Effects of bed-load transport on planktonic foraminifer tests
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ABSTRACT
This investigation focuses 011 changes in the ultrastructure of planktonic foraminifer tests
caused by sediment transport in the-marine environment. ~ o r a k i n i f e rtests that were unambiguously transported by bottom or turbidity currents (confirmed by sorting of the sediment)
show changes in the ultrastructure of the crystalline part of tests. These changes can be distinguished from dissolution effects. Analysis of the ultrastructures by scanning electron microscopy clearly indicates physical abrasion of exposed parts of test surfaces during bottom-current transport; this may result in the disintegration of the test with persisting transport. In contrast, chemical dissolution acts upon the whole surface of the tests, both on exposed and more
sheltered parts.
As a consequence, poor preservation and fragmentation of biogenic marine sediments must
not necessarily be attributed to dissolution, but can be the result of bed-load transport. Moreover, the recognition of evidence for bed-load transport has important consequences on the
assessment of the foraminifer tests as carriers of environmental signals.

INTRODUCTION
Foraminifers as sedimentary particles
Sediments can reveal important information about
their formation. Evidence can be sedimentary
structures on different scales or the occurrence of
single grains with features that are characteristic of
particular processes. Therefore, the detailed analysis and interpretation of marine sediment samples is an important method for increasing the
knowledge of the formation processes of the sediment.
The study of foraminifer tests is crucial for a
wide range of marine sedimentological investigations because foraminifers are important carriers of
environmental signals such as stable isotope and
geo- and biochemical signals that reveal information about water mass properties and nutrient contents. Because of the low density of empty (i.e.
water-filled) foraminifer tests [e.g. 1.5 g/cm"or
250
planktic foraminifer tests (Berger & Piper,
1972); mean densities of 1.29 (Globorotnlin hirsutn),
1.16 (Globi~erirzoidesrtlber), 1.30 (Globigerinoides sncc~~lifer)
and 1.48 g/cm" (Orbl~liiznuniucrsn) (FokPun & Komar 1983); 1.368 - 2.388 g/cm3 for Neogloboq~ndrinn pach!yderii~n (Oehmig 1993)], they are

transported by relatively slow currents as bed-load
at the sediment surface or in suspension, together
with medium to coarse silt and fine sand terrigenous particles. Thus, they may be found in places
and environments that are not related to (or not
immediately beneath) the surface waters where
they originated. To interprete environmental signals indicated by these tests, it is essential to know
the transport history of the tests and the physical
influences (both physical abrasion and dissolution
in the water column or in the sediment) that have
acted on them on their way through the water
column, whether bed-load transport is possible
and the duration at the site of deposition where the
sediment sample has been taken. Detailed investigations of the ultrastructure of foranunifer shells
are a method to trace these influences.
Marine bottom currents and their effect on foraminifer tests
Sediment transport by thermohaline bottom currents and turbidites in the marine environment is a
widely recognized phenomenon (e.g. Hollister &
Nowell, 1991; Edwards, 1993). While there is continuous transport of fine grained particles in nearly
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all parts of the oceans, transport of sand- and
medium to coarse silt is principally restricted to
events with higher current velocities ('deep sea
storms', Kerr 1980; Gardner & Sullivan, 1981; Hollister & McCave, 1984), to areas with generally
higher current velocities (e.g. 'contourite currents',
Faugeres & Stow, 1993), and to regions that generally show higher sediment transportation rates
('sediment drifts', e.g. McCave & Tucholke, 1986).
During high current velocity events even foraminifer tests can be moved. This may result in accumulation of well-sorted foraminifer tests in distinct
layers of mm to cm thickness in the sediment
column. These are commonly referred to as contouritic layers. When these foraminifer tests are
moved as bed-load, markings develop on the surface of the shells that are comparable to the rounding of fluvial and coastal sediment detrital grains.
Due to the fragility of foraminiferal tests, abrasion
may cause early break-up of the carbonate shell.
Until now, the disintegration and break-up of
foraminifer shells has often been attributed to carbonate dissolution, either during settling through
the water column or in the sediment due to dyso-
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xic or undersaturated conditions. This investigation is dedicated to the recognition of the effects q
bottom current transport on planktonic foramini
feral tests before their disintegration. To evaluate
this effect, detailed investigations were carried out
using high-resolution scanning electron microscopy (SEM) methods. In our study, we concentrate
on the planktonic foraminifer species Neogloboqundrina pnchyder~na (sinistral), a polar and subpolar
species commonly present in large numbers in
hemipelagic surface sediments of the northern
North Atlantic (Henrich et al., 1989). Whether or
not the sediments were influenced by coarsegrained particle transport was inferred froin the
sorting of the sediment; this is indicated by the
shape of the settling velocity distributions
(Michels, 1995).
The investigations focus on the crystalline part
of the foraminiferal test that was built up during
gametogenesis (Ketten & Edmond, 1979). These
crystalline areas allow the examination of physical
and/or chemical effects on the tests under continuing physical and/or chemical stress (carbonate
dissolution) that may lead to their disintegration.

Figure 1.Map of the northern North Atlantic, including the locations of investigated surface sediment samples. Isolines indicate the 1000,2000 and 3000 m isobaths.
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The hypothesis that is tested in this study is that
3hysical influences by bottom-current transport
and attack by dissolution can be distinguished by
the effect on sharp-edged and sharp cornered
crystals of the ultrastructure of the foraminifer
test's surface. The attack of dissolution ideally
affects the whole surface that is exposed to corrosive seawater, causing stronger dissolution of corners and edges because of their larger exposed surface compared to the crystal planes. It is suggested
that all edges, corners, and planes of a crystal
should be corroded to the same extent. In contrast
physical abrasion of a surface consisting of numerous crystals leads to the rounding or removal
of most exposed corners and edges.
To lugldight the differences of physical and
chemical attack on the ultrastructure of the foraminifer test surface, the results are illustrated comparing SEM photographs of completely undissolved but not transported, slightly dissolved but
not transported, and transported but undissolved
foraminifer tests.
MATERIAL AND METHODS
Samples
Surface sediment samples (1cm in thickness) were
collected from several core sites that were obtained
during the RV Meteor cruises M 2/2 in 1986 (Gerlach et al., 1986), M 21/4 in 1992 (Pfannkuche et al.,
1993) and during RV Polarstern cruise ARK-VII/1
in 1990 (Thiede & Hempel, 1991) into the northern
North Atlantic (Fig. 1).
The samples were taken from the sediment surface of box cores, freeze-dried, weighed, and split
into the coarse (>63 pm) and fine fractions
(<63 pm) by wet sieving. The fine and coarse fractions were split into halves. The grain size fraction
37-63 pm of one half of the fine fraction was separated according to Stokes' law using the Atterberg
settling velocity method. The separated 37-63 pm
fraction was then added to one half of the coarse
fraction, resulting in a >37 pm fraction. This preparation of the coarse fraction provides samples with
the full range of adult foraminifer tests and a grain
size range of coarse-grained particles that, in case
of current influence, are transported as single
unaggregated grains (McCave et al., 1995).
Terrigenous component
Carbonate was removed using hydrochloric acid.
The carbonate percentage of the sample was determined by weighing the sample before and the residue after acid treatment. The carbonate-free
>37 pm fraction was also subjected to a settling
velocity analysis in order to gain additional information about the transport of noncalcareous, terrigenous material that can be correlated with the

transport of foraminifer tests.
Settling velocity
To obtain a settling velocity distribution of the
>37 pm fraction, a 0.5-1 g sample of both carbonate-free and carbonate-containing sediment was
analysed in a MacrogranometerTh,l settling tube
(Brezina, 1969). These settling velocity distributions were analyzed following the method described in Michels (1995). Although the settling
velocities obtained for foraminifers cannot be compared to the settling velocities in the water column
of the ocean, they reveal a high resolution record of
the sediment sorting. This can be interpreted wit11
regard to bottom current influences that may have
changed the grain size distribution of the sediment
(Michels, 1995).Since every foraminifer species has
its own characteristic settling velocity distribution
and settling velocity range (Michels, 1995), even
slight changes can be attributed to current influence.
Ultrastructure of shells
For the SEM investigations of the ultrastructure of
the crystalline part of the tests, microscope slides
were prepared with at least 30 specimen of N.
pach!yder~izn randomly taken from the coarse fraction (>37 pm) of the sample. These specimens were
studied in detail for the ultrastructure of their
crystalline surfaces.
Preservation
Preservation of Neogloboquad~iizapacl.zyder~riasin.
tests (usually ca. 40 tests) was studied using the
SEM. Five-step progressive stages of dissolution (0
- undissolved to 4 - strongly dissolved) of two principal surface types, reticulate and crystalline, were
distinguished. Reticulate tests are composed of
nannocrystals in an initial tiny primary
microcrystalline layer and a secondary agglomerated layer with crystals arranged as diffuse
palisades. Crystalline morphotypes develop tertiary calcitic crusts composed of large rhoinbohedra at the surface. This crust may completely or
partly cover the surface. The differentiation between morphotypes in dissolution studies is important because of the lower preservation potential of
the microgranular morphotype relative to the
crystalline one. Finally, a composite dissolution
index was calculated for each sample (cf. Henrich,
1989; Baumann & Meggers, in press).
It cannot be completely ruled out that the wetsieving process influenced the ultrastructure of the
foraminifer test's surface, although this procedure
was carried out carefully. It is, however, of minor
importance when compared with the bottom-current transport or the dissolution effects.
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RESULTS AND INTERPRETATION
Transported N. pachyderma tests unaffected by
dissolution
Figure 2 shows the settling velocity distributions
(>37 p n ) of two well-sorted surface sediments
from location 23455 (southern Fram Strait) and
21880 (Greenland Basin, Vesteris Banken Seamount) and a moderately sorted surface sample from
the Greenland continental shelf (21902). Distributions of carbonate and terrigeneous material are
indicated by different curves.
The percentage of the >37 pn fraction compared to the bulk sediment and the CaC03 content
is q ~ ~ o t eind the figure caption. Dissolution indices
of the N. pachyderi~~a
tests are approximately 0.9 for
all three samples, thus the tests are very well preserved in terms of carbonate dissolution.
In case of no current influence and thus no sorting, N. pach!yderi~ia generally occurs in the settling
velocity range between 1and 2 cm/s according to
its nat~u-a1growth size distribution. This distribution is indicated by the shaded peak (marked with
N. pflch!ydernin reference peak).
The sediment of location 23455 in the Fram
Strait shows the best grain size sorting (i.e. the
sharpest peak). This is the settling velocity distribution of a sediment that has been very well sorted
during current transport of both carbonate and terrigenous particles (indicated by the same settling
velocity range of the carbonate and terrigenous
peaks) as bed-load or in suspension. The sorting is
a function of either duration of transport or intensity of the process. When transported, the sediment
particles, even the N. pachyderma tests, must have
been strongly moved. The fact that the N. pachydunin reference peak is near the bulk sediment
peak merely indicates that the grain-size range that
was involved in the transport process includes the
whole grain-size spectrum of N. pnchyderrnn. It does
not indicate, however, that the sediment was not
sorted by bottom currents. This type of sediment
typically appears in areas of contourite currents or
as a turbidite deposit.
The sediments of core positions 21880 and
21902 are generally coarser. The sorting of the sediment in location 21880 is better than that of location 21902, which suggests different processes: a
depletion of the fine fraction due to strong currents
and the generation of a residual sediment is assumed to be the reason for the shape of the settling
velocity distribution of the 21902 curve. In this
curve, the grain size range is broader and more discontinuous than that in 21880, which points to the
formation of a residual sediment with coarse grain
sizes, where the fine fraction has been depleted by
winnowing. The settling velocity distribution at
21880 is most probably the result of transport and

subsequent deposition of a coarse-grained sediment (i.e. accumulation sediment, e.g. by a turbidite); this is indicated by its smoother curve, a
narrower grain size range and a clearly defined
upper limit in the grain-size range. However, both
sediments have certainly been affected by strong
currents.
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Figure 2. Settling velocity distributions of the >37 pm
fraction of the surface sediments from locations 23455,
21880, and 21902. Unimodal settling velocity distributions with more or less narrow peaks indicate very wellto well-sorted sediments. The >37 pm distributions of
carbonate and terrigeneous sediment fractions of locations 23455 and 21880 are depicted by different shades of
gray. The settling velocity distribution of a N. pnchyderri~n
peak unaffected by current influence ("N. pnclr!jdm~n
reference peak") is represented by the shaded area. The
dissolution index of all samples is low (- 0.9); the >37
pm fraction portions of the bulk sediments and the carbonate contents of the coarse fractions make up
43%/46% at location 23455,90%/20% at location 21880,
and 47%/10% at location 21902. The scales of the three
diagrams are equal, however, they provide settling velocities in cm/s, in Psi (the negative logarithm to a base of
2 of the settling velocity in cm/s), and as the corresponding grain size (calculated on the basis of round spheres
with a density of 2.65 g/cm") as further information.
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SEM investigations of the crystalline surfaces of
the N. pnclrydemza tests reveal differences in the surface ultrastructures of exposed rhombohedra (Plate
1). Uncorroded crystal planes are smooth while
crystal edges and corners in protected places are
sharp. However, the more exposed edges and corners there are, the more they are rounded and eroded. There is evidence that shaping of the edges
and corners takes place through different processes: abrasion of exposed crystal edges and corners
occurs mainly during low-energy transport (i.e.
rolling transport) of the foraminifera1 tests (Plate 1,
upper and lower left photographs), but corners
may completely break off at the top of the crystals
only during high-energy movement of the tests (i.e.
saltation transport) when they hit other sediment
particles (Plate 1, upper and lower right photographs).
Partly dissolved N. pachyderma tests unaffected
by currents
The settling velocity distribution from location
21842 sediments (Kolbeinsey Ridge, Iceland Plateau, Fig. 3) reveals a large percentage of finer
grains in the >37 pm fraction. This is inferred to be
the result of the deposition of fines from decelerating currents. The percentage of the >37 pn fraction makes up just 13% of the bulk sediment. Carbonate dissolution has a significant effect on the
sediment, which is reflected by the dissolution
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index of 2.05. The investigation of the crystalline
ultrastructures of the test surfaces shows that corners and edges of all rhombohedra in both exposed
and protected positions are moderately to strongly
corroded (Plate 2, lower left and right photographs). Crystals exhibit rough, corroded surfaces;
their edges are more dissolved than the planes
because of their larger surfaces (compared to the
crystal's volume) and corners are even more affected than edges.

Neogloboquadrina pachydermn tests, not affected
by currents and dissolution
Figure 4 shows the settling velocity distribution of
the coarse-grained fraction of a sample from the
outer V ~ r i n gPlateau (23069).The sediment is very
well preserved in terms of carbonate dissolution
(dissolution index = 0.77). According to the polymodal settling velocity distribution with several
distinct peaks of different foraminifer species (in
Fig. 4 the main planktonic and benthic foraminifer
species in the sediment are assigned to the main
peaks in the distribution according to Michels
1995), there was little influence of bottom currents
on the sediment. SEM investigations yield that the
majority of the rhombohedra of the crystalline
areas of the test surfaces are characterized by very
sharp corners and edges in exposed as well as in
sheltered positions (Plate 2, upper left and right
photographs).
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Figure 3. Settling velocity distributions of the >37 pm
fraction of the surface sediment of location 21842. The
>37 pn distributions of carbonate and terrigeneous sediment fractions are depicted by different shades of gray.
A high peak of current-accumulated carbonate in the
low settling velocity range between 0 and 3 Psi indicates
that N. pucllydermn tests (which settle in the range of the
shaded reference peak) have probably not been moved
by currents. Carbonate dissolution has had a significant
influence on the N. pachyderma tests; the index is 2.06.
The >37 pn fraction portion of the bulk sediment makes
up 13% and the carbonate content of the >37 pm fraction
21%.
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Figure 4. Settling velocity distribution of the >37 pm
fraction of the surface sediment from location 23069. The
>37 pm distributions of carbonate and terrigeneous sediment fractions are depicted by different shades of gray.
The settling velocity distribution of a N.pachyderrrm peak
unaffected by current influence ("N. pncllydrrnzn reference peak") is represented by the shaded area. The
polymodal carbonate curve and low contents of terrigeneous material indicate a sediment type that is not
affected and sorted by currents. Because of the low dissolution index of 0.77, the sediment can be viewed as
unaffected by dissolution. The >37 pm fraction portion
of the bulk sediment makes up 16% and the carbonate
portion of the >37 Fun fraction is about 9%.

Michels and Meggers

DISCUSSION
Dissolution
A sediment assemblage of planktonic foraminifera
contains a complex mixture of environmental
information including biological, chemical and
physical parameters. Different methods have been
used to decipher the physical and chemical effects
on foraminifer tests.
To quantify the effects of dissolution, different
planktonic foraminifera species traditionally have
been ranked according to their dissolution potential (Ruddiman & Heezen, 1967; Berger, 1968; Boltovskoy & Totah, 1992) or fragmentation indices
have bee11 defined (Thunell, 1976; Le & Shackleton,
1992). It was assumed in these investigations that
110 processes other than dissolution have an effect
on the preservation of the tests.
However, our results demonstrate that N.
pachydernza, which is very resistant to dissolution
(Berger, 1968; Boltovskoy & Totah, 1992), clearly
call show abrasion as a result of bed-load transport. The effect of current transport on the ultrastructure of less resistent fragile planktonic foraminifers, like G. sacclllifcr or G. ruber, which are the
most prominent species in tropical water masses
(Vincent & Berger, 1981),must be much higher and
could as well initiate the complete fragmentation
of the tests. Therefore, a failure to recognise transport of foraminifera tests may lead to a systematic
false iilterpretation of carbonate dissolution, derived from fragmentation indices of different
planktonic foraminifer species. Effects of transport
and dissolution should therefore be carefully studied.
A combination of the investigations carried out
in this study with a method of quantifying dissolution effects by the recognition of progressive dissolution stages on the crystalline surface of planktonic foraminifera with the SEM, like that proposed by Be et nl. (1975), Henrich (1989),and Meggers (1996),could achieve a qualitative and quantitative description of abrasion and dissolution
effects on foraminifer tests.
Bed-load transport
Abrasion and fragmentation of foraminifer tests is
mainly controlled by the intensity of particle transport by currents and the duration of current influence. For the extent of the physical impact on the
foraminifer tests, it is important whether
foraminifer tests are transported as bed-load or
in suspension (related to the energy of the current),
transportation takes place as a persistent (contour current) or ephemeral (turbidity current)
event,
grain sizes, that are transported simultaneously,

are coarse or fine,
many or few other particles are transported
simultaneously as bed-load or in suspension.
The listed factors show that the abrasion and fragmentation of foraminifer tests are closely related to
the hydrodynamic parameters of the current. For
sediment samples, it is very difficult to reconstruct
all of the listed parameters from grain size or settling velocity distributions. But the interpretation of
granulometric data may indicate which sedimeiltary processes took place. For exainple in the
description of our samples, we pointed out that the
granulometric data support (a) the interpretation
as a turbidite and (b) that rolling transport as a low
energy form may mainly have led to the abrasion
of the most exposed crystals of the crystalline foraminifer test surface, whereas saltation as a high
energy form of particle movement may have led to
a complete removal of the tip of the crystals.
However, the quantification of the processes
that influence the abrasion and fragmentation of
foraminifer tests could probably only be achieved
by experiments in a flume (or more simply in a
tumbler).
CONCLUSIONS
The hypothesis that physical (abrasion) and chemical (dissolution) impacts can be differentiated ill
the ultrastructure of a crystalline surface of foraminifer tests has been corroborated by SEM observations of foraminiferal test surfaces. Especially
the crystalline part of the shell built up during gametogenesis is well suited to give a differentiated
imprint of the stress foraminiferal shells are exposed to during the sedimentation processes. The
described method can be used in addition to other
methods to verify and increase the knowledge of
sediment transport and carbonate dissolution.
Physical impacts, caused by sediment trailsport, and chemical impacts, caused by dissolution,
can be distinguished by means of different effects
on the crystalline ultrastructure of the shells. While
physical impact during transportation of the shells
only affects the exposed crystals of the outer surface, chemical impact by dissolution acts upon the
whole surface, including the crystalline edges and
planes in more sheltered positions. Thus, the investigation provides insights into the depositional
history of foraminifer shells that is crucial for the
interpretation of foraminiferal data. In particular
biogeochemical and isotope data that are based on
foraminiferal analyses may be very sensitive to
changes caused by dissolution or bed-load transport and should therefore be reinterpreted
carefully after dissolution or bed-load transport
has been proved. Perhaps conflicting results between carbon isotope data, carbonate dissolution
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data and sedimentological can then be solved without inconsistency.
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