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Abstract Thorium- and uranium isotopes were mea-
sured in a diagenetic manganese nodule from the Peru
basin applying alpha- and thermal ionization mass spec-
trometry (TIMS). Alpha-counting of 62 samples was
carried out with a depth resolution of 0.4 mm to gain a
high-resolution 230Thexcess profile. In addition, 17 sam-
ples were measured with TIMS to obtain precise iso-
tope concentrations and isotope ratios. We got values
of 0.06–0.59 ppb (230Th), 0.43-1.40 ppm (232Th), 0.09–
0.49 ppb (234U) and 1.66–8.24 ppm (238U). The uranium
activity ratio in the uppermost samples (1–6 mm) and
in two further sections in the nodule at 12.5B1.0 mm
and 27.3–33.5 mm comes close to the present ocean wa-
ter value of 1.144B0.004. In two other sections of the
nodule, this ratio is significantly higher, probably re-
flecting incorporation of diagenetic uranium. The up-
per 25 mm section of the Mn nodule shows a relatively
smooth exponential decrease in the 230Thexcess concen-
tration (TIMS). The slope of the best fit yields a growth
rate of 110 mm/Ma up to 24.5 mm depth. The section
from 25 to 30.3 mm depth shows constant 230Thexcess

concentrations probably due to growth rates even fas-
ter than those in the top section of the nodule. From 33
to 50 mm depth, the growth rate is approximately
60 mm/Ma. Two layers in the nodule with distinct lami-
nations (11–15 and 28–33 mm depth) probably formed
during the transition from isotopic stage 8 to 7 and in
stage 5e, respectively. The Mn/Fe ratio shows higher
values during interglacials 5 and 7, and lower ones dur-
ing glacials 4 and 6. A comparison of our data with data
from adjacent sediment cores suggests (a) a variable
supply of hydrothermal Mn to sediments and Mn no-

dules of the Peru basin or (b) suboxic conditions at the
water sediment interface during periods with lower Mn/
Fe ratios.

Key words Manganese nodules 7 Thorium dating 7
Uranium isotopes 7 Peru basin 7 TIMS

Introduction

The uncertainty of how post-depositional migration of
Mn may have altered the original distribution in the se-
diments makes the record of Mn (or Mn/Fe) in deep
sea sediments a questionable proxy for changes of the
water column chemistry. The advantages in studying
diagenetic Mn nodules are that the record of Mn can-
not be superimposed by post-depositional remobiliza-
tion, and dating of diagenetic manganese nodules al-
lows a time resolution at least one order of magnitude
better than for hydrogenetic crusts.

Hydrothermalism is probably the major source of
manganese to the oceans. One may estimate the flux of
manganese from the mid-ocean ridges to 5!106 tons/a,
assuming the flux of seawater through the ridges to be
(1.5B0.4)71014 kg/a and an average Mn content of hy-
drothermal solutions of 600 mmol/kg (Holland 1984).
The flux of detrital Mn ranges between 1 and 27106

tons/a, assuming an average sedimentation rate of de-
trital clays of 0.2 cm/ka with an average Mn content of
6000 ppm (Bischoff et al. 1979). Thus, the detrital Mn
supply is smaller than the hydrothermal. Due to the dif-
ferent sources of Mn in the ocean, there are different
suppliers of Mn to diagenetic nodules (Lyle et al. 1979;
Leinen and Pisias 1984).

Under present-day conditions, hydrothermal Mn
precipitates close to its sources due to its residence time
in the water column of approximately 50 years. The ho-
rizontal propagation distance for hydrothermal Mn in
the water column is thus estimated to be in the order of
1000 km (Weiss 1977). This order of magnitude for
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propagation of hydrothermal Mn is corroborated by
multifactor analysis on cores from a transect from the
EPR to New Zealand at 427S (Schmitz 1985).

The influence of Mn of hydrothermal origin in sedi-
ments within some distance from the sources is re-
flected clearly by Mn/Al ratios in excess of 0.06, the av-
erage ratio observed in pelagic sediments with a negli-
gible hydrothermal component (Chester and Aston
1976). Excess Mn was observed, for example, in sedi-
ment cores from the MANOP site H (Finney et al.
1988), from the Central and Northern Peru basin (Stof-
fers et al. 1984), along the East Pacific rise (Walter and
Stoffers 1985) and from the Galapagos microplate
(Mangini et al. 1994), suggesting additional supply of
Mn of hydrothermal origin to these areas during the
Late Quaternary. The depth profiles of Mn/Fe in cores
from these localities show a marked variability during
the past several hundred thousands of years. This varia-
bility can be interpreted either as (a) a result of diagen-
etic mobilization of Mn in the sediments which even-
tually builds up peaks at the redoxcline (Berger et al.
1983; Finney et al. 1988) or (b) variations in the manga-
nese or iron fluxes from the water column into the sedi-
ment (Mangini et al. 1994). The diagenetic processes
are thought to be influenced by the flux of organic car-
bon to the sediments and thus the primary productivity,
the sedimentation rate or the oxygen content of bottom
water. Suboxic conditions in the sediments lead to a re-
duction of Mn(IV)oxide and to an upward diffusion of
dissolved Mn(II) ions. At the oxic–anoxic interface
where a higher redox potential prevails the Mn2c re-
precipitates as Mn(IV) oxide (Boudreau and Scott
1978; Froelich et al. 1979; Lyle 1981; Stackelberg
1988).The free energy-competition model suggests that
reduction of Fe oxide to mobile Fe2c occurs after re-
duction of Mn oxide (Berner 1980).

Growth conditions of Mn nodules in the Peru basin
are determined mainly by diagenetic mobilization of
Mn from the sediments. They are characterized by Mn/
Fe ratios p5, and may be classified as a diagenetic
type. The large “cauliflower-like” nodules display mi-
crolayers several millimeters thick, rich in Mn, consist-
ing of 10 Å-manganate (Halbach and Puteanus 1988).
Growth rates of up to 170 mm/Ma were determined
(Reyss et al. 1982; Finney et al. 1984). The growth rates
of these diagenetic nodules are much faster than those
of hydrogenetic ferromanganese encrustations from the
Central Pacific in which Mn is supplied only from the
water column (ca. 5 mm/Ma; Segl et al. 1989; Puteanus
et al. 1989; Mangini et al. 1990; Eisenhauer et al. 1992).
Manganese mass balances in diagenetic Mn nodules
suggested that Mn and Fe were accreted also from bot-
tom waters enriched in dissolved and particulate metal
contents derived from areas remote from the site of no-
dule formation (Calvert and Piper 1984).

In our study we have determined the growth rate
and the variability of Mn/Fe with time of a manganese
nodule from station 63KG in the Peru basin. Our pur-
pose was to derive a record of climatically controlled

Fig. 1 Location of nodule 63KG located at 6745bS, 90742bW in a
water depth of 4257 m. In addition, MANOP site H (circle) and
the Galapagos Islands (black dots) are marked. The isolines mark
the primary biological productivity in surface waters in g C m–2

year–1 (Halbach et al. 1988)

changes of Mn and/or Fe of bottom water in the Peru
basin in the past. We compare the Mn/Fe profile of the
nodule with records from adjacent sediments to check
if the sediments records are primary or not.

Materials and methods

Station 63KG is located at 90742bW and 6745bS in the
Peru basin (“Tiefsee-Umweltschutz-Programm” area;
Fig. 1). The nodule was sampled with a box corer in a
water depth of 4257 m during SONNE 79 cruise in
1992. It has a cauliflower, ellipsoidal shape, a diameter
of approximately 10 cm and shows distinct laminations
(Fig. 2). Darker layers with a more solid texture (up to
5 mm thick) alternate with dark-brown amorphous
laminae with a higher porosity including very fine sedi-
mentary debris.

For better handling the nodule was embedded in
gypsum and fixed in a sample holder. Two profiles
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Fig. 2 Nodule 63KG. One can see the significant lamination and
the two profiles that were taken for the a (left) measurements
and the thermal ionization mass spectrometry (TIMS; right)
measurements, respectively. Height of nodule ca. 7 cm

Table 1 Results of the 238U, 234U, 232Th and 230Th measurements by Thermal Ionization Mass Spectrometry (TIMS). For convenience
of comparison the data are given in dpm/g

Depth
(mm)

Th-230
(dpm/g)

Th-232
(dpm/g)

U-234
(dpm/g)

U-238
(dpm/g)

Activity ratio
(U-234/U-238)

Th-230 excess
(dpm/g)

1.0B1.0
3.5B0.5
6.0B1.0
9.5B1.0

12.5B1.0
15.0B1.0
18.3B1.3
21.8B1.3
24.5B1.0
27.3B0.8
30.3B0.8
33.5B1.0
37.3B1.3
40.5B1.0
43.3B1.3
46.3B0.8
40.9B1.0

26.90 B0.338
21.29 B0.360
20.03 B0.380
12.68 B0.254
11.40 B0.151

9.194B0.364
7.825B0.183
5.836B0.252
6.055B0.177
6.597B0.070
5.446B0.257

12.87 B0.895
6.434B0.113
4.347B0.150
4.054B0.048
3.946B0.108
2.730B0.047

0.341B0.002
0.321B0.003
0.257B0.003
0.228B0.001
0.221B0.002
0.249B0.004
0.187B0.001
0.163B0.001
0.156B0.002
0.203B0.001
0.105B0.002
0.330B0.017
0.315B0.002
0.158B0.002
0.134B0.001
0.141B0.002
0.158B0.002

2.263B0.064
3.856B0.076
6.778B0.132
4.468B0.116
4.553B0.055
2.013B0.091
3.712B0.054
3.087B0.074
2.886B0.151
2.317B0.051
3.879B0.072
3.395B0.050
2.001B0.035
3.103B0.109
1.749B0.026
3.471B0.078
1.297B0.031

1.989B0.016
3.412B0.027
6.147B0.057
3.856B0.039
4.084B0.028
1.664B0.019
3.268B0.017
2.761B0.018
2.198B0.026
2.156B0.022
3.641B0.044
3.228B0.028
1.781B0.007
2.997B0.027
1.683B0.009
3.218B0.043
1.242B0.013

1.138B0.033
1.130B0.024
1.103B0.024
1.159B0.032
1.115B0.016
1.210B0.056
1.136B0.018
1.118B0.028
1.313B0.070
1.074B0.026
1.065B0.024
1.052B0.018
1.124B0.020
1.035B0.037
1.039B0.016
1.078B0.028
1.044B0.027

26.30 B0.334
20.04 B0.272
17.03 B0.198
10.34 B0.213
8.765B0.123
7.878B0.321
5.275B0.128
3.625B0.161
3.898B0.118
4.786B0.060
2.346B0.113
9.887B0.704
4.595B0.096
1.440B0.115
2.372B0.098
0.571B0.017
1.460B0.043

were drilled with a numerically controlled milling ma-
chine. For the TIMS measurements of 238U, 234U, 232Th
and 230Th we took samples approximately every 3 mm
from the surface to 50 mm depth at a depth resolution
of 1–2.6 mm. The second profile was taken continuous-
ly to 24.4 mm depth at a depth resolution of 0.4 mm for
the standard a-counting. Atomic absorption spectrome-
try (AAS) measurements of manganese and iron were
also performed on the second profile.

For the TIMS analysis of uranium, we used a 233U/
236U double spike to correct for instrumental fractiona-
tion. The concentration of the spike was calibrated
against the 112A uranium standard material (New
Brunswick Laboratories, New Brunswick, New Jersey).
The mean of the 234U/238U ratio of 11 measurements of

the 112A material yielded a value of
(5.3007B0.0060)710–5 leading to a d-uranium of (–
31.3B1.1). This value agrees well with those published
previously by Edwards et al. (1993).

For thorium measurements we used a 229Th spike
calibrated against a 232Th standard of well-known con-
centration. Cross-checks with standard material from
other laboratories (Gif-sur-Yvette and Caltech) re-
vealed good agreement within the statistical uncertain-
ty (B0.6%). The measurements were performed with a
Finnigan MAT262 RPQ mass spectrometer, in peak
jumping mode, using the secondary electron multiplier
and the double filament technique. The analytical and
measurement procedures follow closely those described
previously by Chen et al. (1986), Edwards et al. (1987)
and Chabaux et al. (1995). Chemical yields are approx-
imately 60–80% for thorium and approximately 90%
for uranium.

The analytical procedure for the a-spectrometry is
similar to that described by Ku and Broecker (1967),
Krishnaswami et al. (1982) and Mangini et al. (1988).
Counting time for the a-measurement of 230Th was ap-
proximately 2 days, resulting in a statistical uncertainty
of approximately 15%.

Results

The results of the TIMS measurements are presented in
Table 1. The data are given in decay events per minute
per gram (dpm/g). The 230Th activity in the nodule is
plotted as a function of depth in Fig. 3. The values ob-
tained with the two methods (a and TIMS) agree well
over the whole section from 0 to 25 mm. Although the
two profiles were drilled at different locations of the
nodule, the 230Th concentration shows a good spatial
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Fig. 3 230Th (a- and TIMS data) plotted vs depth from 0–25 mm.
The decreasing trend with depth is superimposed by frequent os-
cillations of the 230Th concentration. The a- and TIMS values are
in general accord within the statistical uncertainties (1s for the a
measurements; 2s for TIMS). Although the two profiles were
drilled at different localities of the nodule, the 230Th concentra-
tion shows a good spatial homogeneity

Table 2 238U/232Th activity ratios, sedimentation rates and
230Thexcess fluxes [dpm/cm2/ka] of 8 sediment cores from the Peru
Basin. The fluxes into cores 1–7 were calculated with a mean dry
bulk density of 0.25 g/cm3. The flux into core 9KL, which is lo-

cated nearest to nodule 63 KG (90 742bW, 6 745bS), was calcu-
lated with the measured dry bulk densities. The flux of 0.47 dpm/
cm2/ka into nodule 63KG is only about 2.5 percent of the flux
into sediment core 9KL

Number Designation Location 238U/232Th
activity ratio

Sedimentation rate
(cm/ka)

230Thexcess flux
(dpm/cm2 per ka)

1
2
3
4

108KL
106KG
77KL
9KL

90 739bW, 7 702bS
90 739bW, 7 702bS
90 728bW, 6 734bS
90 728bW, 6 734bS
90 746bW, 6 743bS

0.71
0.88
0.57
0.7

0.36
1.10
1.19
0.86

16.5
14.3
16.4
18.5

5
6
7
8

169KL
170KG
25KG
26KL

90 750bW, 8 710bS
90 750bW, 8 710bS
90 726bW, 6 752bS
90 727bW, 6 752bS

0.63
0.51
0.63
0.68

0.18
0.26
0.37
0.24

7.2
7.7
7.5
4.4

homogeneity. For calculating the 230Thexcess concentra-
tions we applied:

230Thxsp
230ThtotalP0.77232ThtotalP1.1447
(238UtotalP0.77232Thtotal)7(1PePlt) (1)

where lp9.195710–6 year–1.

The first term in this equation is the total measured
230Th activity. The second term describes the detrital
part of 230Th, with 0.7 being the mean value of the
238U/232Th ratio of eight sediment cores from the Peru
basin under the assumption that the detrital 230Th com-

ponent is in radioactive equilibrium with the detrital
238U (see Table 2). The third term takes into account
the decay of uranium incorporated into the nodule
from the water column. Equation (1) can be solved iter-
atively by fitting the experimental data.

Growth rates

The concentration of 230Thexcess is approximately 14.8–
66.3 dpm/g in the surface samples (0–1 mm, a-data; Ta-
ble 3) and decreases towards the interior of the nodule
to 0.57 dpm/g at 46.25 mm depth (TIMS). The surface
concentration is up to 50 times lower than that in the
surface of hydrogenetic samples because of the higher
flux of manganese into the nodule.

To determine the growth rates, we used the standard
technique described by Mangini et al. (1988) and Eisen-
hauer et al. (1992). 230Thexcess TIMS plotted against
depth (up to 50 mm; Fig. 4) allows to distinguish three
sections with different growth rates. From the surface
to approximately 25 mm depth, the smooth decrease in
the 230Thexcess activity yields a growth rate of 110 mm
per million years. From 25 to approximately 30.3 mm
depth, constant activities probably reflect a period of
very fast growth. From 33 mm depth to the end of the
profile at 50 mm, the steeper slope of 230Thexcess sug-
gests a growth rate of approximately 60 mm per million
years.

Due to our assumption of different sources of 232Th
(detrital introduced by rivers and aeolian dust) and
230Thexcess (hydrogeneous, from the decay of dissolved
uranium in the water column) in diagenetic nodules
(Huh and Ku 1984), we did not calculate the growth
rates using the 230Thexcess/232Th normalizing technique.

The flux of 230Thexcess was calculated with a mean
growth rate of 110 mm/Ma, a dry bulk density of ap-
proximately 1.5 g/cm3 and a surface concentration of
27 dpm/g as calculated from the best-fit line (Fig. 4). It
amounts to 0.47 dpm/cm2/ka, which is only 2.5% of the
flux into adjacent sediments of the Peru basin (Ta-
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Table 3 Data of the alpha and AAS measurements, partial accu-
mulation rates (CF-rate) and ages (CF-age) as calculated with the
constant flux model, using a flux of 4.7 dpm/mm2/Ma, a mean dry

bulk density of 1.5 mg/mm3 (r) and the time corrected 230Thexcess

values: 230Thexcesscorrp230Thexcess7elt. CF-rate[mm/Ma]p(Flux)/
(230Thexcesscorr7r)71000; CF-age[a]pdepth[mm]/CF-rate7106.

No. Depth
(mm)

230Th
(dpm/g) B

234U
(dpm/g) B

230Thexcess

(dpm/g) B
CF rate
(mm/Ma) B

CF age
(a)

Agea

(a)
Mn
(%) B

Fe
(%) B

1 0.2 66.6 9.1 6.8 3.0 66.3 9.3 45 6 4409 1818
2 0.6 42.8 7.2 6.8 3.0 42.1 7.5 67 12 11814 5455
3 1 15.7 3.3 6.8 3.0 14.8 3.8 183 46 15905 9091
4 1.4 34.0 5.3 6.8 3.0 32.8 5.8 80 14 19509 12727
5 1.8 31.3 5.4 6.8 3.0 29.9 6.0 84 17 24407 16364
6 2.2 36.6 7.3 6.8 3.0 35.0 8.1 68 16 29734 20000
7 2.6 26.2 3.6 6.8 3.0 24.4 4.5 93 17 34811 23636
8 3 131.4 7.4 6.4 0.9 129.0 7.7 15 1 49990 27273 29.07 0.51 0.36 0.03
9 3.4 29.9 2.1 5.2 0.7 27.5 2.4 62 5 66258 30909 49.84 0.83 0.65 0.01

10 3.8 15.1 1.2 3.8 0.5 13.3 1.5 123 13 71116 34545 43.08 0.72 0.29 0.01
11 4.2 14.5 1.4 4.6 0.7 12.2 1.8 129 19 74294 38182 39.67 0.75 0.34 0.02
12 4.6 16.6 1.3 6.1 0.7 13.5 1.7 114 14 77604 41818 39.36 0.94 0.39 0.01
13 5 17.0 1.8 8.4 0.9 12.6 2.3 118 21 81059 45455 40.49 0.91 0.45 0.01
14 5.4 14.4 1.5 8.2 1.0 10.0 2.1 145 29 84134 49091 38.04 0.86 0.42 0.01
15 5.8 13.5 1.5 8.3 1.0 8.9 2.1 158 37 86779 52727 27.49 0.49 0.35 0.01
16 6.2 13.4 1.1 9.1 1.2 8.3 1.9 166 36 89243 56364 36.61 0.61 0.29 0.01
17 6.6 13.7 1.2 7.8 1.0 9.2 1.8 146 28 91816 60000 41.64 0.84 0.32 0.01
18 7 15.0 2.0 4.1 0.7 12.7 2.4 103 20 95125 63636 35.22 0.71 0.33 0.01
19 7.4 15.3 2.0 6.1 0.9 11.7 2.6 108 24 98912 67273 39.91 1.18 0.45 0.01
20 7.8 14.2 1.1 6.8 0.9 10.0 1.8 122 21 102406 70909 42.73 0.76 0.45 0.01
21 8.2 17.5 1.7 7.2 0.8 13.0 2.2 91 15 106257 74545 41.80 0.97 0.46 0.01
22 8.6 13.8 1.3 8.8 1.0 8.1 1.9 140 32 109888 78182 41.94 1.14 0.35 0.01
23 9 13.9 1.2 6.7 0.8 9.6 1.8 116 21 113039 81818 42.93 1.03 0.40 0.01
24 9.4 11.1 1.0 7.4 0.8 6.2 1.6 174 43 115913 85455 43.07 1.03 0.30 0.01
25 9.8 9.8 0.9 8.0 0.8 4.5 1.5 238 80 117903 89091 44.71 1.04 0.33 0.01
26 10.2 10.5 3.0 7.9 1.8 5.3 4.3 198 159 119754 92727 40.78 0.82 0.25 0.01
27 10.6 10.5 3.0 5.0 0.6 7.1 3.5 143 69 122165 96364 43.06 0.76 0.26 0.01
28 11 10.9 1.0 6.3 1.1 6.6 1.8 150 40 124896 100000 40.56 0.69 0.25 0.01
29 11.4 10.4 1.1 7.3 1.0 5.4 1.9 181 60 127330 103636 39.67 0.68 0.26 0.01
30 11.8 9.8 1.1 5.1 0.6 6.2 1.5 152 36 129747 107273 43.03 0.87 0.30 0.01
31 12.2 17.5 1.7 3.6 0.4 14.9 2.1 61 8 134334 110909 42.87 0.93 0.31 0.01
32 12.6 9.5 0.9 5.0 0.6 5.8 1.4 150 34 138944 114545 41.66 0.64 0.30 0.01
33 13 9.8 0.8 5.9 0.8 5.5 1.4 155 38 141572 118182 43.64 1.23 0.35 0.01
34 13.4 7.9 0.8 4.2 0.6 4.8 1.3 175 45 144005 121818 44.76 0.97 0.31 0.01
35 13.8 8.6 1.1 6.4 0.8 3.9 1.7 213 93 146089 125455 41.00 0.70 0.27 0.01
36 14.2 7.9 0.8 5.7 0.5 3.7 1.3 218 72 147945 129091 36.10 1.11 0.23 0.01
37 14.6 7.6 0.7 4.8 0.5 4.1 1.1 195 50 149889 132727 44.80 0.90 0.33 0.01
38 15 8.0 0.6 4.5 0.6 4.6 1.1 168 38 152109 136364 43.80 1.12 0.31 0.01
39 15.4 8.4 0.7 4.7 0.7 4.8 1.3 157 42 154570 140000 39.88 0.68 0.36 0.01
40 15.8 10.0 2.3 3.7 0.5 7.1 2.8 103 40 157775 143636 42.30 0.80 0.36 0.01
41 16.2 10.3 2.0 4.5 0.8 6.8 2.7 104 40 161635 147273 43.14 1.52 0.43 0.01
42 16.6 7.8 0.7 3.4 0.5 5.1 1.2 134 30 165055 150909 41.94 0.94 0.37 0.01
43 17 12.6 1.1 2.8 2.0 10.4 2.8 63 16 169717 154545 41.35 0.84 0.40 0.01
44 17.4 9.0 1.0 2.1 0.5 7.3 1.5 86 17 175215 158182 42.04 1.15 0.46 0.01
45 17.8 11.0 2.1 6.7 1.2 5.7 3.1 106 57 179426 161818 41.64 0.78 0.63 0.03
46 18.2 7.4 1.3 2.3 0.5 5.5 1.7 105 32 183208 165455 40.32 0.83 0.63 0.01
47 18.6 9.1 1.4 3.2 0.7 6.5 2.0 86 26 187436 169091 40.03 0.97 0.54 0.01
48 19 7.3 1.1 4.7 1.2 3.5 2.1 157 94 191037 172727 43.20 0.87 0.43 0.01
49 19.4 7.1 1.0 5.4 1.2 2.7 2.1 199 149 193319 176364 44.76 0.75 0.38 0.02
50 19.8 6.3 1.0 3.8 0.7 3.2 1.6 162 80 195556 180000 43.50 0.71 0.25 0.01
51 20.2 6.9 1.3 3.5 0.7 4.0 1.9 127 59 198358 183636 39.29 1.21 0.24 0.01
52 20.6 7.6 1.4 4.1 2.0 4.2 3.3 117 88 201631 187273 42.15 1.04 0.33 0.01
53 21 6.5 0.9 4.7 0.8 2.5 1.7 191 123 204380 190909 39.66 0.61 0.28 0.01
54 21.4 6.5 3.0 3.3 1.0 3.7 3.9 127 132 206998 194545 43.95 0.78 0.27 0.02
55 21.8 6.5 3.0 4.6 1.6 2.5 4.5 179 308 209688 198182 40.98 0.72 0.25 0.01
56 22.2 6.5 1.1 3.2 0.7 3.8 1.7 118 52 212495 201818 42.52 0.66 0.23 0.01
57 22.6 6.2 1.4 2.9 2.0 3.7 3.2 116 98 215902 205455 45.28 0.70 0.32 0.01
58 23 3.8 0.9 2.7 0.7 1.4 1.5 298 308 218290 209091 32.13 0.88 0.15 0.01
59 23.4 4.9 0.6 3.6 0.6 1.8 1.2 229 144 219834 212727 34.31 0.52 0.18 0.01
60 23.8 4.6 0.7 2.8 0.5 2.1 1.2 196 106 221730 216364 37.71 0.63 0.20 0.01
61 24.2 4.7 2.0 2.8 0.4 2.2 2.4 179 191 223871 220000 15.86 0.26 0.07 0.01
62 24.6 4.8 0.8 3.7 0.6 1.6 1.3 241 186 225821 223636 50.08 1.49 0.32 0.01

a Age calculated with a constant mean accumulation rate of 110 mm/Ma (TIMS)
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Fig. 4 230Thexcess (TIMS data) plotted vs depth from 0–50 mm.
One can distinguish three different sections of growth

ble 2). The flux into the nodule is between one half and
one fifth of the flux into two hydrogenetic encrustations
from the North Equatorial Pacific (Eisenhauer et al.
1992).

There are two outstanding dark layers in the nodule
in 11–15 and 28–33 mm depth, characterized by a more
solid texture, composed of microlaminae and displaying
a lower porosity. According to our calculated growth
rates these two layers have grown close to the transi-
tion from glacial stage 8 to interglacial 7 during the pe-
riod of fast growth, and from 136 to approximately
100 ka before present (stage 5e), respectively. There-
fore, both layers seem to have formed during periods of
drastic climatic change. However, in the upper 25 mm
of the nodule several other changes in the internal
structure of smaller magnitude than the two major
changes can be seen, which cannot be as easily related
to climatic events.

Uranium activity ratio

The decay-corrected uranium activity ratio (Fig. 5) of
the three topmost samples (1–6 mm) and two other sec-
tions of the nodule (12.5B1 and 27.3–33.5 mm), includ-
ing the two dark layers, comes close to the present
ocean water value of 1.144B0.004 (Chen et al. 1986)
mirroring incorporation of hydrogenetic uranium. In
two other sections (15–24.5 and 37.3B1.3 mm), this ra-
tio significantly exceeds the present ocean water value
probably due to incorporation of diagenetic uranium.
In making this assumption we imply a closed system be-
haviour and no post-depositional migration of uranium
within the manganese encrustation (Chabaux 1995).

Fig. 5 234U/238U activity ratio minus 1 (2s; TIMS) plotted vs
depth and age, respectively. The dashed line marks the value of
the present ocean water of 1.144B0.004

The decay-corrected activity ratios vary from 1.035
(40.5 mm) to 1.313 (24.5 mm) with a mean value of
1.114. Future work aims to measure this ratio with a
higher accuracy.

Manganese and iron in Nodule 63KG

The manganese concentration varies between 30 and
50% with a mean value of approximately 40% The iron
content between 0.2 and 0.6% displays a significantly
larger variability than manganese (Table 3). This is also
the case for the ratio of Mn/Fe with ratios between 63
and 213. The flux of Mn of 6.6 710–3 g/cm2 per ka
(11 cm/Ma 7 0.4 g/g 7 1.5 g/cm3) is comparable to the
flux into sediments of the Central and Northern Peru
basin (Stoffers et al. 1984), whereas the flux of Fe is
several orders of magnitude smaller. These higher Mn
concentrations and fluxes into the nodule accentuate
the diagenetic origin of nodule 63 KG.

After transforming our depth scale into a time scale,
applying the growth rates derived from the TIMS meas-
urements, the profile of Mn/Fe in the nodule (Fig. 6)
shows low ratios in samples from glacial stages 4, 6 and
probably 8, and higher ones in interglacial stages 5 and
7 suggesting either an enhanced iron flux or a smaller
manganese flux into the nodule during glacials. The lat-
ter is more probable because the decay-corrected
230Thexcess (Fig. 7) shows higher concentrations during
glacial 4 and specially during glacial 6. Assuming a con-
stant flux of 230Th into the nodule, the maxima of
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Fig. 6 Mn/Fe ratio of nodule 63KG vs the age calculated with a
growth rate of 110 mm/Ma. The vertical lines represent the transi-
tions of the isotopic stages following Martinson et al. (1987)

Fig. 7 Time-corrected 230Thexcess profile (a-data) plotted vs age
calculated with a growth rate of 110 mm/Ma. Because the manga-
nese content (MnO2) of nodule 63KG is up to 80 wt%, the
230Thexcess data in decays per minute per gram represent the
230Thexcess content per gram manganese. Assuming a constant flux
of 230Th into the nodule, we conclude that the maxima of 230Th
reflect a reduced flux of manganese into the nodule

230Thexcess activity (and thus of 230Thexcess content per
gram Mn) suggest a lower flux of manganese during
these glacials because manganese is the main diluting
component with values between 60 and 80% weight
MnO2. From the average values we can roughly esti-
mate that the flux of Mn during stage 6 was a factor of
approximately two smaller than during interglacials.

Although nodule 63KG has significantly higher lev-
els of Mn than sediments, because it consists mainly of
Mn supplied from the sediments, it is interesting to
compare the profile of Mn/Fe against time in the no-
dule (Fig. 6) with profiles of adjacent sediment cores
from the MANOP site H (Finney et al. 1988), sedi-
ments north of Galapagos (Mangini et al. 1994) and
cores from the Central and Northern Peru basin (Stof-
fers et al. 1984) (Table 4). Sediments from these locali-
ties all display significantly higher Mn/Al ratios than
average modern pelagic sediments of 0.06 (Chester and
Aston 1976) probably reflecting the supply of hydro-
thermal Mn (except stages 2 and 3 in cores from the
Galapagos Islands). This additional supply of Mn re-
sults in Mn/Fe ratios significantly higher than the aver-
age of 0.13 for modern pelagic sediments (Chester and
Aston 1976).

The depth profiles of the Mn/Fe ratios in three cores
from the MANOP site H (Fig. 8), located north of the
Peru basin, show higher values in interglacial stages 5
and 7 than in glacial stages 4 and 6 (Finney et al. 1988).
In stage 6 the Mn/Fe ratio comes close to the value of
0.13 of the detrital component. A similar trend was also
observed in cores from the Galapagos Islands with a
smaller or negligible hydrothermal component during
stages 2 and 3 (Mangini et al. 1994).

As can be seen in Figs. 6 and 8 the nodule and the
sediments display a synchronous trend in the variability
of the Mn/Fe ratios. This synchronism allows us to draw
further conclusions: The variability was either caused
by a diminished supply of Mn to the sediments during
glacials, which resulted in a diminished Mn incorpora-
tion into the nodule, or it was due to export of the re-
mobilized Mn from the sediments to more remote ar-
eas.

The first situation implies that less hydrothermal Mn
was supplied to these areas at certain times, either be-
cause the residence time of Mn in the water column
changed drastically, or because the intensity of the hy-
drothermal source varried throughout time and/or the
flow of deep water circulation altered the direction of
the hydrothermal plume. If this is the case, and because
post-depositional remobilization of Mn in the nodule
can be ignored, the trends observed in the sediments
reflect to a larger extent changes in the Mn supply, and
are to a minor extent caused by diagenetic redistribu-
tion of Mn in the sediments. This interpretation is in
contradiction to the general explanation of the ob-
served variability of the profiles of Mn (or Mn/Fe) in
sediments (Finney et al. 1988).

The second interpretation of the minima of Mn in
sediments assumes a constant supply of hydrothermal
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Table 4 Mn/Al and Mn/Fe ra-
tios of sediment cores from
different sites close to the
Peru Basin and the average
ratios for pelagic sediments

Location Author Mn/Al Mn/Fe

MANOP site H,
6 733bN, 92 749bW

Finney et al.
(1988)

0.2–0.5 0.085–0.81

Central and northern
Peru basin

Stoffers et al.
(1984)

0.1–0.6 0.10–0.41

Galapagos microplate
(1 730bN, 102 704bW)

Mangini et al.
(1994)

0.05–0.8 0.02–0.25

Average pelagic
sediments

Chester and Aston
(1976)

0.06 0.13

Fig. 8 Mn/Fe ratio of three sediment cores from MANOP site H
(Finney 1988) plotted vs age. The vertical lines represent the tran-
sitions of the isotopic stages following Martinson et al. (1987).
The higher ratios of Mn/Fe during interglacials and the lower val-
ues during glacials suggest that the observed variations are re-
lated to climate

Mn to sediments together with periods of strong diag-
enetic remobilization resulting in a higher flux of diag-
enetic Mn to the water/sediment interface (Dymond et
al. 1984). Because periods of loss of Mn from the sedi-
ments (i.e. low Mn/Fe ratios) do not correspond with
sections of faster nodule growth (higher Mn incorpora-
tion and Mn/Fe ratios), the latter implies that during
glacial periods the nodule was located, at least part of
the time, deeper than the redoxcline, where eventually
oxidation of Mn occurs, and suboxic conditions pre-
vented Mn precipitation. This could be an indication
that suboxic conditions prevailed at least periodically at
the water/sediment interface during those periods char-
acterized by low Mn/Fe ratios in sediments. Similar evi-
dence was derived from Mn/Fe profiles in cores from
north of Galapagos (Mangini et al. 1994). Future work

on other nodules and sediment samples from the Peru
basin should help to decide which is the better explana-
tion for these observations.

Conclusions

The alpha and TIMS measurements are in very good
agreement. Thus, we are now able to measure into old-
er sections of the nodule with lower 230Th concentra-
tions. In addition, TIMS yields precise ratios of the
uranium activity ratio and of 232Th, which might allow
to better distinguish sections of different growth pat-
tern.

Our results suggest a dependence of the manganese
to iron ratio from climate in nodule 63KG because we
have higher ratios during interglacials 5 and 7 as com-
pared with glacials 4 and 6. The comparison with pro-
files of Mn/Fe ratios in adjacent sediments suggests that
the supply of hydrothermal Mn to the sediments
changed in the past. Possible explanations include (a) a
variation in the intensity of the hydrothermal source,
(b) a variation in the direction and/or the intensity of
deep water currents and thus the hydrothermal plume
and (c) a change in the residence time of Mn in the
water column due to different degrees of ventilation in
the deep ocean. Also, the observed low Mn/Fe ratios
may be related to an enhanced export of Mn during
glacial stages due to changes in the depth of the redox-
cline.
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