined trends, Mn and Ni increase in

concentration from 23.3 Ma to a maximum at about 20 Ma

and then decline steadily to the Present, whereas Fe, P and

Si show the opposite trend. Fe displays a minimum value at

about 20 Ma and a maximum at about 7 Ma. P and Si show

a similar trend, but not as pronounced as for Fe. By con-

trast, Co displays a double-humped pattern with maxima at

about 19 Ma and 4 Ma and minima at 23.3 Ma, about

11 Ma and at the Present. The curve of Mn crustal growth

rate is, of course, antipathetic to that of Co because the

growth rate of each layer was calculated from the Co

content of that layer. Because of its potential importance as

an economically valuable element, the minimum and

maximum values for Co in the section are listed here (see

Table 1): 0.25% at 23.3 Ma, 1.67% at 20.1 Ma, 0.33% at

13.0 Ma, 1.77% at 5.1 Ma and 0.70% at the Present.

Growth rates of the crust calculated for the four intervals

from the uppermost to the lowermost based on the age-

depth relations in the crust are as follows: 1.3, 1.7, 1.4 and

4.2 mm m.y.–1. The average growth rate for the entire

section was 1.6 mm m.y.–1. These growth rates are typical

of the very low growth rates (1.7–3.5 mm m.y.–1) for the

Co-rich Mn crust 72 DK reported by Puteanus and Halbach

(1988) and demonstrate that variations in growth rate have

played only a minor role in determining the composition of

the crust. The anomalously high rate calculated for the

lowermost interval of the crust may be an artefact resulting
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Table 1 Distribution of the EMPA compositional data with depth through the section of the Co-rich Mn crust from the Lamont Guyot

Sample No. O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Co Ni H Age (Ma)

Interval 1 (0–7.6 Ma)

C1 40.47 1.98 1.92 0.62 3.91 0.85 0.45 0.35 0.33 3.02 1.22 1.01 26.22 15.84 0.70 0.25 0.87 0.2

C2 39.83 2.66 1.90 0.67 2.93 0.50 0.55 0.74 0.64 2.69 1.15 0.37 27.46 15.01 1.15 0.83 0.92 0.5

C3 42.04 2.40 1.42 0.52 2.70 0.44 0.69 0.19 0.48 2.74 1.22 0.51 27.13 14.67 1.19 0.36 1.31 0.5

C4 42.80 2.03 1.52 0.47 2.29 0.40 0.52 0.52 0.39 2.72 1.13 0.23 27.98 13.92 0.84 0.71 1.53 0.6

C5 40.00 1.96 1.49 0.78 3.23 0.43 0.48 0.74 0.64 2.81 1.10 0.33 27.43 15.91 1.26 0.47 0.94 0.8

C6 39.31 2.05 1.49 0.51 3.24 0.41 0.50 0.90 0.65 2.71 1.17 0.72 27.11 16.95 1.37 0.07 0.83 1.0

C7 38.66 2.40 1.46 0.42 2.71 0.26 0.93 0.84 0.46 2.60 1.25 0.65 28.53 16.65 1.05 0.44 0.68 1.1

C8 39.05 2.05 1.45 0.59 2.99 0.35 0.65 0.65 0.62 2.87 1.26 0.93 27.37 16.45 1.34 0.63 0.77 1.3

C9 39.99 1.68 1.53 0.47 2.68 0.53 0.55 0.65 0.53 2.83 1.10 0.55 28.04 16.86 0.72 0.36 0.94 1.3

C10 40.57 1.75 1.61 0.45 2.79 0.49 0.38 0.69 0.43 2.65 1.03 0.55 27.55 16.47 0.93 0.55 1.09 1.3

C11 40.13 1.83 1.34 0.55 2.82 0.29 0.52 0.49 0.45 2.77 1.10 0.59 27.42 17.19 0.80 0.72 1.00 1.4

C12 40.06 2.06 1.42 0.77 3.74 0.60 0.48 0.44 0.55 2.63 1.06 0.54 26.09 16.98 1.30 0.40 0.88 1.5

C13 39.55 2.13 1.57 0.66 3.83 0.49 0.39 0.50 0.27 2.47 1.28 0.61 24.47 19.25 1.08 0.63 0.83 1.6

C14 36.86 1.89 1.32 0.55 3.90 0.52 0.91 0.31 0.34 2.75 1.29 1.14 26.59 19.57 1.43 0.46 0.19 1.7

C15 38.25 1.45 1.46 0.57 3.37 0.47 0.38 0.25 0.42 2.58 1.16 1.37 27.61 18.20 1.39 0.53 0.55 1.8

C16 40.87 1.72 1.51 0.34 2.44 0.47 0.52 0.52 0.35 2.87 1.09 0.55 28.03 16.11 1.08 0.38 1.14 2.0

C17 39.03 1.72 1.39 0.31 2.60 0.42 0.61 0.56 0.67 2.77 1.34 0.64 28.31 16.71 1.30 0.83 0.79 2.3

C18 38.62 1.67 1.40 0.53 2.73 0.50 0.49 0.58 0.50 2.48 1.36 0.73 28.03 17.83 1.54 0.32 0.69 2.6

C19 38.48 2.08 1.40 0.45 2.59 0.57 0.60 0.62 0.47 2.64 1.20 0.87 28.37 17.35 1.30 0.34 0.66 2.7

C20 38.81 1.86 1.36 0.53 2.82 0.51 0.43 0.70 0.43 2.44 1.20 0.77 28.63 17.65 0.79 0.36 0.71 2.8

C21 39.85 1.87 1.37 0.46 2.89 0.66 0.62 0.73 0.51 2.60 1.21 0.40 26.54 17.44 1.21 0.71 0.93 2.7

C22 38.60 1.89 1.42 0.51 2.70 0.42 0.43 0.70 0.46 2.70 1.35 1.24 28.15 16.92 1.40 0.40 0.71 2.7

C23 37.45 2.05 1.47 0.54 3.55 0.62 0.78 0.39 0.42 2.40 1.61 1.23 25.73 19.90 1.31 0.20 0.34 2.9

C24 37.52 1.28 1.30 0.49 2.63 0.44 0.30 0.29 0.27 2.42 1.11 0.73 30.01 18.30 1.76 0.68 0.47 3.3

C25 37.03 1.85 1.36 0.57 3.12 0.52 0.57 0.66 0.43 2.43 1.01 1.04 28.05 19.32 1.19 0.51 0.34 3.4

C26 39.66 1.59 1.35 0.38 2.51 0.61 0.39 0.88 0.51 2.61 1.13 0.62 27.98 17.36 0.89 0.60 0.95 3.5

C27 38.89 1.69 1.23 0.48 4.14 0.63 0.38 0.86 0.43 2.49 1.05 0.71 22.96 22.70 0.53 0.10 0.72 3.4

3.5 Ma (closing of Panama Isthmus)

C28 38.92 1.38 1.27 0.47 3.93 0.64 0.35 0.86 0.38 2.44 0.95 0.75 24.04 21.76 0.59 0.53 0.74 3.5

C29 38.45 1.92 1.44 0.24 2.13 0.47 0.47 0.59 0.45 2.97 1.05 0.82 29.48 16.82 1.32 0.68 0.72 3.8

C30 38.39 1.71 1.23 0.51 2.72 0.40 0.39 0.37 0.32 2.62 1.03 1.13 28.58 18.80 0.98 0.19 0.64 4.0

C31 37.87 1.48 1.40 0.29 2.46 0.54 0.72 0.64 0.43 2.68 1.24 0.32 30.43 17.13 1.50 0.36 0.51 4.3

C32 39.48 1.38 1.47 0.39 2.61 0.49 0.56 0.60 0.33 2.53 1.25 1.00 27.52 18.42 0.84 0.29 0.85 4.4

C33 36.13 1.84 1.15 0.48 3.71 0.73 0.72 0.42 0.46 2.65 1.25 1.47 25.53 22.09 1.13 0.14 0.10 4.4

C34 36.66 1.65 1.04 0.55 4.51 0.66 0.29 0.81 0.38 2.32 1.02 0.55 23.99 23.90 1.03 0.40 0.27 4.4

C35 38.47 1.46 1.16 0.53 4.27 0.67 0.34 0.78 0.41 2.25 1.02 0.61 22.58 23.75 0.67 0.38 0.64 4.4

C36 37.87 1.53 1.02 0.57 4.63 0.63 0.26 0.83 0.28 2.39 1.28 0.62 21.46 25.24 0.87 0.00 0.52 4.5

C37 37.87 1.74 1.38 0.51 2.88 0.55 0.46 0.70 0.34 2.53 1.46 1.30 27.65 18.08 1.47 0.54 0.54 4.8

C38 37.67 1.93 1.27 0.47 2.46 0.48 0.55 0.64 0.63 2.28 1.21 1.05 28.75 18.16 1.77 0.15 0.54 5.1

C39 38.42 1.40 1.46 0.47 2.59 0.60 0.44 0.99 0.39 2.54 1.11 0.44 28.06 18.69 1.36 0.37 0.69 5.4

C40 37.60 1.52 1.52 0.60 3.76 0.46 0.28 0.83 0.40 2.51 1.61 0.34 25.84 20.27 1.61 0.37 0.48 5.7

C41 39.26 1.58 1.42 0.45 2.41 0.52 0.38 0.91 0.49 2.54 1.04 0.47 28.60 17.12 1.24 0.69 0.89 6.0

6.2 Ma (increase in ocean bottom circulation rate)

C42 37.35 1.56 1.52 0.46 2.67 0.40 0.49 0.98 0.53 2.80 1.12 0.51 29.20 17.89 1.12 0.92 0.49 6.3

C43 38.36 1.36 1.43 0.44 2.50 0.36 0.31 0.92 0.47 2.63 1.04 0.54 29.60 17.62 1.15 0.55 0.71 6.6

C44 39.68 1.38 1.23 0.38 2.27 0.56 0.53 1.11 0.43 2.69 1.06 0.26 28.28 17.78 0.93 0.44 0.97 6.7

C45 35.18 1.87 1.27 0.53 4.34 0.74 0.39 1.11 0.28 2.46 1.36 1.09 23.50 24.82 0.60 0.49 –0.01 6.8
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Table 1 continued

Sample No. O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Co Ni H Age (Ma)

C46 37.45 1.52 1.30 0.51 3.95 0.65 0.40 1.05 0.44 2.31 1.16 0.69 24.83 22.41 0.82 0.08 0.44 6.9

C47 36.80 1.72 1.50 0.45 2.89 0.60 0.50 0.73 0.53 2.45 1.03 2.13 28.23 18.54 1.00 0.57 0.32 7.2

C48 37.66 1.88 1.57 0.41 2.56 0.39 0.61 0.67 0.41 2.73 1.37 0.80 29.87 16.63 1.11 0.85 0.49 7.6

Interval 2 (7.6–18.5 Ma)

C49 36.65 1.58 1.36 0.41 2.15 0.48 0.49 0.35 0.44 2.52 1.12 0.88 30.93 17.88 1.68 0.75 0.31 8.1

C50 37.49 1.52 1.36 0.36 2.26 0.43 0.41 0.74 0.45 2.79 1.26 1.04 30.13 17.99 1.04 0.23 0.51 8.2

C51 38.56 1.80 1.40 0.33 2.21 0.52 0.43 0.83 0.49 2.68 1.13 0.28 29.49 17.72 0.83 0.54 0.74 8.3

C52 38.20 1.12 1.33 0.53 3.28 0.59 0.24 1.15 0.36 2.45 1.25 0.38 26.14 21.15 0.81 0.37 0.65 8.4

C53 36.34 1.63 1.38 0.65 2.51 0.46 0.53 0.82 0.52 2.74 1.32 1.68 29.78 17.56 1.44 0.40 0.25 8.9

C54 37.85 1.75 1.49 0.32 1.82 0.43 0.38 0.90 0.63 2.73 1.14 0.87 31.33 15.91 1.04 0.77 0.63 9.2

C55 37.92 1.77 1.19 0.28 2.17 0.50 0.34 0.74 0.44 2.58 1.31 0.87 29.97 17.68 1.36 0.25 0.62 9.5

C56 35.47 1.64 1.32 0.49 3.38 0.63 0.45 0.97 0.44 2.76 1.25 0.32 28.79 21.54 0.42 0.12 0.02 9.5

C57 37.51 1.44 1.27 0.43 2.83 0.54 0.38 1.11 0.45 2.62 1.24 0.75 28.37 19.57 0.77 0.21 0.51 9.5

C58 37.18 1.68 1.23 0.59 3.52 0.52 0.26 0.94 0.54 2.45 1.07 0.79 26.31 21.85 0.57 0.07 0.42 9.6

C59 37.49 1.11 1.18 0.46 3.38 0.59 0.32 1.13 0.40 2.45 1.55 0.43 26.62 21.01 1.05 0.36 0.49 9.7

C60 36.41 1.34 1.23 0.59 3.00 0.53 0.38 0.73 0.32 2.69 1.43 0.73 28.22 20.68 0.89 0.59 0.25 9.9

C61 36.91 1.60 1.33 0.48 2.63 0.50 0.43 0.51 0.41 2.53 1.29 3.05 28.59 18.06 0.88 0.45 0.35 10.1

C62 37.41 1.39 1.33 0.39 2.53 0.41 0.35 0.56 0.40 2.52 1.32 0.95 30.18 18.37 1.12 0.29 0.46 10.2

C63 37.19 1.16 1.28 0.46 2.63 0.42 0.48 0.39 0.39 2.72 1.25 0.60 29.74 19.58 0.90 0.43 0.38 10.4

C64 38.35 1.29 1.37 0.32 2.65 0.61 0.34 0.54 0.47 2.59 1.37 0.61 28.48 18.95 0.94 0.48 0.64 10.6

C65 37.41 1.40 1.40 0.48 3.07 0.46 0.32 0.81 0.29 2.73 1.27 1.29 26.89 20.91 0.54 0.24 0.47 10.7

C66 36.20 1.75 1.09 0.41 2.97 0.50 0.32 0.69 0.51 2.66 1.23 1.06 29.37 19.76 0.55 0.70 0.22 10.7

C67 39.20 1.21 1.29 0.49 3.03 0.59 0.37 0.71 0.40 2.68 1.27 0.77 26.97 19.08 0.75 0.39 0.79 10.7

C68 37.12 1.39 1.16 0.57 3.75 0.59 0.25 0.78 0.44 2.70 1.36 0.77 27.02 20.62 0.72 0.40 0.35 10.8

C69 37.53 1.60 1.42 0.36 2.33 0.41 0.27 0.56 0.28 2.63 0.95 1.21 30.12 18.71 0.44 0.68 0.51 10.8

C70 37.74 1.38 1.21 0.48 2.99 0.48 0.39 0.79 0.41 2.77 1.51 0.77 27.39 20.29 0.61 0.27 0.52 10.9

C71 36.73 1.74 1.22 0.44 2.92 0.54 0.66 0.53 0.35 2.69 1.51 1.01 28.80 19.32 0.79 0.49 0.25 11.0

C72 37.84 1.86 1.36 0.30 2.66 0.54 0.49 0.96 0.40 3.00 1.46 0.60 29.19 17.99 0.80 0.00 0.54 11.1

C73 37.27 1.84 1.04 0.37 3.19 0.58 0.25 0.77 0.38 2.61 1.53 1.44 27.26 19.81 0.82 0.40 0.44 11.1

C74 36.45 1.46 1.22 0.41 2.93 0.55 0.39 0.96 0.43 2.86 1.50 0.74 28.83 19.31 0.96 0.71 0.28 11.1

C75 35.04 1.58 1.19 0.44 3.30 0.67 0.38 0.91 0.55 2.92 1.44 1.10 28.27 21.56 0.68 0.04 –0.04 11.2

C76 38.84 1.37 1.44 0.41 2.61 0.55 0.42 1.00 0.45 2.84 1.70 0.17 28.30 18.10 0.94 0.11 0.75 11.3

C77 37.96 1.91 1.31 0.28 2.41 0.42 0.33 0.98 0.51 2.89 1.40 0.69 29.10 18.05 0.91 0.22 0.64 11.3

C78 36.49 1.13 1.37 0.43 2.72 0.52 0.52 0.87 0.44 2.94 1.80 0.49 29.23 19.46 0.88 0.46 0.25 11.3

C79 37.80 1.47 1.27 0.45 2.57 0.55 0.38 0.97 0.42 2.86 1.55 0.77 28.44 18.12 0.70 1.10 0.58 11.3

C80 37.82 1.43 1.29 0.47 2.86 0.55 0.29 1.05 0.47 2.74 1.81 0.31 28.34 18.11 1.33 0.56 0.57 11.4

C81 37.37 1.58 1.17 0.52 2.63 0.44 0.58 0.65 0.36 2.84 1.59 1.02 28.45 18.81 1.12 0.44 0.44 11.5

C82 37.86 1.38 1.36 0.37 2.32 0.47 0.45 0.86 0.41 2.77 1.48 0.55 29.40 18.07 1.14 0.51 0.59 11.7

C83 37.02 1.82 1.20 0.33 2.06 0.47 0.78 0.83 0.37 3.20 1.32 1.19 30.97 16.63 1.05 0.39 0.38 11.8

C84 38.46 1.49 1.52 0.44 2.99 0.41 0.50 0.79 0.43 2.76 1.58 0.66 27.82 18.22 0.55 0.73 0.64 11.8

C85 38.20 1.84 1.33 0.35 1.96 0.50 0.34 0.72 0.49 2.75 1.31 0.75 31.04 16.04 1.22 0.47 0.67 12.0

C86 41.31 1.64 1.38 0.58 3.36 0.49 0.58 0.66 0.51 2.61 1.52 0.93 25.99 15.96 0.88 0.43 1.16 12.4

C87 39.99 1.45 1.39 0.43 2.09 0.40 0.44 0.47 0.52 2.96 1.30 0.44 29.93 15.70 0.98 0.52 0.98 12.8

C88 39.54 1.67 1.48 0.43 2.33 0.41 0.49 1.08 0.40 2.76 1.58 0.43 29.21 16.12 0.80 0.35 0.91 13.0

C90 39.73 1.99 1.32 0.28 1.98 0.41 0.36 1.38 0.44 2.96 1.44 0.46 29.02 16.21 0.43 0.55 1.05 13.0

C91 39.56 2.02 1.28 0.46 2.26 0.39 0.42 1.28 0.50 2.99 1.53 0.23 28.60 16.63 0.33 0.55 0.97 13.0

C92 38.51 2.04 1.35 0.29 1.80 0.25 0.65 1.21 0.47 2.87 1.45 0.81 31.62 14.63 1.14 0.15 0.75 13.2

C93 38.82 2.35 1.48 0.24 1.63 0.39 0.46 1.45 0.51 2.89 1.41 0.38 30.34 15.19 1.00 0.57 0.89 13.2

Mar Geophys Res (2007) 28:165–182 171

123



Table 1 continued

Sample No. O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Co Ni H Age (Ma)

C94 38.86 2.34 1.47 0.32 1.96 0.40 0.60 1.35 0.40 2.85 1.54 0.22 29.83 15.69 0.88 0.47 0.84 13.3

C95 38.91 1.94 1.49 0.35 1.93 0.43 0.48 1.33 0.61 3.00 1.51 0.41 31.22 13.90 1.01 0.64 0.84 13.6

13.7 Ma (Middle Miocene climate transition)

C96 39.11 2.17 1.56 0.64 2.05 0.37 0.53 1.12 0.60 3.10 1.28 0.63 30.99 13.00 1.19 0.82 0.85 14.0

C97 38.98 2.21 1.83 0.35 1.20 0.21 0.52 0.94 0.50 2.82 0.99 0.88 34.18 12.04 0.49 0.99 0.84 14.1

C98 38.03 2.29 1.50 0.40 1.73 0.37 0.70 0.92 0.58 3.12 1.42 0.89 30.91 14.89 1.16 0.46 0.63 14.2

14.3 Ma (Middle Miocene climate transition)

C99 39.21 2.46 1.54 0.50 1.74 0.31 0.58 1.29 0.69 2.79 1.64 0.78 30.60 13.27 1.15 0.53 0.91 14.3

C100 37.85 2.39 1.49 0.43 2.17 0.38 0.73 0.96 0.51 2.70 1.34 1.10 31.16 14.72 0.80 0.73 0.55 14.3

C102 38.96 1.16 1.38 0.45 2.29 0.32 0.51 0.00 0.22 2.84 1.52 0.74 31.06 16.87 0.68 0.31 0.67 14.5

C103 38.31 1.26 1.04 0.64 3.66 0.57 0.70 0.16 0.44 2.43 1.69 0.79 27.00 20.22 0.62 0.02 0.45 14.5

C104 40.02 1.83 1.34 0.38 2.06 0.37 0.52 0.77 0.38 2.88 1.33 0.47 29.54 16.04 0.86 0.21 1.01 14.5

C105 38.87 1.58 1.50 0.45 2.31 0.48 0.47 0.85 0.38 2.94 1.40 0.34 28.90 16.85 1.30 0.57 0.79 14.6

C106 39.59 1.54 1.56 0.33 2.12 0.40 0.58 0.56 0.29 2.83 1.47 0.81 29.01 15.89 1.31 0.80 0.91 14.7

C107 39.87 1.98 1.22 0.36 1.98 0.34 0.37 1.09 0.50 2.90 1.22 0.74 29.83 14.88 1.21 0.46 1.06 14.8

C108 37.98 1.35 1.59 0.42 2.21 0.45 0.60 0.52 0.36 2.97 1.36 0.81 31.02 16.48 0.91 0.45 0.52 14.9

C109 40.61 2.05 1.48 0.30 0.53 0.32 0.55 1.14 0.50 3.01 1.16 0.68 31.06 13.78 1.13 0.42 1.29 15.1

C110 39.24 2.06 1.46 0.33 1.64 0.34 0.48 1.35 0.58 3.02 1.19 0.65 31.02 14.33 0.90 0.45 0.95 15.2

C111 39.57 2.11 1.66 0.27 1.58 0.26 0.46 1.40 0.53 2.86 1.18 0.26 31.56 13.22 1.14 0.90 1.04 15.3

C112 40.34 2.05 1.41 0.47 2.39 0.36 0.46 1.31 0.55 3.10 1.34 0.95 28.03 15.51 0.41 0.19 1.11 15.3

C113 40.21 1.64 1.15 0.48 2.51 0.38 0.43 0.63 0.42 2.54 1.34 0.53 29.27 16.29 0.80 0.37 1.01 15.3

C114 39.66 1.85 1.05 0.30 1.93 0.48 0.50 0.75 0.42 2.82 1.16 0.72 31.66 14.87 0.63 0.28 0.91 15.4

C115 38.67 1.96 1.29 0.52 2.26 0.45 0.55 0.64 0.43 3.09 1.28 1.71 30.32 15.43 0.64 0.07 0.68 15.4

C116 36.80 2.35 1.28 0.33 1.66 0.28 0.72 0.73 0.58 3.32 1.46 0.41 33.96 14.18 1.15 0.45 0.35 15.5

C117 38.66 1.93 1.65 0.41 1.76 0.42 0.44 0.89 0.50 2.75 1.46 0.50 32.03 13.90 1.47 0.49 0.75 15.5

C118 40.12 2.22 1.31 0.37 1.61 0.29 0.41 0.65 0.49 2.91 1.41 0.32 31.38 13.64 1.25 0.53 1.07 15.6

C119 39.56 2.04 1.22 0.33 1.73 0.38 0.55 0.52 0.45 2.87 1.40 0.29 32.10 13.66 1.38 0.61 0.90 15.7

C120 39.50 1.90 1.45 0.36 1.62 0.38 0.52 0.70 0.52 3.04 1.16 0.53 32.87 12.97 0.87 0.72 0.90 15.7

C121 39.05 2.52 1.62 0.39 1.23 0.21 0.42 1.20 0.51 3.01 1.20 0.48 34.36 10.87 1.11 0.91 0.90 15.9

C122 38.83 2.27 1.53 0.26 1.48 0.37 0.55 1.35 0.45 2.98 1.32 0.36 33.31 11.94 1.09 1.07 0.84 16.0

C123 38.89 2.72 1.68 0.45 1.43 0.22 0.67 0.98 0.66 3.04 1.31 0.84 33.66 10.38 1.14 1.10 0.81 16.1

C124 39.46 2.39 1.69 0.40 1.18 0.22 0.59 1.07 0.48 2.85 1.30 0.55 34.28 10.54 1.30 0.76 0.94 16.2

C125 38.27 2.14 1.57 0.49 1.75 0.31 0.53 0.99 0.62 2.90 1.55 0.65 33.34 11.79 1.47 0.95 0.67 16.2

C126 37.86 2.48 1.78 0.31 1.08 0.21 0.52 0.96 0.63 2.96 1.14 0.85 36.31 10.11 1.15 1.03 0.62 16.2

C127 39.59 2.04 1.74 0.38 1.33 0.27 0.44 0.74 0.54 2.90 1.22 0.74 34.65 10.35 1.24 0.89 0.93 16.3

C128 37.35 1.98 1.48 0.39 1.70 0.20 0.82 0.57 0.63 2.82 1.32 2.29 34.15 11.94 1.10 0.85 0.41 16.5

C129 38.30 2.15 1.72 0.35 1.17 0.31 0.86 0.83 0.63 3.36 1.38 1.08 34.59 10.12 1.40 1.11 0.66 16.8

C130 38.40 2.42 1.68 0.42 1.38 0.21 0.64 1.25 0.63 2.90 0.97 0.87 35.18 10.25 1.09 0.97 0.73 17.0

C131 38.10 2.69 1.79 0.22 1.05 0.25 0.53 1.50 0.66 3.18 1.11 0.52 35.72 9.39 1.64 0.90 0.74 17.4

C133 38.86 2.22 1.37 0.36 1.85 0.41 0.45 1.55 0.44 2.93 1.48 0.10 30.93 14.73 1.26 0.21 0.87 17.6

C134 38.44 2.44 1.33 0.37 1.75 0.43 0.51 1.31 0.59 2.71 1.50 0.13 31.27 14.84 1.01 0.59 0.77 17.6

C135 38.88 2.31 1.37 0.26 1.61 0.27 0.56 1.50 0.36 2.82 1.46 0.34 31.21 14.21 1.23 0.70 0.90 17.7

C136 38.48 2.65 1.27 0.42 1.62 0.40 0.49 1.83 0.51 2.99 1.75 0.34 30.84 14.04 1.06 0.48 0.84 17.9

C137 37.55 2.22 1.56 0.36 1.26 0.19 0.62 1.45 0.44 3.03 1.63 0.41 34.86 11.42 1.61 0.77 0.59 18.2

C138 38.79 1.86 1.43 0.46 1.60 0.43 0.51 1.20 0.39 3.17 1.70 0.77 31.06 14.08 1.57 0.17 0.82 18.4

C139 39.35 1.81 1.17 0.54 1.90 0.21 0.56 0.92 0.33 2.95 1.87 0.24 30.76 14.94 1.16 0.39 0.89 18.5

Interval 3 (18.5–22.5 Ma)

C140 40.00 2.18 1.32 0.42 1.46 0.35 0.43 0.98 0.38 2.88 1.42 0.14 31.61 13.78 1.22 0.37 1.07 18.5
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Table 1 continued

Sample No. O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Co Ni H Age (Ma)

C141 38.35 2.15 1.75 0.36 1.05 0.27 0.46 0.91 0.55 2.88 1.23 0.45 36.16 10.63 1.41 0.70 0.71 18.7

C142 38.59 2.47 1.82 0.38 0.79 0.23 0.50 1.14 0.73 2.76 1.15 0.73 36.48 8.97 1.32 1.15 0.81 18.8

C143 40.20 2.03 1.85 0.40 0.95 0.26 0.46 0.79 0.57 2.64 1.11 0.36 37.54 8.18 0.86 0.77 1.02 19.0

C144 40.24 2.03 1.54 0.33 1.30 0.23 0.24 1.23 0.55 3.09 1.17 0.06 34.32 10.17 1.36 0.99 1.16 19.1

C145 39.94 2.44 1.64 0.30 1.03 0.34 0.43 1.20 0.58 2.86 1.18 0.41 34.48 9.33 1.44 1.29 1.09 19.3

C146 40.51 2.28 1.56 0.35 1.16 0.25 0.40 0.73 0.48 2.89 1.19 0.27 34.21 10.30 1.31 0.96 1.15 19.5

C148 40.17 2.22 1.65 0.34 1.26 0.23 0.35 0.99 0.54 2.96 1.27 0.59 34.16 10.46 1.14 0.57 1.10 19.7

C149 39.40 2.03 1.80 0.37 1.01 0.20 0.48 1.01 0.47 2.72 1.08 0.57 35.97 8.99 1.67 1.26 0.94 20.1

C150 39.43 2.27 1.73 0.37 0.99 0.20 0.50 0.89 0.61 2.88 1.06 0.33 35.69 9.78 1.16 1.14 0.94 20.3

C151 38.43 1.63 1.78 0.42 0.90 0.20 0.46 1.33 0.69 2.82 0.98 0.72 37.87 8.66 1.22 1.16 0.75 20.6

C152 40.04 2.57 1.85 0.46 0.76 0.17 0.36 1.37 0.79 2.68 0.94 0.42 36.04 8.54 1.02 0.87 1.13 20.8

C153 39.05 2.26 1.94 0.45 0.88 0.08 0.52 1.29 0.56 2.76 0.99 0.34 37.71 8.54 0.53 1.23 0.86 20.9

C154 39.19 2.11 2.24 0.48 0.87 0.13 0.41 1.07 0.74 2.60 0.90 0.56 37.27 8.19 1.18 1.15 0.89 21.1

C155 39.52 2.14 1.94 0.45 0.92 0.20 0.50 1.01 0.55 2.79 0.88 0.34 35.39 9.78 1.30 1.32 0.98 21.4

C156 38.51 2.49 1.53 0.39 1.31 0.20 0.52 1.57 0.44 3.09 1.15 1.51 33.73 11.02 0.75 0.98 0.82 21.4

C157 36.84 2.51 1.76 0.60 1.43 0.18 1.00 0.81 0.76 3.24 1.11 2.21 34.19 11.13 1.15 0.73 0.34 21.5

C158 36.55 2.67 1.80 0.34 1.19 0.13 1.02 0.79 0.61 3.08 0.99 3.49 33.83 11.25 0.91 1.01 0.32 21.6

C159 40.51 2.21 1.97 0.48 0.91 0.12 0.37 1.35 0.50 2.97 1.10 0.42 35.73 7.81 1.33 1.01 1.20 21.8

C160 39.57 1.71 2.16 0.46 0.99 0.30 0.42 0.86 0.37 2.90 1.14 0.71 35.94 9.53 1.05 0.98 0.92 22.0

C161 36.84 2.51 1.76 0.60 1.43 0.18 1.00 0.81 0.76 3.24 1.11 2.21 34.19 11.13 1.15 0.73 0.34 22.2

C162 38.86 3.02 1.88 0.45 1.08 0.22 0.61 1.43 0.64 3.00 0.87 0.52 35.36 8.58 1.58 1.05 0.87 22.2

C163 41.31 2.53 1.58 0.39 1.15 0.24 0.49 1.47 0.59 2.64 1.20 0.44 32.66 9.68 1.22 1.01 1.39 22.2

C164 40.38 2.91 1.73 0.54 1.05 0.41 0.52 1.84 0.54 2.82 1.05 0.63 33.96 8.67 0.88 0.87 1.19 22.3

C165 40.33 3.02 1.51 0.39 1.32 0.38 0.44 2.64 0.48 3.13 1.17 0.08 30.66 12.07 0.96 0.11 1.31 22.4

C166 39.92 2.78 1.86 0.31 0.93 0.22 0.59 1.88 0.55 3.14 1.19 0.58 33.70 8.95 1.22 1.03 1.15 22.5

Interval 4 (22.5–23.3 Ma)

C167 38.09 2.15 1.37 0.53 1.62 0.34 0.49 1.79 0.34 3.28 1.24 0.51 31.04 15.06 0.93 0.47 0.75 22.6

C168 40.02 2.60 1.56 0.50 1.39 0.31 0.44 2.12 0.47 2.89 1.30 0.25 31.28 12.54 0.76 0.40 1.18 22.7

C169 41.61 2.33 1.33 0.46 1.68 0.35 0.39 2.27 0.30 3.05 1.23 0.06 28.42 14.11 0.67 0.21 1.52 22.7

C170 42.18 2.50 1.50 0.44 1.36 0.25 0.50 2.19 0.36 2.86 1.34 0.07 30.04 11.63 0.76 0.41 1.62 22.8

C171 40.47 2.51 1.44 0.33 1.26 0.27 0.59 2.16 0.50 3.09 1.19 0.26 31.38 12.12 0.83 0.33 1.28 22.8

C172 40.81 3.16 1.76 0.40 1.11 0.17 0.38 1.75 0.41 2.93 0.97 0.41 31.92 11.33 0.56 0.58 1.34 22.9

C173 41.00 3.61 1.77 0.29 1.15 0.26 0.75 1.50 0.34 3.17 1.16 0.43 32.04 9.54 0.98 0.71 1.30 22.9

C174 40.92 2.90 1.80 0.50 1.15 0.26 0.69 1.78 0.40 3.18 0.91 0.21 31.96 10.50 0.74 0.77 1.31 22.9

C175 41.92 2.82 1.76 0.30 1.09 0.22 0.53 1.82 0.41 3.05 1.03 0.54 31.91 9.66 0.80 0.59 1.54 22.9

C176 41.82 3.27 1.76 0.39 1.01 0.14 0.43 1.89 0.42 3.05 0.99 0.06 32.48 8.99 0.77 0.96 1.56 23.0

C177 41.81 3.10 1.87 0.42 1.15 0.16 0.45 1.90 0.42 2.97 0.92 0.21 31.32 10.22 0.48 1.02 1.55 23.0

C178 43.34 3.04 1.56 0.37 1.17 0.27 0.36 1.75 0.53 3.00 1.36 0.21 28.75 11.12 0.37 0.94 1.88 23.0

C179 42.94 2.59 1.59 0.38 1.57 0.39 0.48 1.80 0.33 3.06 1.11 0.16 28.91 12.18 0.33 0.47 1.72 23.1

C180 41.22 2.38 1.55 0.43 1.58 0.26 0.65 1.30 0.41 3.26 1.18 0.13 29.53 13.15 0.79 0.84 1.34 23.2

C181 40.97 3.63 1.90 0.43 1.07 0.20 0.75 2.06 0.58 3.05 0.96 0.35 32.33 9.40 0.49 0.47 1.34 23.2

C182 43.45 3.28 1.59 0.41 1.59 0.52 0.50 1.97 0.28 2.95 1.27 0.37 26.75 12.30 0.52 0.39 1.86 23.3

C183 42.07 3.53 1.72 0.40 1.13 0.26 0.51 2.24 0.19 2.95 0.95 0.55 30.05 10.43 0.77 0.59 1.64 23.3

C184 41.55 3.14 3.14 0.30 1.27 0.29 0.70 1.56 0.22 3.14 0.98 1.44 29.91 10.03 0.25 0.68 1.39 23.3

All analyses were recalculated to add to 100% and are expressed in per cent. The analyses were carried out at the Geological Laboratory Center

of the China University of Geosciences in Beijing
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Fig. 4 Profiles showing the distributions of 10 elements with depth in

the crust based on 181 point analyses by EPMA plus the associated

crustal growth rate and Mn/Fe along a vertical transect through the

crust (erratic distributions). Because the total analyses of the samples

did not add up to 100%, the data were normalized to add up to 100%

in order to facilitate statistical analysis. In order to obtain a clearer

picture of the long-term trends in element concentration, profiles of

element concentrations were fitted using the fifth order polynomial

(smooth curves)
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from the thinness of this interval and its irregular contact

with the underlying substrate.

The transition element contents of the 39 bulk samples

of CFA-poor Co-rich Mn crusts taken from around Lamont

Guyot were plotted on the triangular diagram of Bonatti

et al. (1972) in order to determine the origin of these crusts

(cf. Frank et al. 1999). This confirms that these crusts are

hydrogenetic in origin (Fig. 5). The North American Shale

Composite (NASC)-normalized REE concentrations of

these crusts were also plotted using the NASC concentra-

tion data of Haskin et al. (1968) to normalize the data

(Fig. 6). The crusts are characterized by high RREE con-

tents (av. 1889 p.p.m.) and high average Ce/La ratios (4.1)

with an average Mn/Fe ratio of 1.3.

Discussion

The compositional variations in the Co-rich Mn crust with

time recorded here may be related to a number of factors

such as the boundaries between each of the intervals in the

crust, the influence of major paleoceanographic events and

Milankovitch cycles and the possible inverse correlation

between the concentrations of elements associated with the

authigenic and detrital phases.

Perhaps the most important of these are the paleocea-

nographic changes resulting from the opening and closing

of oceanic gateways. These are thought to be responsible

for large-scale reorganization of global oceanographic

circulation and are linked to changes in global climate. The

reorganization of global oceanographic circulation can re-

sult in variations in the hydrochemical conditions around

guyots, which are critical for the deposition of hydroge-

neous Fe–Mn crusts on them. The major events occurring

in the Pacific since 23 Ma include the Middle Miocene

climate transition which occurred between 14.3 Ma and

13.7 Ma (Shevenell et al. 2004) which led to the reestab-

lishment of a major ice sheet on Antarctica by 10 Ma and

strengthening of the Antarctic Bottom Water (AABW)

Table 3 Average concentrations of the elements in each of the intervals of the polished section as calculated from the data in Table 1

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO2 Fe2O3 CoO NiO

interval 1 (48 samples) 2.40 2.33 0.94 6.60 1.19 1.25 0.67 0.54 3.65 1.98 1.11 42.92 26.32 1.43 0.58

interval 2 (88samples) 2.47 2.31 0.77 4.73 0.96 1.21 0.91 0.56 3.97 2.30 1.07 47.92 23.04 1.25 0.66

interval 3 (27 samples) 3.15 2.90 0.79 2.38 0.52 1.30 1.20 0.68 4.07 1.89 1.04 54.98 14.25 1.48 1.17

interval 4 (18 samples) 3.94 2.86 0.77 2.78 0.63 1.33 1.88 0.46 4.27 1.86 0.51 48.28 16.23 0.83 0.76

total section (181 samples) 2.70 2.46 0.82 4.68 0.92 1.24 0.99 0.56 3.93 2.11 1.02 47.68 21.92 1.29 0.72

Min 1.40 1.69 0.41 1.13 0.18 0.59 0.00 0.23 3.16 1.45 0.08 33.90 11.17 0.32 0.00

Max 4.90 5.21 1.47 9.91 1.95 2.56 2.64 0.94 4.70 3.12 5.09 59.83 36.10 2.25 1.68

Ratio (Max/Min) 3.49 3.07 3.60 8.80 10.59 4.35 ¥ 4.08 1.49 2.16 62.21 1.76 3.23 6.97 ¥

In this case, element concentrations are calculated for the oxides

Fig. 5 The transition element contents of the bulk samples of the Co-

rich Mn crusts from Lamont Guyot plotted on the triangular diagram

of Bonatti et al. (1972)

Fig. 6 The North American Shale Composite (NASC)-normalized

REE concentrations of the bulk samples of the Co-rich Mn crusts

from Lamont Guyot plotted using the NASC concentration data of

Haskin et al. (1968) to normalize the data
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Flow, an increase in ocean bottom circulation rates at

6.2 Ma and closing the Panama Isthmus at about 3.5 Ma.

These events have been documented by Segl et al. (1984,

1989), Zachos et al. (2001) and Frank (2002).

In order to examine the influence of these paleoceano-

graphic events on Mn crustal growth, horizontal lines

corresponding to the dates of the boundaries between each

of the intervals in the crust at 22.5, 18.3 and 7.5 Ma and to

the dates of major paleoceanographic events at 14, 6.2 and

3.5 Ma are plotted on profiles of selected element com-

positions in the crust (Fig. 3). As is readily apparent, the

boundaries between each of these intervals do not coincide

with the dates of the paleoceanographic events demon-

strating that formation of the intervals was not controlled

by these events.

From the fifth order polynomial plots of element con-

centration shown in Fig. 4, the importance of the negative

correlation of Mn and Fe in controlling the long-term

compositional trend of the crust and the independent role of

Co becomes clear. In principle, these trends may simply

reflect an inverse relationship of Mn and Ni to the abun-

dance of Fe oxyhydroxide and detrital silicate minerals in

the sample. However, the role of the detrital silicate min-

erals in this antipathetic relationship is likely to be minor

because the EMPA were always made on the columnar

zones of the crust and not the intervening areas where the

abundance of silicate-rich minerals is much higher.

Of particular importance is the double maximum in the

concentration of Co at about 20 Ma and 5 Ma as shown on

Fig. 4. This presumably reflects the occurrence of well-

developed oxygen minima (accompanied by decreased

rates of deposition of Mn and constant rates of scavenging

of Co) at these times. Conversely, there has been a triple

minimum in the concentration of Co at 23.3 Ma, about

13 Ma and the Present (Fig. 4). These data confirm that by

23.3 Ma the crust had already achieved a content of Co as

high as modern concentration (Pulyaeva 1997), but showed

no evidence of the abrupt increase in Co concentration and

decrease in growth rate at 14 Ma reported by Frank et al.

(1999) for the VA 13/2 manganese crust.

From these observations, we conclude that the inverse

relationship between Mn and Fe in the crust reflects vari-

ations in the influx of Fe of aeolian origin into the Pacific

Ocean from the deserts of central Asia (mainly China) with

time (Glasby 1991; Bruland et al. 1994; Brutland and

Lohan 2004). In the vicinity of the Marcus-Wake Se-

amount, aeolian deposition appears to be the dominant

source of iron to the ocean (Brutland and Lohan 2004).

According to Bruland et al. (1994), Fe is introduced into

the oceans predominantly in the form of refractory alumi-

nosilicate minerals and converted into the dissolved form

within the water column. At the VERTEX site offshore

California, for example, 45% of the Fe in deep water (500–

4,000 m) is in the dissolved form. At a water depth of

2,450 m, the concentration of dissolved Fe in seawater

formed from particulate Fe is about 22 ng l–1 (Bruland

et al. 1994). This Fe would be readily hydrolyzable to form

Fe(OH)3 under seawater conditions (Glasby and Schulz

1999) and is therefore available for adsorption on the

surface of the Co-rich Mn crust. These observations are of

particular relevance because the Lamont Guyot lies within

the region of high atmospheric dust deposition in the

central North Pacific where deposition of Fe is dominated

by aeolian input (Moore et al. 2002; Bruland and Lohan

2004). However, recent studies have suggested that the

solubility of Fe in the dust in seawater is much lower than

previously thought (about 2%) (Jickells and Spokes 2001).

On the basis of lead isotope studies, van de Flierdt et al.

(2003) concluded that aeolian dust has made only a mini-

mal contribution to the formation of Co-rich Mn crusts

since 3.5 Ma. However, the two samples analyzed by these

authors were both located in the Pacific Ocean north of

50�N, one off Kamchatka and the other in the Gulf of

Alaska, and are located outside the area of maximum input

of aeolian dust from Central Asia (Moore et al. 2002). By

contrast, Ling et al. (2005) have shown that aeolian

transport has been the major factor controlling the Pb

isotopic ratios of Co-rich Mn crusts from the western Pa-

cific for the past 40 Ma. In particular, one of these crusts

(CLD01) was taken from Lamont Guyot. The results of

Ling et al. (2005) therefore strongly support the idea that

Fe in Co-rich Mn crust (L09-A-1) was derived mainly from

aeolian dust from central Asia.

Halbach and Puteanus (1984) have previously argued

that Fe is introduced into Co-rich Mn crusts from the dis-

solution of calcareous tests. However, Bruland et al. (1994)

and Bruland and Lohan (2004) make no mention of the role

of calcareous tests in the cycling of Fe in the oceans.

Furthermore, Berger (1989) has shown that the Marcus-

Wake Seamounts lie within the low productivity zone of

the Pacific Ocean and Broecker and Takahashi (1978) that

the calcite lysocline is located at a depth of about 3,000 m

in the North Pacific Ocean at 20�N. Assuming that the flux

of CaCO3 from the surface waters in the region of the

Marcus-Wake Seamounts is <5 g CaCO3 year–1 (Berger

1989), then the potential amount of Fe in the biogenic

calcite available for incorporation in Co-rich Mn crust is

500 p.p.m. (Halbach and Puteanus 1984). With a density of

Fe(OH)3 at ~1.3 g cm–3, we calculate that the rate of

deposition of Fe(OH)3 on the surface of the crust is about

3.7 mm m.y.–1, which is much higher than the average

growth rate of the crust studied here (1.6 mm m.y.–1). At

present, the crust lies above the depth of the calcite lyso-

cline, which means that this Fe is not available for release

from the biogenic calcite and incorporation into the Co-rich

Mn crust.
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However, as shown by van Andel et al. (1975), the

dissolution rate of CaCO3 in the ocean was much higher in

the Eocene (>38 Ma) and late Miocene-Pliocene (4.5–

10.5 Ma) (cf. Halbach and Puteanus 1984) compared to the

present. Under these circumstances, Fe would have been

incorporated into Co-rich Mn crusts as a result of the dis-

solution of calcareous tests in addition to the aeolian input.

Significantly, the concentration of Fe in the Co-rich crust

studied attains its maximum values between about 4.5 Ma

and 10.5 Ma, as would be expected on this basis. Figure 7

illustrates this variation of the inferred position of the

calcite lysocline with time.

The data presented here show that incorporation of Fe into

the Co-rich crust from the Lamont Guyot was at a minimum

at about 20 Ma and reached a maximum at about 7 Ma. This

leads us to suggest that drying of the Asian mainland by the

early Miocene (Guo et al. 2002) led to an increase in aeolian

transport of Fe to the oceans. This was supplemented by an

additional input of Fe into the crust resulting from the dis-

solution of CaCO3 tests between 4.5 Ma and 10.5 Ma. The

rate of deposition of Fe into the crust then declined to the

Present. The concentrations of other elements, such as Mn,

Ni, K, Mg and Ca are antipathetic to Fe. In contrast, Co

shows a different trend with two maxima in concentration in

the crust at about 20 Ma and 5 Ma.

Milankovitch cycles may also influence the growth of Co-

rich Mn crusts on shorter and longer time scales. These

cycles may be related to orbital precession (23 k.y. and

19 k.y.), obliquity (41 k.y. and 54 k.y.) and eccentricity

(95 k.y. and 123 k.y.), as well as highest-order periods of

eccentricity at 1.31, 2.04 and 3.47 m.y. (Berger 1977).

Milankovitch cycles have already been studied in Co-rich

Mn crusts and deep-sea manganese nodules by Hein et al.

(1992) and Han et al. (2003). From the vertical profiles of

the compositional data presented here, it is clear that our data

do not have the resolution to identify Milankovitch cycles

<123 k.y. in duration, as reported by Han et al. (2003).

In order to interpret the nature of the short-term erratic

variations in element composition with time presented

here, the compositional data were subject to spectral

analysis using the Statistical Package for the Social Sci-

ences (SPSS) (Fig. 8). The time series of Mn/Fe was

interpolated linearly at intervals of 0.01 m.y. The data

series was then analyzed using the spectral time series of

SPSS and a periodogram obtained. From this, it was pos-

sible to identify three periods of 0.61, 0.96 and 1.65 m.y.

The second harmonics of these periods are 1.22, 1.92 and

3.30 m.y., respectively, and may correspond to the highest-

order periods for eccentricity of 1.31, 2.04 and 3.47 m.y. as

reported by Berger (1977). Based on these considerations,

it is tentatively suggested that the high frequency oscilla-

tions of the Mn/Fe ratios of the Co-rich Mn crust with time

may be linked to climatic changes controlled by the

highest-order periods of the Milankovitch cycles, as pre-

viously proposed by Hein et al. (1992). According to

Berger et al. (1992), eccentricity of the Earth’s orbit has

been almost constant since 500 Ma, which implies that

Fig. 8 Plot of the spectral analysis of the variations of the Mn/Fe

ratios of the Co-rich Mn crust with time calculated using the

Statistical Package for the Social Science (version 13.0). Three major

peaks at 0.61, 0.96 and 1.65 Ma were identified. The peaks at

0.61 Ma and 0.96 Ma are statistically significant at the 95%

confidence level and the peak at 1.65 Ma significant at the 90%

confidence level. Because of the distance between adjacent data

points was in the range 0.01–0.52 Ma with a mean value of 0.16 Ma,

it follows that peaks occurring at periods of less than 0.5 Ma are not

meaningful

Fig. 7 Schematic diagram showing variations in the position of the

Carbonate Compensation Depth (CCD) (Van Andel et al. 1975;

Halbach and Puteanus 1984) and of the inferred position of the calcite

lysocline with time assuming a constant depth relationship between

the depth of the CCD and that of the calcite lysocline
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these highest-order periods of eccentricity are applicable

for the entire history of Co-rich Mn crust formation.

Migration due to plate motion of the seamounts on

which Co-rich Mn crusts form also has the potential to

influence their composition. Normally, migration of a se-

amount can be calculated based on the assumption that the

seamount formed at a hot spot and migrated away from that

point due to plate motion. However, in the case of the

Marcus-Wake and Magellan Seamount clusters, the wide-

spread, apparently random distribution of the volcanoes,

recurrent volcanism and lack of anomalous subsidence

argue against the influence of any kind of hotspot, linked to

a mantle plume (Clouard and Bonneville 2005; Natland

and Winterer 2005; Clift 2005). Nonetheless, it is possible

to get some idea of the lateral migration of the underlying

Pacific Plate by assuming that the plate has been migrating

at a rate of 70 mm year–1 in a direction of 290� since

23.3 Ma as has been established for the region of the On-

tong Java Plateau (Fig. 4 of Clouard and Bonneville

(2005)). This enabled the position of the Lamont Guyot at

23.3 Ma to be estimated to have been at about 16�30¢ N

174�0¢ E at 23.3 Ma as shown in Fig. 1. The crust there-

fore migrated northwards through approximately 5� of

latitude during its formation.

Because the Marcus-Wake Seamounts are formed on

ocean crust older than 150 Ma (Clouard and Bonneville

2005), the effects of thermal subsidence on Lamont Guyot

over the past 23.3 Ma can be discounted (Smith and San-

dwell 1997; Clift 2005). The crust would therefore have

remained at a water depth close to about 2450 m during its

formation. The large discrepancy in age between the crust

(23.3 Ma) and the underlying seamount (80.5–90.5 Ma)

strongly supports the idea that the crust formed following

mass wasting on the slopes of the Lamont Guyot (Jeong

et al. 2000). In fact, oceanographic conditions favourable

for crust formation began well before 23.3 Ma (Pulyaeva

1997; Frank et al. 1999).

Formation of Co-rich Mn crusts is also strongly influ-

enced by the local oceanic current regime. The ocean

bottom current regime in the western Pacific is not well

documented. For example, Kawabe et al. (2003) have de-

scribed the northward transport of ocean bottom water

through the Wake Passage and the passages immediately to

the west from the SW Pacific, but these flow paths do not

extend as far west as the Lamont Guyot at 160�E. The data

obtained by these authors suggest that ocean bottom water

flow in the western Pacific between the Wake Passage and

Mariana Trench is generally rather weak and that thermo-

haline flow around Lamont Guyot is poorly known. How-

ever, internal tides and eddy currents are the dominant

form of ocean mixing around seamounts at mid-water

depths and are therefore probably more influential to the

growth of crusts than thermohaline circulation (Rudnick

et al. 2003; Hein 2004; Lavelle et al. 2004). Mikhaı̌lik and

Khanchuk (2004) have shown that topographic eddies

around seamounts can influence the morphology and

composition of Co-rich Mn crusts, although the effect on

composition may be relatively small (differences of 0.05%

and 2.8% in the concentrations of Co and Mn on opposite

sides of the seamount, respectively). According to Hein

et al. (1993), topographic or dynamic upwelling around

seamounts would also bring oxygen from abyssal depths to

the sites of crust formation.

However, the most important factors controlling the

growth rate and Co content of Co-rich Mn crusts are

variations in the intensity and depth of the associated

oxygen minimum zone (OMZ) with time. Two hydro-

graphic transects have been undertaken in the vicinity of

Lamont Guyot (WOCE P-3 at 28�N and WOCE P-10 at

149�E), which enable these two parameters to be calculated

approximately (Schlitzer 2004). These data show that the

OMZ at 21�28¢ N, 159�40¢ E (corresponding to the loca-

tion of the crust studied here) occurs at a water depth of

about 1,000 m and has a dissolved oxygen content of about

1.1 ml l–1 and that the dissolved oxygen content at a water

depth of 2,450 m (corresponding to the depth of this crust)

is about 2.7 ml l–1, thereby confirming that the crust

formed in a well-oxygenated environment beneath a well-

developed OMZ. The manganese content of seawater, on

the other hand, shows the opposite trend.

At the VERTEX site offshore California, for example,

the dissolved manganese content of seawater at a water

depth of 600 m corresponding to the OMZ was 70 lg l–1

compared to 40 lg l–1 at a water depth of 1,900 m

(Johnson et al. 1996). This observation supports the view

of Halbach and Puteanus (1984) that the OMZ is the main

source of Mn for Co-rich Mn crust formation. However,

long-term variations in the growth rate and Co content of

the crust and the short-term erratic variations in element

composition reported here would indicate that there have

been major changes in the hydrographic regime around

Lamont Guyot since 23.3 Ma.

Frank et al. (1999) have plotted the distributions of se-

lected elements and element ratios with depth in two Co-

rich Mn crusts and one deep-sea Mn crust from the Pacific

Ocean, as well as in two crusts each from the Atlantic and

Indian Oceans. These data show no consistent trends in the

distribution of these elements and element ratios with depth

in these crusts even within the same ocean. Profiles of

element distributions obtained by other authors similarly

show no consistent trends with depth even within the same

ocean (Hein et al. 1992; Jeong et al. 2000; this study).

However, the residence times for Mn and Fe in the oceans

are very short (60 and 500 years, respectively; MBARI

2005) compared to the turnover time of the oceans of about

1500 years (Bender et al. 1977). It is possible therefore
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that the influence of local variations in the intensity of the

OMZ, dissolved oxygen content of the water column,

biological productivity of the surface waters and upwelling

of deep water around the seamount may be superimposed

on each other and be more important than regional factors

in accounting for the differences in these profiles. Because

the influence of these factors can not easily be disentan-

gled, it follows that our knowledge of the factors control-

ling the formation of Co-rich Mn crusts may be more

rudimentary than we would like to think.

The use of Ce/La ratios in deep-sea manganese nodules

as a redox indicator was pioneered by Glasby et al. (1987)

and Kunzendorf et al. (1993). In these studies, it was

shown that the Ce/La ratios in nodules along a transect

from the SW Pacific Basin through the Clarion-Clipperton

Fracture Zone to the Peru Basin and thence to the equa-

torial South Pacific decrease from 9.6 to 1.4, reflecting the

decreasing rate of advection of oxygen over the sea floor

along the transect. From the data presented here, it can be

seen that the average Ce/La ratio of the crusts from the

Lamont Guyot (4.1) lies close to the average ratio deter-

mined by De Carlo and McMurtry (1992) for Co-rich Mn

crusts from the Hawaiian Archipelago and within the range

of average ratios of crusts from eight areas in the Pacific

(3.7–7.4) reported by Hein et al. (2000). These results

confirm that formation of these crusts was associated with

well-oxygenated conditions.

Plots of the NASC-normalized REE concentrations of

these crusts are unusual in showing positive Gd and Ho

anomalies (Fig. 6). A positive Gd anomaly in Co-rich Mn

crusts was first reported in Co-rich Mn crusts from the

Marshall Islands by Hein et al. (1988) but did not receive

any further attention. However, it is possible that the po-

sitive anomalies for Gd and Ho observed in Fig. 6 are a

consequence of the lanthanide tetrad effect described by

Bau (1999) and Ohta and Kawabe (2001). In order to test

this hypothesis, the significance of the third tetrad Gd–Tb–

Dy–Ho and fourth tetrad Er–Tm–Yb–Lu were quantified

using the procedure described by Monecke et al. (2002).

The results show that the third tetrad was significant but the

fourth tetrad was not. These calculations enable us to dis-

count the influence of the lanthanide tetrad effect on the

REE distribution in these crusts.

From the preceding discussion, it is clear that a number

of diverse factors influence the formation of Co-rich Mn

crusts. Figure 9 shows a summary of the relative impor-

tance of some of the more important of these factors. We

concur with Halbach and Puteanus (1984) that environ-

Fig. 9 Schematic

representation of some of the

major processes controlling the

growth of a Co-rich Mn crust in

the Marcus-Wake Seamount

cluster
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mental factors such as biogenic productivity, range and

depth of the lysocline and calcium carbonate compensation

depth, rate of carbonate dissolution and activity of AABW

are all important in controlling the growth of Co-rich Mn

crusts, but are unable to assess the relative importance of

these factors based on this detailed study of a single crust.

Conclusions

A detailed study of a Co-rich Mn crust from the Lamont

Guyot in the Marcus-Wake Seamount cluster shows that

the crust began forming at 23.3 Ma following mass wasting

on the slopes of the guyot. The average growth rate for the

entire section of the crust was 1.6 mm m.y.–1. The crust

migrated northwards through about 5� of latitude since its

formation at 23.3 Ma. It is presently located in a well-

oxygenated environment beneath a well-developed OMZ.

In section, the crust was divided into four intervals

based on textural characteristics of the crust. However, the

boundaries between these intervals do not appear to show

any relationship to major paleoceanographic events in the

world ocean.

Long-term and short-term trends in element composition

have been determined within the crust. Long-term trends

are probably the result of variations in the aeolian transport

of Fe into the western Pacific from Asia, which reached a

maximum at about 7 Ma together with additional inputs of

Fe to the crust from the dissolution of calcareous tests

between about 10.5 Ma and 4.5 Ma. Astronomical forcing

may have been, in part, responsible for the short-term er-

ratic variations in the composition of the crust. A schematic

representation of the relative influence of geological,

oceanographic and astronomical processes on the forma-

tion of the crust has been presented.

Plots of NASC-normalized REE concentrations of bulk

samples of Co-rich Mn crusts from the Lamont Guyot are

unusual in showing positive Gd and Ho anomalies. How-

ever, these observations are not consistent with the influ-

ence of the lanthanide tetrad effect in these crusts.
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