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Beryllium 10, thorium 230, and protactinium 231 in
Galapagos microplate sediments: Implications of
hydrothermal activity and paleoproductivity

changes during the last 100,000 years

Martin Frank,! Jorg-Detlef Eckhardt,? Anton Eisenhauer,' Peter W. Kubik,?
Beate Dittrich-Hannen,®> Monika Segl,* and Augusto Mangini'

Abstract. Biogenic particle fluxes from highly productive surface waters, boundary sca-
venging, and hydrothermal activity are the main factors influencing the deposition of
radionuclides in the area of the Galapagos microplate, eastern Equatorial Pacific. In order
to evaluate the importance of these three processes throughout the last 100 kyr, concen-
trations of the radionuclides 1°Be, ?3°Th, and ?*'Pa, and of Mn and Fe were measured at
high resolution in sediment samples from two gravity cores KLH 068 and KLH 093. High

biological productivity in the surface waters overlying the investigated area has led to
10Be and 23'Pa fluxes exceeding production during at least the last 30 kyr and probably
the last 100 kyr. However, during periods of high productivity at the upwelling centers off
Peru and extension of the equatorial high-productivity zone, a relative loss of °Be and
231pa may have occurred in these sediment cores because of boundary scavenging. The
effects of hydrothermal activity were investigated by comparing the ?*The, concentra-
tions to the Mn/Fe ratios and by comparing the fluxes of 23°Th and '°Be which exceed
production. The results suggest an enhanced hydrothermal influence during isotope stages
4 and 5 and to a lesser extent during isotope stage 1 in core KLH 093. During isotope
stages 2 and 3, the hydrothermal supply of Mn was deposited elsewhere, probably because
of changes in current regime or deepwater oxygenation. A strong increase of the Mn/Fe
ratio at the beginning of climatic stage 1 which is not accompanied by an increase of the
230Th,, concentration is interpreted to be an effect of Mn remobilization and reprecipi-

tation in the sediment.

Introduction

The radionuclides '°Be, **Th, and ?*! Pa have been used
for dating sediments and for tracing geochemical and sedi-
mentological phenomena for more than two decades. Beryl-
lium 10 (T, = 1.52 Ma [Hofmann et al., 1987]) is produced
in the upper atmosphere by cosmic radiation depending on
the geographical latitude [Lal and Peters, 1967] and is then
transferred to the Earth’s surface by wet and dry precipita-
tion with a residence time in the atmosphere of about 1 year
[c.f. Turekian et al., 1983]. The present global average pro-
duction was calculated to be 1.21 = 0.26 - 10° atoms/cm®yr
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[Monaghan et al., 1985/1986]. This production rate is in-
fluenced by variations of the geomagnetic field intensity
[Henken-Mellies et al., 1990], and there are indications that
during the last glacial maximum, there was a 30 % increase
of the production of °Be [Lao et al., 1992a]. This was also
considered to be the maximum range of variation during the
last about 420 kyr, as suggested by Southon et al. [1987).
However, there are detailed investigations of the production
rate variations of '*C during the last 50 kyr which show an
increase of the production in the period from 15 to 24 kyr
and from 37 to 46 kyr B.P. of up to 90 % above the present-
day value [Mazaud et al., 1991]. There is evidence that the
production of '°Be varied to the same extent. Having rea-
ched the oceans, '°Be is quickly adsorbed to particles, pre-
ferably aluminosilicates [Sharma et al., 1987]. The biolo-
gical activity in the surface waters of the ocean produces
bigger particles (e.g., fecal pellets) incorporating the clay
minerals. The bigger particles have a high sinking velocity
and redissolve in the deeper water column. This explains
the nutrient-like behavior of °Be in ocean water column
profiles [ Kusakabe et al., 1987].

However, there are still uncertainties concerning the '° Be
adsorber phases, as recently shown by Lao et al. [1993],
who did not find a relationship between Al and '°Be in
sediment trap samples from off the west coast of the United
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States. It is proposed that in such a high particle flux area,
biogenic opal may be a more important scavenging factor
than clay [Lao et al., 1992c, 1993]. This was also deduced by
Bourlés et al. [1989a] from sequential leaching experiments
of natural sediments and by Bourlés et al. [1989b] from the
comparison of Be and Si in pore water profiles.

Fe oxihydroxides which are the products of the oxidati-
on of Fe sulfides emanated by hydrothermal activity may
be another scavenging factor for °Be in the direct neigh-
bourhood of mid-ocean ridges [Valette-Silver et al., 1987,
Bourlés et al., 1991]. According to Anderson et al. [1990],
Mn, for example, released to the bottom water by diagenetic
recycling does not scavenge '°Be to a remarkable amount.
However, Bourlés et al. [1989a] found a relationship bet-
ween '°Be and Mn, and Fe oxihydroxides in sequential le-
aching experiments of various sediments and a relationship
between Mn and Be in pore waters of the hydrothermally
influenced sedimentary environment of the Guayamas Ba-
sin [Bourlés et al., 1989b]. Nevertheless the affinity of Be
for adsorbing to oxihydroxides should be less compared to
*%Th and **'Pa, as the results of Anderson et al. [1990]
and Lao et al. [1993] imply. Remobilization of '°Be from
the sediments was deduced by Bourlés et al. [1989b, 1991]
from the analysis of hydrothermal pore waters emanating
from sediment-covered mid ocean ridges. The amount of
remobilized '°Be, however, was shown to be very low and
negligible compared to the atmospheric supply. The influ-
ence of remobilized Be also appeared to be restricted to a
small area of a few kilometers around the hydrothermal cen-
ters. These authors also demonstrated that remobilization
is generally of minor importance for the use of °Be as a
geochronometer in marine sediments. In the water column
of the open ocean, the mean residence time varies between
400 and 1000 years [Kusakabe et al., 1991; Ku et al., 1990;
Segl et al., 1987], but it can be shorter at the ocean boun-
daries, where high particle fluxes account for very efficient
scavenging [Anderson et al., 1990].

Thorium 230 (T, s, = 75,200 years) and protactinium 231
(Ty/2 = 32,400 years) are produced by decay of >**U and
35U in the water column with a constant rate due to the ho-
mogeneous U concentration of 3.3 ug/L in the ocean, which
is a result of the relatively long residence time of U in the
oceans of about 400,000 years [c.f. Mangini et al., 1979).
The production amounts to 2.6 disintegrations per minute
(dpm)/cm®kyr(1000m) water column for 2*°Th and to 0.24
dpm/cm®kyr(1000m) water column for ?**Pa. Both isoto-
pes are highly particle reactive and are quickly adsorbed to
particles in the water column. Important particulate ad-
sorber phases for both isotopes are Mn and Fe oxihydroxi-
des if their abundance is high [Bacon and Anderson, 1982),
with Mn being more efficient in scavenging ?*! Pa relative to
#9Th [Anderson et al., 1983b]. The mean residence time
of **Th in the oceans’ water column amounts to between
20 and 40 years and the residence time of ?*'Pa is about
100 years [Anderson et al., 1983a; Nozaki et al., 1981]. It
is generally accepted that no remobilization of both isoto-
pes in the sediments occurs [e.g.,, [vanovich and Harmon,
1992]. The mother isotope U can be very mobile in the se-
diments under certain conditions, but as long as there are
no strong variations and peaks observable in the U profiles
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of the sediments, diagenetic mobilization can be considered
unimportant.

In combination with >*' Pa, 2°°Th has been used for in-
vestigating changes in hydrothermal influence on deep-sea
sediments by comparing the measured fluxes to the values
expected from production and by comparing the measured
23°Th“/231Pa,, ratios to the production ratio in the wa-
ter column of 10.8 [Shimmield and Price, 1988]. These au-
thors found increased fluxes of both radionuclides to the
sediments of the East Pacific Rise at 20°S, and they inter-
preted *° The,/**! Paex activity ratios in the range of 3-4 as
a consequence of hydrothermal activity. The few available
water column data yield activity ratios of the two radio-
nuclides in the range from 3 to 5, reflecting the stronger
affinity of 2*°Th to particles. Correspondingly, the ratio in
deep-sea sediments from the Central Pacific is increased to
values between 20 and 30 [Yang et al, 1986], whereas in
areas of enhanced particle fluxes the low ratio of the water
column is transferred to the sediments.

We studied the influence of hydrothermal activity on the
Galapagos microplate deep-sea sediments by comparing the
fluxes of **°Thex and '°Be. The enhanced hydrothermal
supply of Mn and Fe oxyhydroxides should result in an in-
creased flux of **Th to the sediments, whereas '°Be should
not be affected by this on the same scale. We suggest a mo-
del that was presented by FEisenhauer et al. [1987] to trace
periods of enhanced paleoproductivity in the northwest Pa-
cific but that can serve as a tool to trace hydrothermal ac-
tivity as well. This model compares the fluxes of the two
radionuclides °Be and ?**Th that exceed production and
is described in detail in the hydrothermalism section. The
model predicts a 1()Be/z“"”l"h( r/p) Tatio of 4, which is the
square root of the ratio of the mean residence times of the
two radionuclides in the water column in a center of biolo-
gical activity. It also predicts an increase of this ratio to
values above 4 in a certain distance from the area of the
high particle fluxes. In agreement with this prediction, rati-
os 2> 4 were observed, for example, in the upwelling area off
West Africa [Mangini et al., 1984] and in the Fram Strait
[Eisenhauer et al., 1990]. The model does not allow ratios
below 4. However, as observed in high-resolution profiles of
the two radionuclides of various sediment cores, peak con-
centrations of ***Th give rise to values significantly below 4
which were called ***Th anomalies [Eisenhauer et al., 1987,
1990]. These anomalies were attributed to a selective sca-
venging process of 2**Th caused by enhanced deposition of
Mn. In the water column overlying hydrothermally active
mid ocean ridges, which are the major sources of Mn in the
ocean, we expect preferential scavenging and lateral sup-
ply of **°Th, that is, °Be/?**Th(p/p) ratios that can be
lower than 4 in the associated sediments during periods of
hydrothermal activity.

To test this prediction, we measured the depth profiles of
the assumed hydrothermal ?*°Th carrier phases, Mn and Fe
in sediments close to the hydrothermal centers of the Gala-
pagos microplate. The distribution of the Mn concentration
in surface sediments of the eastern Equatorial Pacific was
described by Berger et al. [1983]. They observed two di-
stinct peaks of Mn in the upper 40 cm of the sediments that
they ascribed to remobilization of Mn in sections of the se-
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diments lower than 10 cm and to its reprecipitation at the
redoxcline. According to these authors, Mn is transported
by burrowing organisms from the oxidizing into the reducing
environment and is then mobilized and moves upward until
it reprecipitates at the redoxcline. In their model the upper
peak is interpreted as being the recent redoxcline enrich-
ment. The second, subsurface Mn spike [Berger et al., 1983]
is attributed to enhanced activity of benthic organisms du-
ring the last glacial period due to high food supply to the
deep water. According to their model, by the end of the
last glacial period, the fertility of the ocean dropped and
the food supply to the deep water was diminished, and the
burrowers were not as active as before. As a consequence,
the manganese enrichment in the subsurface peak could on-
ly partly be mobilized upward and remained in place in
the sediment. The subsurface Mn spike thus represents the
transition from climatic stage 2 to stage 1. Mangini et al.
[1990] have argued that this peak could also originate from
rapid precipitation of Mn from the water column. Which
one of the two models comes closer to reality is still an open
question.

Scavenging effects of **' Pa and '°Be resulting from in-
creased particle fluxes at the ocean boundaries have been
another important field of research in the recent past [c.f.
Lao, 1991; Anderson et al,, 1990; Yang et al., 1986). In-
creased radionuclide accumulation in the sediments of the
oceans’ boundaries is caused by horizontal diffusion of iso-
topes from areas of lower particle fluxes. Increased particle
fluxes which can lead to enhanced scavenging of radionucli-
des mainly occur at the ocean margins. Particles originate
from terrestrial sources such as fluvial input, for example,
in the area of the Congo fan [Jansen et al., 1987] or from
aeolian input as in the Mediterranean [Brown et al., 1992].
Another source of high particle fluxes are areas of high bio-
logical production induced by coastal upwelling [Mangini
and Diester-Haass, 1983].

In this study we model the importance of hydrotherma-
lism and paleoproductivity for the radionuclide scavenging
to the sediments of the Galapagos microplate during the
last 100 kyr from measurement of the radionuclides **°Th,
#1pa and '"Be, and the elements Mn and Fe. The sedi-
ments of the microplate were influenced by different pro-
cesses causing enhanced fluxes of particles which result in
enhanced fluxes of the radionuclides to the sediments: high
biological productivity of the surface waters in the equato-
rial divergence zone of the eastern Equatorial Pacific Ocean
and spatial variations of this zone as, for example, an ex-
tension during the last glacial [Sarnthein and Winn, 1990]
caused changes in biogenic particle fluxes and thus in the
scavenging of '°Be and **' Pa. Superimposed on this process
may be the effects of varying boundary-scavenging intensi-
ty induced by enhanced paleoproductivity at the centers of
coastal upwelling off Peru [Oberhdnsli et al., 1990]. Finally,
the hydrothermal supply of Mn and Fe oxyhydroxides from
the mid ocean ridges is expected to enhance the scavenging
of °Th and #*'Pa compared to '°Be.

We evaluate the influence on the fluxes of the radionucli-
des during the last 100 kyr applying two different models.
We first discuss the boundary-scavenging model of Ander-
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son et al. [1990], which assumes that '’Be and **'Pa are
affected by lateral scavenging, whereas 230Th is not. This
model can only be applied as long as lateral scavenging of
2307}, is excluded, which probably is the case in most parts
of the ocean. If there is a scavenging phase present which
tends to preferably scavenge ***Th, resulting in increased
20Th fluxes, the boundary-scavenging model is expected to
yield deposition indices that are too low. The second mo-
del of Eisenhauer et al. [1987] predicts the occurence of Th
anomalies caused by increased supply of **°Th to the sedi-
ments, related to increased supply of the carrier phases Mn
and Fe [Mangini et al., 1990].

Material and Methods

The two gravity cores (KLH 093: 1°29.97°N, 102°03.81’
W, 3259 m water depth, 290 cm core length and KLH 068:
1°13.91°N, 101°36.73’W, 2870 m water depth, 215 cm core
length) presented in this study were recovered during Ger-
man research vessel Sonne 60 cruise in January 1989 on the
Galapagos microplate in the eastern Equatorial Pacific.

The Galapagos microplate is located at the triple juncti-
on of the plate boundaries between Nazca, Cocos, and the
Pacific plate [Lonsdale, 1988]. The oldest parts of the mi-
croplate have an age of about 1 Ma.

The KLH 068 core site is located at the foot of a seamount
as high as 1500 m at the SE boundary of the microplate.
The site of core KLH 093 is in the southern part of the
microplate at a distance of about 20 km from the active
spreading centers (Figure 1).

The sediments show quite a uniform composition consi-
sting of a foraminiferal ooze with a carbonate content bet-
ween 71 and 86 % (Figure 2) and contain randomly distri-
buted basaltic ash layers, most of which are found in core
KLH 068. They do not have quantitative importance with
the exception of the core section between 120 and 130 cm
of core KLH 068, where the carbonate content decreases to
about 35 %. These layers indicate some disturbances by vol-
canic activity. The color of the sediments is characterized
by a brownish layer at the uppermost 50 cm followed by pa-
le yellowish layers alternating with brownish ones. No other
significant lithological or sedimentological changes were ob-
served in both cores. For further information see the work
by Eckhardt [1992].

The cores were sampled continously and then split with
a resolution of 5 cm per sample with the exception of the
upper 40 cm of core KLH 093, which was sampled with a
resolution of 2 cm per sample. The measurement for each
sample thus represents the average value for the correspon-

ding 5- or 2-cm section.

Chemical Preparation

The sample material was dried and homogenized. For the
measurement of 22°Th, ?*1 Pa, 2387 and *** U by o spectros-
copy, 0.5-g sample material was weighed and a ?**Th/**?U
spike in radioactive equilibrium with an activity of 11.2
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dpm/ mL was added. The samples were dissolved in HF
(30 %) and evaporated to dryness twice. After melting the
residues with LiBOz, they were dissolved in 8 N HCI and
loaded onto a Dowex 1 X 8 ion exchange column to separate
U/Fe from Th/Ca. The solution co ntaining Th was evapo-
rated to dryness again and then dissolved in 8 N HNO; and

120°W
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loaded onto a Dowex 1 X 8 ion exchange column to separa-
te Ca. Th was then back-extracted from the column with
8 N and 10 N HCI and evaporated to dryness again. After
being e vaporated to dryness and dissolved in 8 N HNOg,
the solution containing U was loaded onto a ion exchange
column to separate Fe. After back-extraction of the U with
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Figure 1. Map showing the coarse structural patterns of the Galapagos microplate and locations of the

investigated cores. Modified after Lonsdale [1988].
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Figure 2. The §'°0 profiles of N. dutertrei of the core KLH 093 (grain size fraction > 315 pm) and
of core KLH 068 (grain size fraction > 100 um) in per mil relative to Pee Dee belemnite (PDB) versus
depth in the core. The standard deviation for the measurements amounted to + 0.07 °[oo. Additionally,
the profiles of CaCOj; in weight percent and the sedimentation rates in centimeters per 1000 years are
plotted versus depth. The transitions of the isotope stages following Martinson et al. [1987] are marked

by horizontal lines.
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H,0, the solution was evaporated to dryness as well. The
final electroplating pro cedure was described, for example,
by Eisenhauer et al. [1992]. The **' Pa concentrations were
determined by an o counting of **"Th, which is a daughter
of ?*'Pa [Mangini and Sonntag, 1977]. The overall chemi-
cal yields for the m easurement of 20Th and ?*'Pa are in
the range between 50 and 90 %. The measurement of Blpy
by this method yields high statistical uncertainties. Parti-
cularly at core KLH 068, where the concentrations of this
radionuclide tended to be low, no **'Pa coul d be detected
in many samples. This, together with the sedimentological
observations, led us to omit the lower sections of the KLH
068 2% Pa., profile for interpretation. At core KLH 093 the
231pa results are more reliable.

For the chemical preparation of °Be we applied the me-
thod described by Henken-Mellies et al. [1990] with minor
modifications. The BeO that resulted at the end of the pre-
paration was mixed with Cu powder and pressed into Cu
targets. The '°Be conce ntrations were measured by acce-
lerator mass spectrometry (AMS), applying the Ziirich tan-
dem accelerator [e.g., Mangini et al., 1984]. Our " Be results
were calibrated to the internal standard S433 of the Eid-
gendssische Technische Hochschule Zii rich with a 19Be/?Be
ratio of 101.4 - 1072, Blank corrections were negligible.
Mn and Fe concentrations were measured by XRF applying
standard techniques.

Chronology of the Cores

The 6'®0 records of the planktonic foraminiferal species
N. dutertrei were measured for the cores KLH 093 (grain
size fraction > 315 um) at the University of Bremen, Ger-
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many, and KLH 068 (grain size fraction > 100 pm) at the
Alfred Wegener Institute fiir Polar- und Meeresforschung at
Bremerhaven, Germany. The 6'®0 stratigraphies for the
cores were established and correlated to the standardized
oxygen isotope record of Martinson et al. [1987]. Clima-
tic transitions and corresponding ages, expressed as oxygen
isotope stage boundaries, were defined following Imbrie et
al. [1984], although recently, doubts on the age of the iso-
tope stage transitions have arisen, especially termination II
and older stages [Winograd et al., 1992]. The depth in core
of the oxygen isotope stages 3, 4, and 5 were confirmed by
electron spin resonance datings of 5 carbonate samples of
core KLH 093 and 3 samples of core KLH 068, as described
by Mudelsee et al. [1991] (Table 1).

The 6'®O stratigraphies of the two cores are displayed
in Figure 2, together with the climatic transitions. From
the 6'®0 stratigraphy of core KLH 093, which covers a time
span of 95 kyr, sedimentation rates can be calculated that
range from 2.7 to 4.9 cm/kyr. The average sedimentation
rate amounts to 3.05 cm/kyr. In core KLH 068, where the
50 stratigraphy covers a time span of 85 kyr, the sedi-
mentation rates range from 2.2 to 3.9 cm/kyr. The average
sedimentation rate is 2.5 cm/kyr. The maximum of the se-
dimentation rates in both cores occurred in glacial stage 2.

The two stratigraphies show an offset of about 0.7 ° /oo,
which is probably caused by the two different grain size
fractions of the foraminifera that were used for the oxygen

isotope measurement.

Results

The profiles of the initial decay-corrected radionuclide
concentrations of the two cores show some striking features,

Table 1. Results of the Electron Spin Resonance Dating

Lower Upper
Depth,  2*%The, 247], Potassium, 6'®*OAge, ESR Age, Boundary, Boundary,
cm dpm/g dpm/g ppm kyr kyr kyr kyr
KLH 093
55- 58 7.4+ 0.3 0.30 % 0.06 565 13.6' 24 13.4 10.2 16.8
115-118 3.7+ 0.3 0.18 £+ 0.03 542 30.8 &+ 6.6 32.6 26.9 39.0
155-158 5.6 &+ 0.3 0.24 £ 0.06 665 45.6 + 4.3 51.8 41.6 64.4
215-218 7.6+ 0.3 0.32+0.05 1082 68.2 4 4.3 45.2 ar.2 54.3
265-268 7.3+ 0.2 0.29 = 0.04 1061 86.7 & 6.7 72.9 53.3 100.9
KLH 068
40- 50 5.6 +£ 0.2 0.34 £ 0.05 510 13.0 = 2.7 16.4 8.9 24.6
100-110 3.2+ 0.2 0.20 £+ 0.04 490 36.7 £ 7.7 35.3 27.5 44.3
190-200 1.74 0.2 0.24 £ 0.03 503 76.6 £+ 2.2 85.7 69.0 106.3

The error for the radionuclide measurements is 1 standard deviation of the mean.
The §'®O ages of the sampled intervals were determined by correlation to the stacked §'*0 record

of Martinson et al. [1987].

The last three columns show the results of the electron spin resonance (ESR) dating in kiloyears

and the error intervals toward lower and higher ages.

Note that dpm indicates disintegrations per minute, and ppm indicates parts per million.
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which are presented in Figure 3. In the KLH 093 core sec-
tions corresponding to isotope stages 1, 2, and 3, no signifi-
cant variations of the radionuclide concentrations occurred,
with the exception of increased 2*!Pa.x concentrations in
the stage 1 section. In the core sections representing sta-
ges 4 and 5 an increase of the concentrations by a factor of
about 2 is observed. A synchronous increase of 1 order of
magnitude occurs in the Mn/Fe ratio. The higher Mn/Fe
ratio in the core section representing stage 1 is not reflected
in the radionuclide profiles.

No such strong variations can be found in the profiles of
core KLH 068. The values of the ?*°Th., and '°Be con-
centrations tend to be higher in stages 1, 2, and 4, but the
variations are small and partly coincide with layers of basal-
tic ash, which dilute the concentrations as, for example, at a
core depth of about 120 cm. The values of the **°They con-
centrations, and in most parts of the core also the ?*' Pa.,
concentrations, do not reach the ones of core KLH 093. The
variations of the Mn/Fe profile are not as distinct as in core
KLH 093, although the two core profiles do resemble each
other. In Table 2 all data of the two cores are provided.

Discussion

Boundary Scavenging

As pointed out in the introduction, the concentrations
and fluxes of the radionuclides '°Be and **' Pa are strongly
influenced by boundary scavenging effects. We calculated
deposition indices (I4) of °Be and ?*' Pacx by normalizing
their concentrations to the ***Th.yx concentrations and then
compared these ratios to the ratios expected from produc-
tion as done by Anderson et al. [1990]. In this approach
the regional average flux of ***Th from the water column
is assumed to equal its production, and no lateral supply
is allowed. The radionuclides '°Be and ?*!Pa can be trans-
ported laterally because of their lower reactivity and thus
higher residence time in the water column. For the I calcu-
lation we applied the expected production of **°Th for the
corresponding water depth of each core (equations (1)-(3)).

QJIP‘

m;ﬁ:dec.corr.
la(Pa) = 231p, : :
zsop; Production ratio (0.093)

(1)

IOBe
7307y, dec.corr.

10
ml?r—"hexpected

Ia(Be) = (2)
with

1°Be glob.’® Be production
e ted =
FIOTR P 230Th production @)

[4 = 1 means that the measured radionuclide concentration
is equal to production, I > 1 stands for an import of the
radionuclides ?*' Pa and '°Be relative to ?*°Th from other
areas, and Iq < 1 means an export of the radionuclides to
other areas.

The calculations of the two cores show that the I3 values
are higher than 1 during the last 100 kyr except the I4(Pa)
in the sections between 10 and 40 kyr and the I4(Be) in the
section at around 18 kyr in core KLH 093 where there are
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values slightly below 1. For both cores the l4(Be) profiles
were additionally calculated assuming the same production
rate variations as given by Mazaud et al. [1991] for C
(Figure 4). Ia values greater than 1 are exactly what we
would expect, because the sediments were located under the
equatorial high-bioproductivity zone of the surface waters
throughout the last 30 kyr [Sarnthein and Winn, 1990] and
probably also throughout the last 100 kyr, so that enhanced
scavenging of '°Be and ?*' Pa occurred. Our I4 values for the
surface sediments agree quite well with the measurements
of Anderson et al. [1990] and Lao [1991], who gave 14 values
around 2 for sediments located northwest and northeast of
the Galapagos microplate. We determined surface I4 values
of 1.59 for 1°Be and 1.82 for ?*'Pa at core KLH 093 and 2.56
and 0.98 for '°Be and ?*! Paey at core KLH 068, respectively,
presumably because of a stronger hydrothermal influence at
the KLH 093 site.

The I4 values in cores KLH 093 and 068 show significant
downcore variations, but as noted before, the 2*! Pa results
are much more uncertain. Nevertheless, they remain valua-
ble to confirm the trends of the I4(Be) profiles. I(Be) va-
lues which were calculated as accounting for production rate
changes similar to **C [Mazaud et al., 1991] are significant-
ly lower than the ones calculated applying the present-day
production rate in the core sections representing the isoto-
pe stages 2-4, and relative variations of the I4(Be) profile
appear more clearly in part. Minima of the I4(Be) in both
cores and a minimum of the I4(Pa) in core KLH 093 occur
in the middle of stage 2. In core KLH 093 there are also
minor minima of the Iq(Be) and I4(Pa) at the beginning of
isotope stage 4 and of the I4(Be) in the middle of stage 3
where, unfortunately, only one ?*!Pa., concentration could
be measured.

To explain the minima, we compared our I4 record to the
upwelling history and the intensity of paleoproductivity off
South America deduced from grain size analyses and benthic
foraminiferal assemblages in sediments underlying the up-
welling centers off Peru [Oberhdnsli et al., 1990]. Oberhinsli
et al. determined 3 maxima of the intensity of paleoproduc-
tivity for the last 100 kyr. One major maximum occurred in
the second half of glacial stage 2 and two minor ones around
45 kyr and 72 kyr B.P. We marked these periods of time in
Figure 4.

These paleoproductivity maxima appear to coincide with
Ia minima in our cores. In core KLH 093 the I4 profiles of
both radionuclides show relative minima in the core sections
temporally corresponding to the paleoproductivity maxima
off Peru. The only exception is the 40- to 45-kyr minimum
in the I4(Pa) profile, where the **' Pa.x concentrations were
mostly too low for a reliable measurement. For the reasons
mentioned above, in core KLH 068 this coincidence appa-
rently only occurs for the Iq(Be) at the maximum at the
end of stage 2 and for the production rate corrected I4(Be)
record at the 40- to 45-kyr maximum. In general, the **'Pa
does not seem to be influenced by these effects as strongly
as the '°Be.

A strong decrease of the deposition of °Be in the core
section representing the period around 18 kyr B.P. occurs,
although Lao et al. [1992a] deduced a 30 % production in-
crease of this radionuclide during the last glacial maximum.
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Figure 3. Measured profiles of '°Be in 10° atoms per gram, of the Mn/Fe ratios, and of the decay-
corrected profiles of *°Th{, and ?*'Pal, in disintegrations per minute per gram versus depth in core.
The **'Pa2, concentrations of core KLH 093 represent three-point running means of the decay corrected
concentrations. The transitions of the isotope stages are marked by horizontal lines. The errors are 1
standard deviation of the mean and do not comprise age uncertainties of the dating, which are negligible
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Table 2. (continued)

Depth, 620, MnO, Fe;0s;, CaCOs,
o/nn

mBe
(- 10° at/g)

zsoThex

234 U
]

Age, DBD,

Depth,

FRANK ET AL.: RADIONUCLIDE FLUX TO THE GALAPAGOS MICROPLATE

wt % wt %

wt %

cm

g/cm?® dpm/g dpm/g dpm/g

ky

cm

0.08 1.15 79.1

-0.047

180

1.81 & 0.08
2.39 + 0.06
1.98:4-:0:13

2.76 + 0.16
2.50 % 0.20

0.18 + 0.04
0.24 £ 0.06
0.45 + 0.04
0.28 + 0.04
0.19 + 0.03
0.27 £ 0.06

0.48 £+ 0.17
0.51 £+ 0.27
n.d. + n.d.
n.d. + n.d.
0.24 4 0.09

0.72
0.69
0.66
0.67
0.68
0.71

68.8

177.5
182.5
187.5
192.5
197.5
207.5

70.0

0.04 1.07 75.4

-0.141

-0.596
-1.132

-0.666

190

1.95 + 0.10
1.72 £+ 0.23
1.72 £+ 0.08
1.89 + 0.14

73.1

195

1.38 &+ 0.04
0.58 &+ 0.03

75.5

1.06 76.6

1.14

0.1

200
210

TR,

76.6

0.09

1.29 £ 0.03

0.28 + 0.17

82.0

g Azelsson and
values of N,

nts is 1 standard deviation of the mean. The §%0
Note that n.d. indicates not determined.

(DBD) in g/cm® as calculated from the water content followin

measureme

y

The error for the radionuclide

The third column shows the dry bulk densit

Hdkanson [1971].

dutertrei are given in per mil relative to Pee Dee belemnite.

To a smaller extent, a decrease in deposition can also be seen
at the 40- to 45-kyr mimimum where Mazaud et al. [1991]
suggest a strongly increased production of °Be. This, ho-
wever, may confirm the strength of the paleoproductivity
maxima in stage 2 and at 40-45 kyr B.P. It should also
be noted that although small changes in the concentration
profiles of all radionuclide profiles occurred, the observed I4
minima are mainly caused by decreased '°Be and 2! Pa.,
concentrations.

We summarize that the fluxes of the radionuclides '°Be
and ?*'Pa to the sediments of the Galapagos microplate ap-
pear to be influenced by boundary-scavenging effects indu-
ced by paleoproductivity variations and corresponding chan-
ges in biogenic particle fluxes at the ocean margin areas of
South America as, for example, are documented at the up-
welling centers off Peru. These periods of enhanced boun-
dary scavenging may have influenced the deposition of '°Be
and ?*'Pa, although the sediments of our cores have been
located under highly productive surface waters and thus an
area of enhanced scavenging throughout the last 100 kyr.

This does not contradict results of Lao et al. [1992b] who
did not find strongly increased Iq values of '°Be and even
found a decrease of the **' Pa values in Peru margin sedi-
ments of the last glacial, because the missing amount of our
radionuclides was not necessarily deposited exactly at the
upwelling centers off the Peru margin. These authors pro-
posed a more intense scavenging caused by increased par-
ticle fluxes throughout the ocean during glacials to explain
their data. We also suggest that increased bioproductivity
at the end of the last glacial period was not restricted to the
upwelling centers off Peru, as for example, was also found
by Y.-L. Yang et al. (Enhanced Uranium, excess **°Th,
and **'Pa accumulation fluxes associated with the “carbon
event” during the last glacial maximum in the Panama ba-
sin, submitted to Paleocanography, 1993), and that the area
covered by highly productive surface waters was enlarged
during glacial times. However, it probably did not cover all
the Pacific Ocean [Sarnthein and Winn, 1990]. This may
result in the same effect postulated by Lao et al. [1992b]
that less '°Be and possibly no 2*! Pa of the amount missing
in the Galapagos microplate cores could have reached the

ocean margin off Peru.

Hydrothermal Activity

The Mn concentrations in the two investigated cores ran-
ge from 0.02 to 0.47 wt % and the ones of Fe from 0.6 to
3.7 wt %. These values are low compared to hydrothermal-
ly influenced sediments from other areas, but they can be
explained by high dilution with carbonate originating from
the bioproductivity in the surface waters. The Mn/Fe ratio,
however, is independent of dilution and thus serves to trace
possible variations in the supply of hydrothermal Mn. In
both cores the profiles of the Mn/Fe ratios show strong va-
riations in a similar way: increased values mainly occur in
the sections representing isotope stages 5 and 4, low ratios
correspond to isotope stages 3 and 2, and a steep increase
coincides with the beginning of isotope stage 1 (Figure 3).
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Figure 4. Deposition indices of '*Be and **'Pa versus age. The broken vertical lines mark depositon
indices equal to 1. All values except the Ig(Be) values of core KLH 093 represent three-point running
means of the calculated Iy values. The production rate corrected la(Be) profiles are plotted as a broken
line. The transitions of the isotope stages are marked by horizontal lines. The shaded horizontal bars
mark periods of enhanced paleoproductivity off Peru, as determined by Oberhdnsli et al. [1990].
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Because Fe may also originate from hydrothermal activity
and is known to scavenge radionuclides, we compared the
Fe/Al and Mn/Al concentrations to the average values for
modern pelagic sediments given by Chester and Aston [1976]
to check where there is excess Fe and Mn [Mangini et al.,
1993] (Figure 5). In core KLH 093 the Mn/Al profile shows
the same patterns as the Mn/Fe profile, with the low values
being equal to the average value for pelagic sediments of 0.06
and the increase in the isotope stages 1 and parts of 4 and
5 being sixfold to twelvefold. The Fe/Al values range from
2 to 3 and thus are enriched about fourfold to sevenfold
compared to the value of 0.47 for an average lithogenous
pelagic clay. The pattern, however, is different compared
to the Mn/Fe and the Mn/Al profiles. The variations are
only small, although a peak with a 1.5-fold increase of the
Fe/Al ratio is found at the beginning of isotope stage 1. No
relative increase of the Fe/Al ratio, and thus no increase of
excess Fe occurred during stages 4 and 5.

In core KLH 068 the pattern of the Mn/Al and Fe/Al
ratios is very similar. The Mn/Al ratio shows values equal
to or lower than the lithogenic background during isotope
stages 2 and 3 and an up to sixfold enrichment during stages
1 and 4. The Fe/Al ratios range from 1 to 2 and thus
are enriched twofold to fourfold compared to the lithogenic
background. The Fe/Al ratio, as in core KLH 093, shows
a peak with a twofold increase in the section representing
isotope stage 1. The comparison of the Mn/Al and Fe/Al
ratio profiles of the two cores suggests that the amount of
authigenic Fe and Mn is lower in core KLH 068.

The increased Mn/Fe and Mn/Al ratios at the begin-
ning of stage 1 probably represent the fossil “subsurface Mn
spike” [Berger et al., 1983], whereas in the lower sections of
the cores, fluctuation of the supply of Mn is responsible for
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the observed Mn/Fe variability. The low Mn concentrations
deposited during isotope stages 2 and 3 could be explained
either by reduced hydrothermal activity during these stages
or by nondeposition of the hydrothermal Mn. The latter
possibility, which seems to be more realistic, could either be
accomplished by a longer residence time of Mn in the water
column [Mangini et al., 1990] or by a change in the current
regime. We cannot distinguish between these two processes
from our data.

In order to test the hypotheses derived above we compa-
red the profile of the Mn/Fe ratio to the ***Th,, concentrati-
ons in core KLH 093 (Figures 3 and 6). The correlation bet-
ween the Mn/Fe ratio and ***Thex tends to be good, except
for the values of isotope stage 1. This apparent relationship
reflects lower Mn/Fe ratios and ?*°Th,, concentrations in
stages 2 and 3 and significantly increased values in stages 4
and 5. We attribute the increase to enhanced deposition of
*3%Th together with Mn. The peak of the Mn/Fe ratio at
the beginning of stage 1 in this core is not accompanied by
increased **°They concentrations, suggesting that this peak
of Mn was not directly precipitated from the water column,
but was remobilized in the sediments and then reprecipita-
ted [Berger et al, 1983]. If we compare the '°Be profile to
the Mn/Fe profile, the stage 5 to stage 2 changes are quite
similar. It can be argued that the '°Be increase during sta-
ges 4 and 5 was also caused by enhanced scavenging of Be
by Mn oxihydroxides following the results of Bourlés et al.
[1991].

In core KLH 068 there are patterns of the Mn/Fe ratio
and the ***They profile that apparently correspond to core
KLH 093. There is a small increase of both the Mn/Fe ratio
and the ***Thex concentration in the core section correspon-
ding to isotope stage 4. Lower values of the Mn/Fe ratio du-
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Figure 5. Profiles of the Mn/Al and Fe/Al ratios versus depth in core. The broken vertical lines mark
the average ratios for pelagic sediments given by Chester and Aston [1976]. The transitions of the isotope

stages are marked by horizontal lines.
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Mn/Fe

0.10 -

Figure 6. Correlation between the ***Th,y concentrations
and the Mn/Fe ratios of core KLH 093. The upper 60 cm of
the core are marked by open circles, the samples represen-
ting the isotope stages 2 and 3 are marked by solid circles,
and the samples representing the isotope stages 4 and 5
are marked by solid squares. Three distinct amassments
of points are visible: The upper 60 cm is characterized by
high Mn/Fe ratios and relatively low ?**Thex concentrati-
ons (heavily shaded region); the samples of the core section
between 60 and 195 cm are marked by low Mn/Fe ratios and
low ***Thex concentrations (lightly shaded region); and the
samples of the core section lower than 195 cm are marked
by high Mn/Fe ratios corresponding to high ***Th., con-
centrations (unshaded region).

ring isotope stages 3 and 2 correspond to low ?*°Th,, con-
centrations during isotope stage 3. A weak increase of the
**"Thex concentration during isotope stage 1 corresdonds to
a strongly increased Mn/Fe ratio.

Because the results of these comparisons are not unambi-
gous, additional information on the influence of hydrother-
malism on the deposition of ***Th at this site was gathe-
red from a model which compares the fluxes of °Be and
?Th which exceed production normalized to the produc-
tion ('°Be/**°Th(g,p) ratio). This model was presented by
Eisenhauer et al. [1987] to trace paleoproductivity changes
in the northwest Pacific Ocean (for detailed calculations see
the work by Eisenhauer [1989]). Situations where the flu-
xes of the two radionuclides do not exceed production (e.g.,
oligotrophic central ocean gyres) are not described by the
model. We assume that the total flux F(x) of either radio-
nuclide to the sediment is

— (4)

A dCx)
Fay=P+D . —£

I ——

573

where P is the flux expected from production, D is the eddy
diffusion coefficient, and C(y) is the concentration of the
nuclide at a distance x from an isotope sink where C is
assumed to be 0 for mathematical simplification. This is
simplified and a first-order approximation, because C(y) in
a center of biological activity is certainly lowered but not
equal to 0. Nevertheless, the model is able to deliver a
qualitatively correct description of the scavenging behavior
of radionuclides in an area of enhanced scavenging. The
flux then can be normalized to the flux of the radionuclide

expected from production:

F-P D dCy
R ba P s 5)

Assuming then
Cx)y=Co - (1 —e—m) (6)

Co - h (1)

= )

where Cp is the initial concentration of the nuclide in the
water column, h is the height of the water column, and © is
the residence time of the radionuclide in the water column,

it follows that

e R (8)
The 10B8/230Thex(pfp) ratio can then be defined as

Ppg—P
lﬂBe i _B.:_B:.PB! (9)
#0Th(r/p) ~ Emy=Pmu

By inserting equation 8 we get

Fpe—Ppe = . _J._._._ﬁ,
Ppe = gBe 'ex (\/D'Qﬂ. : Be)
Th

P (10)
Py

At a center of an isotope sink (x = 0), such as the high-
ly productive divergence zone of two surface currents, we
calculate
Pr.—P
lDBe - _B.f’_;m B QBC
20Th(r/p) Ezn=Fm Ot
Th

(11)

This means that at a center of biological productivity, the
1°Be/***Thr,p) ratio in the sediments should only be de-
pendent on the square root of the residence times of the two
radionuclides. Assuming a mean residence time of about 25
years for **°Th and of 400 years for °Be (which is at the
lower end of the evaluations of the mean residence time va-
lues in literature), the 'oBe/ 230Th(}:‘fp) ratio should then
amount to about 4. This value was already observed by
Mangini et al. [1984] in sediments from the upwelling cen-
ters off West Africa and the circumpolar divergence zone.
At a certain distance from the center of biological activity
the ratio then increases because the '°Be can be supplied
horizontally from a much larger area than **°Th. The water
column concentrations at a distance from the isotope sink
therefore will still be enriched in °Be compared to 23°Th.
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The 1“BE:/”O ThFy py ratios lower than 4, which were na-
med Th anomalies, are only possible if a selective scavenging
of ?*°Th occurs that does not enhance the °Be scavenging
to the same extent. These Th anomalies, for example, have
been observed at glacial/interglacial transitions in sediment
cores where the fluxes of both isotopes exceeded producti-
on and were ascribed to enhanced bottom water oxygena-
tion and a precipitation of dissolved Mn, which scavenged
the ***Th from the water column [Eisenhauer et al., 1990;
Mangini et al., 1990].

We expect these Th anomalies to occur in hydrothermally
influenced sediments as well. Following the model presented
above, *Be/***Thr py ratios lower than 4 are predicted in
core sections representing periods of enhanced scavenging of
230Th. The ‘mBe/”nTh(p/p) ratios for each climatic stage
of the two cores are shown in Figure 7. The broken line plot
represents the lower production rate corrected values follo-
wing Mazaud et al. [1991]. The contrast between the high
ratios in stage 3 and the low ones in stages 2 and 4, however,
remains the same. In core KLH 093, the 1°Be/23°Th(F,p)
ratios are significantly lower than 4 throughout the core
(average below 2) except during stage 3. The ratios lower
than 4 in the core sections corresponding to the isotope
stages 4 and 5 may be explained by enhanced deposition of
239Th. The data suggest that the low mBe/noTh(F/p) ratio
of climatic stage 1 results from a slightly higher deposition
of **Th combined with a slightly decreased deposition of
*Be. The '°Be/***Th(p;p) value of 5 (e.g., 4 production
rate corrected) in the isotope stage 3 corresponds to the ob-
served lowered deposition of **°Th and Mn in this section.
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Apparently, the model does not explain the low 1“Be/
23°Thgplp) ratio of about 2 in the climatic stage 2, where
the ?**Th concentration is only slightly higher than in sta-
ge 3. Consistent with the discussion in the previous chap-
ter, this lower ratio was caused by a lower '°Be deposi-
tional flux at this locality during most of isotope stage 2
resulting from enhanced boundary-scavenging intensity (see
boundary-scavenging section).

In core KLH 068 the 1°Be/23°Th(p,p) ratios amount to
values higher than 4 with the exception of isotope stage 2,
where the ratio is anormal. Asin core KLH 093, this may be
explained by enhanced boundary scavenging of °Be. The
fluxes of ***Th throughout this core do not strongly exceed
production, which can be interpreted in terms of weaker hy-
drothermal influence. Core KLH 068, as well, displays low
Mn/Fe ratios corresponding to low ?**Th., concentrations
during stage 3, but no mBe/zsoTh(F/p)-ratio can be calcu-
lated for this period, because the fluxes of ?*°Th were lower
than expected from production. This supports the assump-
tion of nondeposition of Mn and correspondingly lowered
deposition of ***Th in the Galapagos microplate area du-
ring isotope stage 3. However, the ***Th,, concentrations
in core KLH 068 do not show as good a correlation to the
Mn/Fe ratios as they do in core KLH 093. This is probably
the result of various short-term dilution events with basaltic
glass, for example, around 120 cm core depth. The source of
these disturbances is the seamount mentioned before, which
is located in the neighbourhood of the KLH 068 core site
(see Figure 1). For this reason, the results derived from core
KLH 093 are considered more reliable.
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Figure 7. The mBe/”oTh(p,p) ratios of core KLH 068 and 093 versus depth in core. The production
rate corrected 10]3(3/230’1"}1( r/p) Tatios are plotted as a broken line. The transitions of the isotope stages
are marked by horizontal lines. The broken vertical lines mark a 10B8/230Th(}:‘/p) ratio of 4. For the
isotope stage 3 in core KLH 068, no mBe/”UTh(p,p) ratio could be calculated, because the 2*°Th fluxes

did not exceed production.
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We conclude that the stage 4-5 Th anomalies in core KLH
093 may be the result of enhanced lateral supply of **°Th
caused by enhanced supply of hydrothermal Mn. During
isotope stages 3 and 2, the hydrothermal Mn was appa-
rently not deposited in the Galapagos microplate area for
reasons we can only speculate about. The 1°Be/23°Th(F/p)
ratios below 4 during isotope stage 2 in both cores were
probably caused by enhanced '°Be boundary scavenging.
In core KLH 093 during stage 1, slightly increased ***Thex
concentrations, strongly increased Mn/Fe ratios, and '°Be/
#9Th( gy py ratios below 4 indicate an increased hydrother-
mal influence, whereas the Mn/Fe peak at the beginning of
stage 1 in both cores was presumably caused by remobili-
zation of Mn. Following our interpretation, the influence of
hydrothermalism on the radionuclides in the water column
overlying the site of core KLH 068 was significantly lower
than at core KLH 093.

Here we have to note that the I4(Be) and I;(Pa) values
of core KLH 093 calculated in the previous chapter for the
isotope stages 5, 4, and 1 are probably too low because of
the lateral supply of >**Th. Nevertheless, the results derived
in this section are valid, because only short-lasting relative
decreases of the I4 values were investigated.

The calculation of **°Thex/?*' Paex ratios, which may al-
so serve as a tool to determine hydrothermal activity, is not
as reliable as the results above because of the high statisti-
cal uncertainties of the ?*! Pa measurement. Nevertheless,
average ratios of about 6 in core KLH 093 also suggest a
strong scavenging of both radionuclides that may have been
caused by hydrothermal influence. The downcore variations

Table 3. Summary of Major Points

R

575

of the 2*Thex /**! Pacx ratios do not show a strong relation-
ship to the interpretations above. A slight decrease of the
20T, /** Paex during stage 1 and roughly during stages 4
and 5 in core KLH 093 tends to confirm the periods of hy-
drothermal activity determined above. We argue, however,
that the effect of increased biological particle fluxes from
highly productive surface waters, as discussed in the pre-
vious section left a stronger imprint on the 2*° Thex/** Paex
ratios than hydrothermal activity in our cores. In Table 3
the results of the discussion are summarized.

Conclusions

The scavenging processes in the water column of the Ga-
lapagos microplate area have been influenced by three main
factors throughout the last 100 kyr: changes in surface wa-
ter productivity, boundary scavenging, and hydrothermal
influence. The importance and the variations of these fac-
tors through time were evaluated by high-resolution mea-
surements of the radionuclides '°Be, 2*°Th, and ?*! Pa and,
additionally, Mn and Fe in the underlying sediments.

Fluctuations of the deposition indices of '°Be and ?*! Pa
probably reflect effects of varying boundary-scavenging in-
tensity caused by paleoproductivity changes; our results
suggest that these fluctuations are connected to changes in
biogenic particle fluxes at the ocean margin and an enlarge-
ment of the equatorial high-productivity zone, for example,
in the last glacial. Maxima in paleoproductivity as deter-
mined in sediments from off Peru appear to coincide with

Time Interval in the

Observation Investigated cores

Interpretation

l4(Be) and Iq(Pa) > 1

Minima of I4(Be) and I4(Pa)
apparently coincide with paleo-
productivity maxima at the
upwelling centers off Peru

"*Be/*** Thy gy py ratios < 4
correspond to low
Mn and ?**They concentrations

isotope stage 2

ch/mDTh(F/P) ratios < 4
correspond to increased
2 7Th., and Mn concentrations

[ncreased Mn concentrations do
not correspond to
increased 2*°Theyx concentrations

in the sediment

most parts of both cores

KLH 093: around 18, 45,
and 72 kyr B.P., I4(Pa) around 18
and 72kyr B.P.; KLH 068: 14(Be)

KLH 093 and KLH 068:

KLH 093: isotope stages 4 and 5

KLH 093: beginning of isotope stage 1

Enhanced scavenging of
1°Be and ?*'Pa caused by
high surface water productivity
above the core sites

Periods of enhanced

boundary scavenging
of '°Be and **'Pa

Enhanced boundary scavenging
of 1°Be

Enhanced deposition of
hydrothermal Mn

Mn remobilization and reprecipitation

Observations in the studied cores KLH 093 and KLH 068, Galapagos microplate, and the time intervals of
their occurrence are shown in columns 1 and 2. In column 3 the corresponding interpretations are listed.
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minima of #*'Pa and 10Be deposition in the Galapagos mi-
croplate sediments. This suggests that '°Be and to a lesser
extent 2*'Pa have been sensitive to changes in paleopro-
ductivity and particle fluxes at the ocean margin, although
highly productive surface waters were situated above the
core sites thronghout the last 30 kyr and probably also the
last 100 kyr.

The °Be/?*° Thy ; p) ratios < 4 indicate enhanced **°Th
scavenging in core KLH 093 throughout most of the last
100 kyr except stage 3. Core KLH 068, which was not de-
posited under comparably undisturbed conditions, reveals
10B¢ /230 Th pyp) ratios around 4 or higher throughout the
last 85 kyr except stages 2 and 3. The °Be/**°Th(r/p)
ratios representing isotope stage 3 in both cores indicate a
period of “normal” 230} scavenging that coincides with a
decreased Mn deposition. For this decrease that could as
well be interpreted as a consequence of a diminished hydro-
thermal supply of Mn, we propose a climatically controlled
change of the current regime or a decrease in bottom water
oxygenation that led to nondeposition of Mn in the Galapa-
gos microplate area. The stage 2 Th anomaly in both cores
can be ascribed to a diminished 10Be flux to the sediments
caused by enhanced boundary scavenging intensity.

The °Be/?*Th g/ p) ratios < 4 which apparently corre-
late to increased Mn and 230}, concentrations may serve
as a tool to evaluate enhanced hydrothermal influence on
deep-sea sediments as is the case in core KLH 093 in the co-
re sections representing isotope stages 5 and 4 and to a lesser
extent during stage 1. In these core sections the Ig values of
the boundary-scavenging model were calculated too low be-
cause of the lateral transport of 2307} but the conclusions
derived above are nevertheless valid. The Mn/Fe peak at
the beginning of stage 1 that does not coincide with similar-
ly increased 230Th,.. concentrations in both cores probably
is less the result of primary deposition of hydrothermal Mn
from the water column than of mainly remobilization and
reprecipitation of this element during isotope stage 2. This
process terminated at the transition from isotope stage 2 to
1 and then restarted with lower intensity.

The application of the two models presented here does not
reveal contradictory results but helps to distinguish between
different particle flux processes, for example, hydrothermal
activity, high biological productivity of the surface waters,
and boundary scavenging processes, all of which affect the
accumulation of '°Be, 2*®Th, and 231p, in the Galapagos
microplate sediments.
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