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Abstract

We present a new index of carbonate fragmentation based on the size distribution of bulk sediments in core
MD962094 from Walvis Ridge (SE Atlantic Ocean). The carbonate fragmentation index is constructed by taking a
ratio of the two coarsest fractions in the grain size distributions of the bulk calcareous ooze. The coarsest two
fractions (25^90 Wm and s 90 Wm) of the bulk sediments consist primarily of complete shells and fragments of adult
foraminifera shells, and juvenile foraminifera shells and fragments, respectively. The ratio of the proportions of the
two fractions is interpreted as a measure of fragmentation of the foraminifera shells caused by carbonate dissolution.
Downcore changes in our carbonate fragmentation index compare very well with those in the coarse-carbonate
fragmentation index in sediments from a nearby core on Walvis Ridge. The latter commonly used fragmentation
index is defined as a ratio of foraminifera fragments over whole foraminifera in the s 150-Wm fraction as seen with a
light microscope. Fragmentation is relatively high during glacial stages and relatively low during interglacial stages
during the last 300 kyr, caused by the combined effect of wind-driven upwelling of corrosive water and increased
production of organic matter, decreasing the preservation potential of carbonates both during and after deposition.
The carbonate fragmentation index we present here provides a precise and fast method to establish a downcore
fragmentation record. It can be applied to bulk sediments that are carbonate-rich (CaCO3s 68%) and to all other
deep-marine sediments of which the grain size distribution of the carbonate-free fraction is available.
; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lysocline and calcite compensation depth
are boundaries in the present ocean below which
carbonate dissolution starts and below which dis-
solution exceeds deposition of carbonate, respec-
tively. The position of these boundaries is mainly
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a result of the interplay between the carbonate
saturation of deep waters and organic carbon pro-
duction in the surface waters. (Bramlette, 1961;
Parker and Berger, 1971; Broecker and Takaha-
shi, 1980; Emerson and Bender, 1981; Le and
Shackleton, 1992; Kucera et al., 1997). Temporal
changes in carbonate dissolution therefore, can
be used to reconstruct changes in the position of
the lysocline and carbonate compensation depth
through time (Peterson and Prell, 1985a,b; Farrell
and Prell, 1989; Le and Shackleton, 1992).
Carbonate dissolution has been inferred in var-

ious ways, e.g. by looking at species-selective dis-
solution of planktonic foraminifera (Arrhenius,
1952; Berger, 1968; Parker and Berger, 1971),
percentage of planktonic foraminiferal fragments
and the percentage of benthic foraminifera rela-
tive to the total number of foraminiferal remains
(Parker and Berger, 1971; Berger, 1973, 1979;
Thunell, 1976; Peterson and Prell, 1985b;
Schmidt, 1992), shell thickness of single forami-
niferal species of a speci¢c size (Lohmann et al.,
1999; Dittert and Henrich, 2000; Huber et al.,
2000), coarse carbonate fraction (Bassinot et al.,
1994; Broecker and Clark, 1999), and CaCO3

content of the sediments (Farrell and Prell,
1989, 1991; Naidu et al., 1993).
On the basis of the coarse carbonate fraction

(s 63 Wm), Broecker and Clark (1999) recon-
structed CO¼

3 ion concentrations for the late Qua-
ternary ocean with a very high accuracy. Their
study indicates that a high-precision estimate of
carbonate dissolution can be obtained in a rela-
tively simple way. However, the construction of
their and most other dissolution indicators is
rather labor intensive as it involves wet-sieving
and subsequent microscopic observation and enu-
meration of various size fractions.
We present a new method that allows the estab-

lishment of a carbonate fragmentation record on
the basis of the size distribution of calcareous
ooze. As a case study we analyzed the bulk sedi-
ments from Walvis Ridge, SE Atlantic Ocean.
Walvis Ridge is a northeast^southwest volcanic
ridge, blanketed with carbonate ooze, that rises
on average 2000 m above the surrounding sea
£oor. Sedimentation in this part of the SE Atlan-
tic is controlled by coastal upwelling o¡ Namibia

and South Africa. The tradewind-driven upwell-
ing determines primary productivity in the surface
waters, thereby also controlling the rain rate of
both carbonate shells and organic carbon to the
sea £oor. The upwelling intensity is related to
both atmospheric and oceanic circulation in the
area, and has been studied extensively (e.g. Wefer
et al., 1996; Fischer and Wefer, 1999). The dom-
inant lithology of core MD962094 is foraminifer
nannofossil ooze. Size measurements were carried
out on a laser di¡raction particle sizer, allowing a
fast and high-precision analysis of the sediment
size distributions. The carbonate fragmentation
index is constructed by taking a ratio of the two
coarsest fractions in the grain size distributions of
the bulk calcareous ooze. The coarsest two frac-
tions (25^90 Wm and s 90 Wm) of the bulk sedi-
ments consist primarily of juvenile foraminifera
shells and fragments, and complete shells and
fragments of adult foraminifera shells, respec-
tively. The ratio of the proportions of the two

Fig. 1. Location of cores MD962094 and GeoB1028-5 in the
SE Atlantic Ocean. Bathymetry is shown in contour intervals
of 1000 m. Wavy lines indicate zone of wind-driven coastal
upwelling.
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fractions is interpreted as a measure of fragmen-
tation of the foraminifera shells caused by car-
bonate dissolution. This new proxy for carbonate
fragmentation is validated by comparison with an
independent record of foraminifer fragmentation
obtained from a core retrieved at about the same
location (Fig. 1).

2. Materials and methods

Core MD962094 was recovered from Walvis
Ridge at 19‡59,97 S, 9‡15,87 E and 2280 m water
depth. The core is 30.75 m long and covers the
last V650 kyr. The sedimentology and further
characteristics of the core are given by Bertrand
et al. (1996), the stratigraphy and age model by
Stuut (2001) and Stuut et al. (2002). The upper
4.5 m of the core was sampled at 2-cm intervals,

the rest of the upper 15 m, which span the last 300
kyr, at 5-cm intervals, for size analyses.
Size analyses of the bulk sediments were carried

out with a Malvern Instruments Mastersizer S,
using a lens with 300-mm focal length. The mea-
sured size distributions were analyzed from 0.73^
814 Wm. A sample of V500 mg was suspended in
demineralized water by stirring. A subsample was
taken from this suspension with a 10-ml pipette
and introduced into the sample cell of the laser
particle sizer. All samples were suspended in the
sample cell by stirring and ultrasonic dispersion
for 15 s before analysis.
Reproducibility of the laser particle sizer mea-

surements was tested by multiple analyses (n=9)
of one sample and appeared to be high (Fig. 2A).
The carbonate-rich sediments contain large
amounts of foraminifera shells that break because
of the ultrasonic dispersion, thereby altering the

Fig. 2. (A) Reproducibility of the size analyses (n=9) tested for sample 56 (MH, 56 cm core depth). D50 (median size) = 16.34
WmO1.87. (B) Disintegration of foraminifera shells in sample 56 due to ultrasonic dispersion causes a decrease in the size distri-
bution. (C) Decrease of the s 90 Wm fraction in sample 56 through time and resultant e¡ect on the (log)-ratio of the coarsest
two fractions from the size distributions. (D) Sample statistics of all 276 samples. The boundaries between the coarsest two frac-
tions A and B are indicated with dashed lines.
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size distribution dramatically (Fig. 2B). The initial
mode at 52 Wm in the size distribution at t=0
shifts to 24 Wm after 60 min. This e¡ect is greatest
in the coarser size fractions. The lower plot in
Fig. 2C shows the rapid decrease of the propor-
tion s 90 Wm through time. The size distribution
changes most dramatically during the ¢rst few
min of ultrasonic dispersion. However, ultrasonic
dispersion is necessary to prevent the formation of
aggregates in the suspension. Therefore, to mini-
mize physical fragmentation of the foraminifera
shells before analysis and yet to ensure suspen-
sion, we chose to expose the samples to exactly

15 s ultrasonic dispersion prior to the measure-
ments. Subsequently the size distributions of all
samples (n=276) were measured (Fig. 2D).

3. Size distributions of foraminifer ooze

The average size distribution of the bulk sedi-
ments from core MD962094 is polymodal with
clear modes at about 5 Wm, 30 Wm and a small
mode at s 100 Wm (Fig. 2D). Fig. 3A,D shows
two extreme size distributions of samples from the
Middle Holocene (MH; sample 56) and the Last

Fig. 3. (A) Size distribution of sample 56 (MH, 56 cm core depth). Size distribution of the carbonate-free fraction is plotted for
CaCO3 =88%. (B,C) Photos of sample 56. Samples were fractionated into the fractions of which modes are observed in the size
distributions using sieves of 25 Wm and 90 Wm. (D) Size distribution of sample 206 (LGM, 206 cm core depth). Size distribution
of the carbonate-free fraction is plotted for CaCO3 =76%. (E,F) Photos of fractions A and B of sample 206.
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Glacial Maximum (LGM; sample 206), respec-
tively. Next to the grain size distribution of the
bulk samples, the distributions of the carbonate-
free sediment fractions have been plotted, calcu-
lated for 88% and 76% CaCO3, respectively.
These ¢gures show that potential disturbance of
the bulk size distribution by the terrigenous sedi-
ment fraction is negligible due to its low contri-
bution to the grain size distributions caused by
the high calcium-carbonate contents. Hence, the
bulk sediment size distribution may be used to
draw conclusions about the size of the carbonate
fraction of the foraminifer nannofossil ooze from
Walvis Ridge.
The three modes in the size distributions at

5 Wm, 30 Wm and 170 Wm are mainly attributed
to coccoliths, juveniles and small fragments of fo-
raminifera shells, and adult foraminifera shells
and large fragments, respectively. Here we consid-
er the two coarsest modes to infer a carbonate
fragmentation index. We de¢ned fraction A as
25^90 Wm, and fraction B as s 90 Wm, based on
the shape of the maximum size distribution curve
(Fig. 2D). The foraminifera shells in fraction A
(25^90 Wm) from sample #56 (MH) are predom-
inantly complete, only a few shells are broken
(Fig. 3B). Fraction B (s 90 Wm) of the same sam-
ple shows more fragments, but complete forami-
nifera shells prevail in this fraction too (Fig. 3C).
Sample #206 (LGM) shows signi¢cantly more
broken foraminifera shells, both in fraction A
and fraction B (Fig. 3E,F). These photographs
clearly illustrate that the disintegration of the fo-
raminifera shells has occurred along the edges of
the chambers.

4. Carbonate fragmentation index

We de¢ned a carbonate fragmentation index as
the (log)-ratio of the relative abundances of the
fractions A and B (25^90 Wm and s 90 Wm, re-
spectively). The downcore fragmentation index
record is plotted versus age in Fig. 4C. This ¢gure
shows that interglacial periods are marked by rel-
atively low values of the index, indicating low
fragmentation, and glacial periods are marked
by relatively high values of the index, indicating

high fragmentation. Reproducibility of the frag-
mentation index could only be determined for
sample #56 since sample #206 does not have
size fractions s 90 Wm (Fig. 3D). Multiple anal-
ysis (n=9) of the (log)-ratio determined in sample
#56 resulted in an error bar of 0 O 0.25, meaning
that the variation observed in Fig. 4C is signi¢-
cant.
An important prerequisite of our method is

that the size distribution of the foraminifera in
the considered size ranges remains constant
through geological history. The foraminiferal as-
semblages in Late Quaternary Walvis Ridge sedi-
ments contain predominantly subtropical plank-
tonic foraminifera with abrupt intervals, mainly
during glacial periods, of very high abundances
of Neogloboquadrina pachyderma (s), attributed
to periods of enhanced upwelling (Schmidt,
1992; Little et al., 1997; Ufkes et al., 2000). Be-
cause N. pachyderma (s) is known as a relatively
small species, faunal changes might a¡ect the fo-
raminiferal size distribution and thus, the carbon-
ate fragmentation index. However, this is not the
case since the average size of adult N. pachyderma
(s) is s 200 Wm (Peeters et al., 1999). Any change
in the foraminifera size s 100 Wm will have little
e¡ect on our fragmentation index since all change
will occur within fraction B (s 90 Wm) of our
fragmentation index.
Little is known about the in£uence of changes

in the reproductive cycles on the ratio of juvenile
and adult foraminifera (Brummer and Kroon,
1988; Peeters et al., 1999). However, the e¡ects
on the size distribution that these changes may
have, may play a role in an area subject to large
changes in primary productivity caused by
changes in upwelling intensity. Kroon and Dar-
ling (1995) found that the size distributions of
foraminifera did change on a glacial/interglacial
time scale in the Arabian Sea. These changes,
however, all took place in the s 280 Wm size
ranges and, therefore, will not have an e¡ect on
our fragmentation index.
Besides, from microscopic studies of the two

fractions (Fig. 3) we conclude that fragmenta-
tion is the dominant process controlling the size
of the bulk sediments in the Walvis Ridge area.
We therefore state that the (log)-ratio of the

MARGO 3200 8-10-02

J.-B.W. Stuut et al. /Marine Geology 190 (2002) 581^589 585



MARGO 3200 8-10-02

J.-B.W. Stuut et al. /Marine Geology 190 (2002) 581^589586



two coarsest fractions of the size distributions
of the bulk sediments from core MD962094 can
be interpreted as a carbonate fragmentation in-
dex.

5. Carbonate dissolution, upwelling and tradewind
intensity

Walvis Ridge sediments contain large amounts
(65^95%) of calcium-carbonate (Embley and
Morley, 1980; Diester-HaaM, 1985; Schmidt,
1992). The combination of late Quaternary
changes in primary production and dissolution
causes the calcium-carbonate content to change
from 68 to 94% during the last 300 kyr in cores
MD962094 and GeoB 1028-5 (Fig. 4A,B, from
Stuut, 2001, and Schmidt, 1992, respectively).
Core GeoB 1028-5 lies within 7 km of core
MD962094 (Fig. 1). The two cores can be corre-
lated very well on the basis of their planktonic
foraminifera N

18O and bulk chemistry records
(Stuut, 2001, chapter 2). The downcore variations
in the carbonate fragmentation indices (Fig.
4C,D) show a similar pattern as the CaCO3 rec-
ords from the two cores. The fragmentation curve
of the nearby core GeoB 1028-5 was established
using a ratio of the amount of fragments of fora-
minifera shells over whole foraminifera shells in
the s 150 Wm fraction (Schmidt, 1992, Fig. 4D).
The two carbonate fragmentation records (Fig.
4C,D) show similar downcore variations, which
con¢rms our interpretation of the size distribution
of the bulk sediments as a measure of fragmenta-
tion. The downcore variations in fragmentation of
the foraminifera shells in core GeoB 1028-5 are
attributed to changes in dissolution owing to
changes in the tradewind-driven upwelling inten-
sity (Schmidt, 1992). The upwelling a¡ects car-
bonate preservation in two ways. Firstly the

cold upwelling waters are strongly undersaturated
in calcium-carbonate, causing dissolution of the
foraminifera shells settling through the water col-
umn and on the sea £oor. Secondly, the nutrient-
rich waters favor productivity in the surface
waters, causing high £uxes of organic matter to
the sea £oor, resulting in high CO2 levels, low-
ering the pH of the bottom waters and enhancing
carbonate dissolution (Barth et al., 1939; Berger,
1970; Kucera et al., 1997). Although dissolution
in the water column cannot be neglected (Berger,
1970), post-depositional dissolution is thought to
have the greatest e¡ect on carbonate fragmenta-
tion (Berger, 1979; Conan et al., 2002). The rela-
tion between wind-driven upwelling and carbon-
ate dissolution is also shown by the comparison
of a proxy record for changes in the tradewind
intensity (Stuut et al., 2002) and our carbonate
fragmentation index record (Fig. 4B). The frag-
mentation index and the wind-strength record
show a good correlation during the last 235 kyr,
except from 215^205 kyr BP (Fig. 4C,E). Also
from 280^235 kyr BP the correlation is not so
obvious. The di¡erences between the two records
may result from the fact that upwelling is not
always only wind induced, and also depends
on the quality of the upwelled water in£uenced,
for example, by the advection of Antarctic Inter-
mediate and Bottom Waters (Ufkes et al., 2000).
Besides, changes in the tradewind zonality may
also in£uence upwelling intensity (Little et al.,
1997).
The photographs shown in Fig. 3 clearly illus-

trate that the disintegration of the foraminifera
shells occurs along the edges of the chambers of
the foraminifera. Especially Fig. 3E shows the
separation of individual chambers of the forami-
nifera. We attribute this disintegration of the fo-
raminifera shells to carbonate dissolution since
foraminifera shells are most vulnerable at the

Fig. 4. (A) CaCO3 (%) record of core MD962094, derived from corescanner data (Stuut, 2001, chapter 2). Positions of the sam-
ples shown in Figs. 2 and 3 are indicated with arrows. (B) CaCO3 (%) record of core GeoB 1028-5 (Schmidt, 1992). (C) Carbon-
ate fragmentation index; (log)-ratio of the relative abundance of the coarsest two modes in the size distributions of bulk sedi-
ments from core MD962094. Carbonate fragmentation increases to the left. (D) Foraminifer Fragmentation Index (Schmidt,
1992) constructed from the ratio of fragments of foraminifera shells over whole foraminifera shells in core GeoB 1028-5. Frag-
mentation increases to the left. (E) Relative wind-strength curve derived from the grain size of eolian dust (Stuut et al., 2002),
relative wind strength increases to the left.
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boundaries between the individual chambers
(G.-J. Brummer, pers. commun., 2001).

6. Application of the carbonate fragmentation
index to deep-marine sediments

We have demonstrated that the ratio of the
coarsest two modes in grain size distributions of
carbonate-rich deep-marine sediments can be used
as a proxy for carbonate fragmentation, attrib-
uted to carbonate dissolution. The grain size dis-
tributions of the carbonate-free sediment fractions
do not in£uence the grain size distributions of the
bulk sediment fraction and, therefore, the bulk
sediment fraction may be considered representa-
tive of the carbonate grain size distributions for
sediments that contain s 68% CaCO3 (carbonate
ooze). The size distribution of the carbonate frac-
tion of deep-marine sediments can be calculated
by subtraction of the carbonate-free size distribu-
tion from the bulk size distribution in the right
proportion, given by the carbonate content of the
sediments (McCave et al., 1995; Trentesaux et al.,
2001). Our carbonate fragmentation index can
subsequently be calculated from the size distribu-
tion of the carbonate fraction of the sediments.
However, this method would be rather time con-
suming and labor intensive. The advantage of the
fast and precise method presented here can only
be obtained from deep-sea sediments that are car-
bonate rich (CaCO3s 68%).

7. Conclusion

The fragmentation of the foraminifera shells is
caused by the dissolution of carbonate in the
water column and on the sea£oor. The dissolution
is re£ected by the size distributions of the fora-
minifer nannofossil ooze and is described by the
ratio of the coarsest two fractions. This ratio, or
carbonate fragmentation index, can be con-
structed in a fast and reproducible way by analyz-
ing the size distribution of bulk carbonate-rich
sediments. This method can be applied in other
areas in the world’s oceans where sediments are
carbonate rich (CaCO3s 68%).
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