
DISSOLUTION SUSCEPTIBILITY OF SOME PALEOGENE PLANKTONIC
FORAMINIFERA FROM ODP SITE 1209 (SHATSKY RISE, PACIFIC OCEAN)

MARIA ROSE PETRIZZO
1,3, GRETA LEONI

1, ROBERT P. SPEIJER
2, BIANCA DE BERNARDI

1
AND FABRIZIO FELLETTI

1

ABSTRACT

A detailed, quantitative analysis of planktonic foraminif-
eral composition and shell fragmentation is presented for
samples from Ocean Drilling Program Site 1209 (Leg 198,
Shatsky Rise, Pacific Ocean) in a stratigraphic interval from
the Paleocene/Eocene boundary, which is characterized by
enhanced carbonate dissolution, to the base of the middle
Eocene where no distinct dissolution layers are recorded. The
aims are to evaluate whether the composition of the fossil
Paleogene assemblage is representative of the original
assemblage and to what extent it is influenced by carbonate
dissolution. By comparing the absolute abundances of whole
specimens and fragments of the three most common
Paleogene genera (Morozovella, Acarinina and Subbotina),
it is demonstrated that the percentage of foraminiferal
fragments, identified to genus, is helpful in interpreting the
paleoenvironment of fossil planktonic foraminiferal assem-
blages affected by marked carbonate dissolution. In addition,
the absolute abundance of whole specimens and fragments of
the three Paleogene genera collected at the Paleocene/Eocene
boundary and in the Eocene reveal that, contrary to earlier
suggestions, the spinose, asymbiotic, deep-dweller Subbotina
is less resistant to dissolution than the muricate, symbiont-
bearing, surface-dwellers Morozovella and Acarinina. Dis-
tinguishing between primary and taphonomic signals in
Paleogene planktonic foraminiferal assemblages will be an
important challenge to overcome in order to better constrain
paleoecologic and paleoclimatic signals of global significance.

INTRODUCTION

Planktonic foraminifera are one of the most important
producers of biogenic calcite in the oceans of the world
(Berger, 1970). They provide information about the upper
ocean environments in which they calcified and play an
important role in interpretations of paleoclimatic and
paleoecologic conditions at the time of deposition. Fossil
foraminiferal assemblages, however, are significantly altered
compared with the original living assemblages. Planktonic
foraminifera generally live within the upper hundred meters
of the water column, and after death, their shells sink long
distances through the water column before settling on the
ocean floor. Only a fraction of the shells falling to the bottom
is ultimately preserved in the sediment record because of
carbonate dissolution on the deep-sea floor in undersaturated
bottom waters (lysocline and calcite compensation depth;
e.g., Berger, 1970). Recent estimates suggest a 19% weight
loss in calcite mass of individual shells within the twilight zone
(Schiebel and others, 2007) caused by calcite dissolution while

shells settle through the water column. This loss is attributed
to biogeochemical cycling in the water column and depends
on the residence time of individual shells in the water column,
which is directly proportional to settling velocity (e.g., Berger
and Piper, 1972; Takahashi and Bé, 1984; Schiebel and
Hemleben, 2005).

Due to differences in morphology, test size and wall
texture of their shells, some planktonic foraminiferal species
are more prone to dissolution than others (Berger, 1970;
Dittert and others, 1999). This effect can be used to
quantify dissolution intensity by determining the excess
abundance of resistant species. In the modern ocean, the
more dissolution-prone planktonic foraminiferal species are
generally small and have thin walls and large pores, whereas
the less solution-susceptible species are bigger and have
thick walls and small pores (Sliter and others, 1975). Warm-
water and surface-dwelling, spinose species tend to be
delicate and easily dissolved (e.g., Globigerinoides ruber),
whereas most cold-water, non-spinose species are more
resistant (e.g., Neogloboquadrina pachyderma; Hemleben
and others, 1989).

In pelagic ooze, poor preservation of specimens,
increased shell fragmentation, planktonic/benthic forami-
niferal ratio (e.g., Berger, 1970; Conan and others, 2002, for
a review), loss of weight by foraminiferal shells (de Villiers,
2005), and proportions of solution-susceptible and solu-
tion-resistant foraminiferal species (Berger, 1970; Thomp-
son and Saito, 1974; Le and Shackleton, 1992) together
with sedimentologic properties (decrease in carbonate
content, sand fraction and grain size) have long been
recognized in fossil assemblages as indicators of carbonate
dissolution (Violanti and others, 1979). Post-depositional
dissolution of foraminiferal shells is becoming very
important for studies that use the Mg/Ca ratio in
planktonic foraminifera as a paleotemperature proxy.
Because it has been demonstrated that dissolution lowers
Mg/Ca in sediment samples (e.g., Brown and Elderfield,
1996; Dekens and others, 2002; Barker and others, 2005;
Mekik and others, 2007), the use of this proxy requires not
only calibration of each species of foraminifera to
temperature but also quantification of the influence of
dissolution. For this reason, several studies have strived to
correct sea surface temperature estimates relative to the
amount of calcite dissolution (Dekens and others, 2002;
Mekik and Francois, 2006). Indices of calcite dissolution—
such as the shell fragmentation index, the number of whole
foraminifera per unit weight of dry sediment, the ratio of
more susceptible to more resistant forms (e.g., the
Globorotalia menardii fragmentation index; Mekik and
others, 2002), and the size normalized shell weight
(Broecker and Clark, 2001; Conan and others, 2002)—
have been re-evaluated and calibrated against model-
derived estimates of calcite dissolved (e.g., Mekik and
others, 2002, 2007; Mekik and Raterink, 2008).
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The susceptibility of planktonic foraminifera to dissolu-
tion becomes even more important when dealing with fossil
assemblages, leading to imprecise paleoenvironmental
reconstructions. In fact, there is little knowledge of which
extinct taxa suffered most severely from dissolution and to
what extent this could have influenced the composition of
the fossil assemblages. Moreover, dissolution proxies can
produce incorrect and misleading results that reflect
winnowing of sediment by bottom currents and changes
in planktonic foraminiferal ecological preferences through
time.

Our knowledge of the solution-susceptibility ranking of
extinct Paleogene taxa depends on paleobiogeographic
distributions and is supported by analogies with the modern
fauna (Boersma and Premoli Silva, 1983). Stable isotopic
data have been used to identify the relative depth habitats
of Paleogene taxa (Boersma and others, 1979), with warm-
water, surface-dwelling morozovellids interpreted as the
most dissolution-prone taxa and colder, deep-dwelling
subbotinids regarded as the most dissolution-resistant taxa
(Boersma and Premoli Silva, 1983; Berggren and Norris,
1997). With these assumptions in mind, any Paleogene
assemblage affected by extensive carbonate dissolution is
expected to be enriched in the most cold-water species of
Subbotina.

Distinct clay layers or intervals with low carbonate
content are recorded in all lower Paleogene deep-sea
sections (Kennett and Stott, 1991; Pardo and others,
1997; Thomas and others, 1999; Bralower and others,
2002; Zachos and others, 2004) and in the Tethys (e.g.,
Coccioni and others, 1994; Guasti and Speijer, 2007). In
many localities, a pronounced dissolution interval is
associated with the single largest, well-documented warm-
ing event, known as Paleocene-Eocene Thermal Maximum
(PETM; ca. 55.5 Ma). These findings indicate that the
calcite compensation depth and the lysocline shoaled
significantly during the PETM in all oceans (e.g., Zachos
and others, 2005). Focusing on the planktonic foraminiferal
assemblages across the PETM, both low- to mid-latitude
[Deep Sea Drilling Project (DSDP) Site 401, Pardo and
others, 1997; Ocean Drilling Program (ODP) Site 865, Kelly
and others, 1998; ODP Sites 1209 and 1210, Petrizzo, 2007]
and high-latitude oceanic sections (ODP Site 690, Kelly,
2002) are characterized by an abrupt decrease in relative
abundance of the deep-dweller Subbotina and an increase in
the surface-dwellers Morozovella or Acarinina. An increase
in Acarinina and a decrease in Subbotina associated with the
deposition of clay-rich sediments with low carbonate
content and strong foraminiferal dissolution have been
reported in different Tethyan sections in Spain (the
Alamedilla section by Arenillas and Molina, 1996; the
Caravaca and Zumaia sections by Canudo and others,
1995) and in Italy (the Possagno section by Arenillas and
others, 1999; the Forada section by Luciani and others,
2007). A somewhat similar pattern is recorded in the early
stages of the PETM in sections located along the Tethyan
continental margin in Egypt and Jordan, where a diverse
Paleocene assemblage with abundant Subbotina and Mor-
ozovella is replaced by an Acarinina-dominated assemblage
(Speijer and others, 2000; Guasti and Speijer, 2007).

High-resolution quantitative analyses of planktonic
foraminiferal changes associated with the onset of the
PETM at Holes 1209B and 1210B (Shatsky Rise, Pacific
Ocean) documented by Petrizzo (2007) revealed that the
increase in absolute abundance of Morozovella and the
decrease of Subbotina across the dissolution interval are not
an artifact of selective dissolution, but might be influenced
by dissolution and might also reflect a phase of increased
salinity and water column stratification. Moreover, shell
fragmentation data revealed Subbotina as the more
dissolution-susceptible taxon. To validate this result,
foraminifera from ODP Hole 1209B have been quantita-
tively analyzed to assess shell fragmentation in a continuous
stratigraphic interval across the Paleocene/Eocene bound-
ary, which is characterized by marked carbonate dissolu-
tion, to the lower part of the middle Eocene, where no
distinct dissolution layers are observed. The main aim is to
provide detailed documentation of planktonic foraminiferal
shell fragmentation for Morozovella, Acarinina and Sub-
botina and to evaluate to what extent these patterns relate
to artifacts of differential dissolution rather than to primary
ecological signals. An attempt is made to rank the solution
susceptibility of the three major genera of the late
Paleocene-middle Eocene assemblage by comparing abso-
lute abundances of whole specimens and fragments. Finally,
results are applied to planktonic foraminiferal assemblages
associated with the low carbonate, clay-rich sediments with
the aim to shed light on possible taphonomic alterations of
pelagic assemblages.

MATERIALS AND METHODS

The samples used in this study were recovered at the
Shatsky Rise in the North Pacific Ocean during ODP Leg
198 (Fig. 1; Bralower and others, 2002). At Hole 1209B
(2387 m water depth; 1900 m paleodepth, Takeda and
Kaiho, 2007) samples from a 33.18 rmcd (revised meters
composite depth) stratigraphic interval of an uppermost
Paleocene-lower Eocene yellowish calcareous ooze were
analyzed from Sample 19H-2, 18–19 cm to Sample 22H-1,
150–151 cm. The Eocene interval from Sample 19H-2, 18–
19 cm to Sample 21H-CC, 3–4 cm was studied with a
stratigraphic resolution of 20 to 50 cm. Analyses at
centimeter-scale resolution were adopted in the stratigraph-
ic interval across the Paleocene/Eocene boundary (Sample
22H-1, 90–91 cm to Sample 22H-1, 150–151 cm), which
includes the onset of the PETM.

Ninety-eight samples were analyzed for planktonic
foraminifera. Samples were soaked in water and gently
washed through a 38-mm sieve, taking special care to
minimize fragmentation during processing, and then dried
on a hot plate. The .38-mm fraction was used for
planktonic foraminiferal biostratigraphic analyses. Taxo-
nomic concepts used in this study follow Blow (1979),
Olsson and others (1999) and Pearson and others (2006). In
selected samples, calcareous nannofossils were studied in
smear-slides using a light microscope at 12503 magnifica-
tion to obtain an integrated biostratigraphic framework of
the studied section (Fig. 2). Calcareous nannofossil taxon-
omy follows Perch-Nielsen (1985). The .125-mm fraction
was used for planktonic foraminiferal quantitative analyses.
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Samples were split, and 300 to 500 specimens were counted
in a fixed aliquot (1/64) to determine relative abundances
and species diversity. However, a different aliquot (0.010 to
0.015 g in weight) was used to count whole shells and
fragments of Morozovella, Acarinina and Subbotina. Abso-
lute abundances, expressed as the number of whole
specimens per gram of dry sediment and the number of
fragments per gram of dry sediment, were used to determine
the total number of planktonic foraminifera and the relative
proportion of broken shells and whole shells among the
three genera. Shell fragmentation is expressed as a
percentage of the number of fragments divided by the
sum of whole shells and fragments counted in each sample.
The weight percentage (wt%) of the coarse fraction is
expressed as the weight of the .63-mm fraction divided by
the weight of the original sample (see Appendix 1).

For evaluation of the degree of susceptibility to
dissolution and prior to the fragment counts, several whole
specimens and fragments of each genus were picked from
samples randomly chosen in the clay-rich dissolution
interval across the PETM and in a lower Eocene interval
with no evidence of enhanced carbonate dissolution.
Fragments of Morozovella, Acarinina and Subbotina are
easy to identify because of their distinct wall textures
(Plate 1, Figs. a–d), which prevents confusion with other
Paleogene genera (Olsson and others, 1999). To unequiv-
ocally determine shell fragmentation, as well as enhance the
reproducibility of the data and minimize subjectivity, two
categories of preservation were defined for each genus as
follows: 1) whole specimens, including completely intact
specimens, specimens with small holes, and specimens
comprised of more than half the individual and 2)
fragments, including specimens comprised of less than half
the individual and small fragments (.125 mm) of specimens
(Plates 1–3).

Simple univariate and bivariate statistical analyses were
performed, respectively, to quantify shell fragmentation of
Morozovella, Acarinina and Subbotina and to describe the
percentage of foraminiferal fragments through time.
Measures of central tendency and dispersion and box-plot
diagrams (Tukey, 1986) have been used to compare the
distributions of the three different statistical populations
(Morozovella, Acarinina and Subbotina). A clearer picture
of the overall shape of the relationship between the Y
(percent shell fragmentation) and X (depth) variables is

obtained by applying the locally weighted scatterplot
smoothing (LOWESS) method. The method (in which a
local regression model is fit to each point and the points
close to it) is sometimes referred to as robust locally
weighted regression (Cleveland, 1979, 1984).

RESULTS

BIOSTRATIGRAPHY AND PLANKTONIC FORAMINIFERAL

ASSEMBLAGE COMPOSITIONS

The uppermost Paleocene-mid Eocene stratigraphic
interval from 185.46–18.64 rmcd is assigned to planktonic
foraminiferal Biozones P5 to basal E8 (Berggren and
Pearson, 2005) and to calcareous nannofossil Biozones
CP9 to CP12 (Fig. 2, Table 1). The Paleocene/Eocene
boundary is placed at the base of the negative Carbon
Isotope Excursion (CIE) according to the correlation
criteria of the Global Stratotype Sections and Points at
Dababiya, Egypt (Dupuis and others, 2003; Aubry and
others, 2007). At Hole 1209B, the Paleocene/Eocene
boundary is marked by a brown clay seam of about
2 mm at 218.49 rmcd that corresponds to the onset of the
PETM (Zachos and others, 2003; Kaiho and others, 2006).
The detailed, high-resolution, biostratigraphic and quanti-
tative studies of the planktonic foraminiferal faunal
changes associated with the onset of the PETM at Hole
1209B are documented in Petrizzo (2007).

Relative and absolute abundance data reveal that the
genus Morozovella dominates the stratigraphic interval
from the Paleocene/Eocene boundary to the base of Zone
E4. Above this interval, the taxon progressively declines
and is replaced by Acarinina, which dominates from Zone
E5 (Fig. 3, point B) upwards. A discrepancy between the
relative and absolute abundance trends of Acarinina is
observed in Zone E7; relative abundance data show the
highest proportion of specimens of Acarinina recorded in
the studied section, whereas absolute abundance data
indicate a decline in the number of specimens. This
apparent large increase in relative abundance of Acarinina
reflects the decrease in the number of specimens of
Subbotina and Morozovella (Fig. 3, point C). Subbotina is
the minor component of the assemblage: it displays the
lowest abundance in (1) the interval of maximum abun-
dance of Morozovella at the onset of the PETM (Fig. 3,

FIGURE 1. Map showing early Eocene paleogeography (Hay and others, 1999) and location of ODP Site 1209 (Shatsky Rise, northwestern Pacific
Ocean), and of Forada and Possagno sections (northern Italy) discussed in this study.
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point A), and in (2) the lower part of Zone E7, associated
with a general decrease in number of specimens of
Morozovella (Fig. 3, points D and E). The changes in
assemblage composition are consistent with species diver-
sity changes: the decrease in the number of species of
Morozovella at the top of Zone E5 is balanced by the
progressive diversification of Acarinina, with 15 species
present at the top of Zone E7. A second change in the
planktonic foraminiferal composition through the studied
interval is observed in Zone E8, where Morozovella,
Acarinina and Subbotina slightly decrease in number of
species and specimens (Fig. 3).

PLANKTONIC FORAMINIFERAL PRESERVATION AND

SHELL FRAGMENTATION

Close to the onset of the PETM, the planktonic
foraminiferal assemblage is characterized by increased
breakage of foraminiferal tests (Colosimo and others,
2006; Petrizzo, 2007). Planktonic foraminiferal preservation
ranges from moderate to good in the overlying ooze and a
general increase in clay content is observed from the base of
Zone E5 upwards (Fig. 4). In the PETM clay-rich interval,
high shell fragmentation of about 40% is observed (Fig. 5,
point A). The high absolute abundance of Morozovella
recorded in the dissolution interval is proportional to the
number of tests that undergo fragmentation. The same
trend is observed in Acarinina and Subbotina. However, the
number of fragments of Subbotina exceeds the number of
whole specimens in the interval of maximum fragmentation
(Petrizzo, 2007; Fig. 5, point AA).

From the top of Zone E3 to the upper part of Zone E7,
the shell fragmentation curve is characterized by four peaks
with relative values close to that observed across the
Paleocene/Eocene boundary (Fig. 5, peaks 1–4). Looking in
more detail at absolute abundances of whole specimens and
fragments of each genus, the number of fragments parallels
the number of whole specimens, as expected. However, high
relative shell fragmentation percentages are not tightly
related to changes in clay content (Fig. 4 and visual
observation of the core photos). Coarse fraction percent-
ages and the weight of dry bulk sediment (Fig. 4) do not
correlate with specific increases and decreases of whole
specimens and fragments of each of the genera (Fig. 5).
Peak 1 at 213.84 rmcd corresponds to an increase in both
whole specimens and fragments of Morozovella, Subbotina
and Acarinina. Peak 2 at 208.54 rmcd and peak 3 at
202.13 rmcd correspond to a general decrease in whole
specimens and shell fragments of the three genera. Peak 4 at
195.76 rmcd coincides with a decrease in whole specimens
of the three genera and an increase of Acarinina and
Subbotina fragments (Fig. 5). Moreover, the greater num-
ber of fragments relative to the whole specimens of
Subbotina observed at 200.13 rmcd (Fig. 5, point D) and
197.83 rmcd (Fig. 5, point E) is not repeated by the curve of
percentage of shell fragments. On the contrary, it corre-
sponds with the lowest absolute and relative abundance
values recorded for this genus (Figs. 3, 5), similar to that at
the Paleocene/Eocene boundary (Fig. 3, point A).

Statistical analysis was performed to quantify shell
fragmentation of Morozovella, Acarinina and Subbotina
(Fig. 6). The whole curve fitted to the shell fragmentation
values for Acarinina shows a relative low mean value of
17% for the entire dataset (Fig. 6). In contrast, the whole
curve computed for Subbotina shows a mean value of 26%,
and, on the same plot, Morozovella occupies an intermedi-
ate position (mean value 23%) between Acarinina and
Subbotina (Fig. 6). Shell fragmentation computed for
Subbotina displays high variability as highlighted by the
wide range of the box-plots and by the measures of variance
(Fig. 6b, c). This behavior is particularly evident during the
PETM: in this time-interval, the difference of the mean
value of shell fragmentation between Acarinina and
Subbotina is maximal, and, consequently, the two relative

FIGURE 2. Summary of core recovery, lithology, biostratigraphy
and age assignments with depth (rmcd) in Hole 1209B. Planktonic
foraminiferal biozonations are according to (1) Berggren and Pearson
(2005), and (2) Berggren and others, (1995). Calcareous nannofossil
biozonation follows Okada and Bukry (1980).
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curves are detached and show a high variance (Fig. 6a, c).
The crossover of curves computed for Morozovella and
Subbotina from Zone E6 to the upper part of Zone E7 are in
part explained by the presence of outliers in the shell
fragmentation distribution of Subbotina (circles and trian-
gles in box-plot, Fig. 6b). Specifically, it reflects the

concomitant occurrence of dissolution resistant Eocene
species with low shell fragmentation values (about 12%;
Fig. 6a), such as the large-sized subbotinids (S. hagni, S.
eocaena and S. corpulenta) and S. senni (a species with a
thick calcite crust), and of less resistant Paleocene-lower
Eocene species (e.g., S. patagonica and S. roesnaesensis)

FIGURE 3. Relative abundance (300–500 specimens counted), absolute abundance (number of specimens/g of dry sediment) and species diversity
of Morozovella, Acarinina and Subbotina for Hole 1209B. Raw data are listed in Appendix 1. A, D and E 5 minimum abundance values of whole
Subbotina, B 5 decrease in abundance of Morozovella, and C 5 decrease in abundance of Morozovella, Acarinina and Subbotina.

TABLE 1. Planktonic foraminifera and calcareous nannofossil biostratigraphic datum levels recorded in the studied section.

Species Datums
Hole 1209B: Core -

section, interval (cm) Depth (rmcd) Nannofossil Zones (base) Foraminiferal Zones (base)

FO Guembelitrioides nuttalli 19H-6, 8–9 191.27 E8
FO Discoaster sublodoensis 20H-3, 146–147 199.81 CP12
FO Acarinina cuneicamerata 20H-5, 78–79 201.13 E7
FO Coccolithus? crassus 20H-6, 18–19 203.03 CP11
LO Morozovella aequa 20H-6, 18–19 203.03 E6
FO Morozovella aragonensis 21H-3, 121–122 210.34 E5
FO Discoaster kuepperi 21H5, 1–2 212.14
FO Discoaster lodoensis 21H5, 61–62 212.74 CP10
FO Sphenolithus radians 21H5, 121–122 213.34
FO Morozovella formosa 21H-6, 131–132 214.94 E4
LO Morozovella velascoensis 22H-1, 7–8 217.21 E3
FO Pseudohastigerina wilcoxensis 22H-1, 120–121 218.34 E2
FO Acarinina sibaiyaensis 22H-1, 133–134 218.47 E1

LO 5 last occurrence.
FO 5 first occurrence.
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with high shell fragmentation values (.40%; Fig. 6a). The
relatively low fragmentation of Subbotina observed at the
top of Zone E8 corresponds to the decrease in number of
specimens of the Paleocene-lower Eocene species.

DISCUSSION

SHELL FRAGMENTATION DATA AND DISSOLUTION

Data collected across the carbonate dissolution interval at
the Paleocene/Eocene boundary demonstrate that the abrupt
and marked increase in absolute abundance of Morozovella
and the decrease of Subbotina observed across the PETM
(Fig. 5) are likely driven by ecological factors, such as
enhanced warming, and are influenced by differential
dissolution. Specifically, the decrease in abundance of
Subbotina close to the lithologic contact at the Paleocene/
Eocene boundary is partly controlled by dissolution. The low
number of fragments parallels the low number of whole
specimens, but the greater number of fragments relative to the
whole shells reveals Subbotina to be the most dissolution
susceptible taxon in the PETM assemblages (Fig. 5, point A),
as pointed out by Petrizzo (2007).

Data collected from the lower Eocene reveal the presence
of four intervals of high shell fragmentation (.35%, Fig. 5,
peaks 1–4) possibly reflecting carbonate dissolution. Peak 2
correlates with the first marked decline of Morozovella
specimens and its replacement by Acarinina (Figs. 2, 3,
point B), and peak 3 coincides with the second decline in
abundance of Morozovella specimens associated with a
slight decline in abundance of both Subbotina and Acarinina
(Figs. 2, 3, point C). These changes in composition are
likely driven by concomitant changes in the physical and
chemical properties of seawater recorded in the lower part
of the Eocene Epoch as a result of global climatic
deterioration (e.g., Zachos and others, 2001). Besides these
intervals of high shell fragmentation, the number of
fragments of Subbotina exceeds the number of whole
specimens in two intervals, whereas shell fragmentation of
the three taxa together is relatively low (20–25%, Fig. 5,
points D and E). This reflects both carbonate dissolution
and changes in assemblage composition. These results
indicate that (1) intervals of carbonate dissolution might
not be unequivocally identified by high shell fragmentation,
and (2) increases in shell fragmentation might depend on

FIGURE 4. Absolute abundance of whole specimens and shell fragments (number of whole specimens and fragments of planktonic foraminifera
per gram), weight of dry bulk sediment, percentage of coarse fraction (.38 mm) by weight for Hole 1209B. Raw data are listed in Appendix 1. The
gray bands at 213.48, 208.54, 202.13 and 195.76 rmcd indicate shell fragmentation with values .35%. Note that high values of shell fragmentation are
not strictly related to changes in coarse fraction percentages and total number of whole foraminifera per gram of dry sediment. See text for
further explanation.
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changes in planktonic foraminiferal composition, but this
can be discerned when fragmentation for various genera is
specified.

SOLUTION-SUSCEPTIBILITY OF MOROZOVELLA, ACARININA

AND SUBBOTINA

Information on the relative susceptibility to dissolution
among Paleogene taxa is obtained by studying the three
different statistical distributions, corresponding to the
percent shell fragmentation for each genus (Fig. 6). The
statistical analysis confirms Subbotina to be the most
dissolution-susceptible taxon in the studied assemblages,
whereas Morozovella and especially Acarinina are less
dissolution-prone. However, an interesting variation in
relative susceptibility to dissolution is observed: in the lower
part of the section Acarinina and Morozovella are both less
susceptible to dissolution and are ranked well after
Subbotina, while in the upper part Subbotina shows values
similar to Morozovella, and Acarinina is still ranked as the
most resistant taxon (Fig. 6). The decrease in shell
fragmentation of Subbotina observed upsection (mean
values from 28% to 23%; Fig. 6c) reflects a change in
assemblage composition with the appearance of more

resistant species of Subbotina (the large-sized S. hagni, S.
eocaena and S. corpulenta and the encrusted S. senni). On
the contrary, the increase in shell fragmentation displayed
by Morozovella (mean values from 20% to 24%; Fig. 6c)
could be in some way linked to the late early Eocene
deterioration and/or modification of the symbiotic partner-
ships with algae causing a negative effect on calcification.
The deterioration is likely one of the principal causes of the
progressive decrease in Morozovella species richness ob-
served in the early Eocene (Fig. 3) and has been invoked as
the cause for extinction of this group in the middle Eocene
(Wade, 2004). It is worth mentioning that Acarinina was
considered a relatively resistant taxon by Violanti and
others (1979) in an earlier study evaluating different
methods of quantitative characterization (carbonate-con-
tent, grain-size and faunal composition) of carbonate-
dissolution facies in Pleistocene-late Eocene pelagic sedi-
ments from the Atlantic Ocean (DSDP Legs 2 and 3).
Statistical results are consistent with experimental dissolu-
tion studies on lowermost Eocene assemblages from
Dababiya, Egypt, showing a higher susceptibility for
Subbotina and relative enrichment of Acarinina and
Morozovella in partially dissolved assemblages (Nguyen
and Speijer, 2008).

FIGURE 5. Shell fragmentation and absolute abundance of whole specimens and shell fragments of Morozovella, Acarinina, and Subbotina for
Hole 1209B. Shell fragmentation is expressed as follows: [sum of fragments/(sum of fragments + sum of whole shells)*100]. Raw data are listed in
Appendix 1. High values of shell fragmentation: point A and gray bands at peak 1 5 213.48 rmcd, peak 2 5 208.54 rmcd, peak 3 5 202.13 rmcd and
peak 4 5 195.76 rmcd. Points AA, D and E indicate the intervals in which the number of fragments of Subbotina exceeds its number of whole
specimens; B 5 decrease in abundance of Morozovella; and C 5 decrease in abundance of Morozovella, Acarinina and Subbotina. See text
for explanation.

DISSOLUTION OF SOME PALEOGENE TAXA 363



COMPARISON WITH MODERN TAXA

The results contradict the study of Boersma and Premoli
Silva (1983) based on depth habitat analogies with the
modern fauna. Most of the extant symbiont-bearing species
(e.g., Globigerinoides ruber, Globigerina falconensis, Orbu-
lina universa) are more prone to dissolution than asymbiotic
taxa (e.g., Globorotalia menardii, Neogloboquadrina duter-
trei, Pulleniatina obliquiloculata; Dittert and others, 1999).
The presence of algal symbionts is always associated with
spinose taxa, but some spinose species can be symbiont
barren (Hemleben and others, 1989). Trophic strategies
inferred for Paleogene taxa were derived from several
studies dealing with the ratios of stable oxygen and carbon
isotopes (Boersma and others, 1979; Shackleton and others,
1985; Boersma and others, 1987; Berggren and Norris,
1997; Quillévéré and Norris, 2003; Dutton and others,
2005). It is well accepted that muricate taxa (Morozovella
and Acarinina) harbored symbionts and thus are considered

to have lived in the surface mixed layer, whereas the spinose
Subbotina was asymbiotic and are believed to have occupied
deep environments of the low-latitude water column
(Pearson and others, 1993; Berggren and Norris, 1997;
Olsson and others, 1999). Therefore, modern spinose taxa
are more dissolution-prone than non-spinose taxa and this
effect is not related to the presence or absence of symbiotic
algae, whereas it seems coupled with the absence of
symbionts in the Paleogene spinose taxa.

Information on the susceptibility to dissolution of
modern species is also derived from the observation that
surface sediments of the tropical to subtropical oceans
contain a disproportionately high number of large tests
when compared to the live fauna (Peeters and others, 1999).
Several studies on extant planktonic foraminifera demon-
strate that dissolution starts in the water column as the
empty shells sink to the sea floor (Schiebel and others,
2007). Specifically, bacteria can assimilate the cytoplasm
and produce a microenvironment in which organic matter

FIGURE 6. (a) Shell fragmentation for Morozovella, Acarinina and Subbotina. Raw data are listed in Appendix 1. The curves interpolating the
data is obtained using a LOWESS method of smoothing. (b) Box-plot diagrams and (c) measures of central tendency and dispersion have been used to
compare the distributions of the three different statistical populations. The box-plot produces a box and whisker (horizontal lines) plot for each
variable (Morozovella, Acarinina and Subbotina). The box has a square in its center marking the median and the right and left end mark the 25% and
75% quartiles. The horizontal lines extend to 1.5 times the box width (interquartile range, IQR). Any data-point which lies more than 1.5 IQR is
considered an outlier. Three times the box width marks the boundary between ‘‘mild’’ (circles) and ‘‘extreme’’ (triangles) outliers (Tukey, 1986).
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PLATE 1
Assemblage views of a–d planktonic foraminifera and e–f calcareous nannofossils: a Zone E7, Sample 20H-4, 127–128 cm; b Zone E5, Sample 21H-2,

31–32 cm; c Zone E1, Sample 22H-1, 124–125 cm; d Zone P5, Sample 22H-1, 148–148 cm; e Zone CP11, Sample 20H-4, 28–29 cm, 1 5 Zygrhablithus
bijugatus, 2 5 Coccolithus pelagicus; f Zone CP10, Sample 20H-6, 108–109 cm, 1 5 Discoaster lodoensis, 2 5 Sphenolithus radians. Shell fragments of
three foraminiferal genera: 1, 2 shell fragments of Morozovella, wall texture not totally muricate, with keel; 3, 4 Acarinina, wall texture totally muricate,
without keel; and 5, 6 Subbotina, cancellate wall texture show thinning and loss of outer and inner surface texture as a result of dissolution.

DISSOLUTION OF SOME PALEOGENE TAXA 365



PLATE 2
1–4 Whole specimens of Morozovella. 5–10 Fragments of Morozovella. 11–14 Whole specimens of Acarinina. 15–16 Fragments of Acarinina. Whole

specimens include intact specimens, specimens with small holes, and those with more than half a test. Fragments are defined as less than half a test.
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PLATE 3
1–2 Whole specimens of Acarinina. 3–6 Fragments of Acarinina. 7, 9–11, 14–16 Whole specimens of Subbotina. 8, 12, 13 Fragments of Subbotina.

Whole specimens include intact specimens, specimens with small holes, and those with more than half a test. Fragments are defined as less than half
a test.
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degradation and decreasing pH favor dissolution within
foraminiferal shells above the chemical lysocline (Milliman
and others, 1999). In addition to the carbonate chemistry of
ambient seawater, dissolution is affected by exposure time,
which depends on the settling velocity of shells. Differences
in size, weight, and presence and absence of spines mainly
control the sinking speed of foraminifera (Bijma and others,
1994). Small spinose species reach the seafloor more slowly
than large non-spinose species, increasing the likelihood
that they are destroyed by predation and dissolution in the
water column. Therefore, the residence time of a certain
species in the water column increases with decreasing test
size (Schiebel, 2002). Considering the morphologies of the
Paleogene planktonic foraminiferal taxa, deep-dweller,
spinose subbotinids (1) appear similar to modern, surface-
dweller Globigerinoides by having a coarsely cancellate wall
texture produced from a well-developed, inter-pore ridge
system (Hemleben and Olsson, 2006) that is likely more
easily affected by dissolution and (2) are generally smaller
in size than Acarinina and Morozovella.

EVIDENCE FOR PALEOENVIRONMENTAL INTERPRETATIONS

In general, changes in faunal composition recorded in
pelagic sequences reflect changes in planktonic foraminif-
eral trophic strategies through time (Schmidt and others,
2004) and are influenced by the intensity of dissolution. For
these reasons, differences in the susceptibility to dissolution
of extinct taxa should be considered to avoid incorrect
paleoclimatic and paleoceanographic reconstructions. Un-
fortunately, taphonomic alteration of quantitative plank-
tonic foraminiferal records is rarely addressed, despite the
fact that various dissolution parameters in addition to
fragmentation can be routinely assessed. The combination
of decreasing planktonic/benthic ratios, low absolute
abundance of planktonic foraminifera and enhanced
numbers of non-calcareous, agglutinated taxa strongly
suggest partial dissolution of the assemblage. This proce-
dure can also be used to discern the effects of dissolution on
the composition of benthic foraminiferal assemblages
(Speijer and Schmitz, 1998).

Early Paleogene paleoclimatic changes are frequently
suggested or supported by changes in planktonic forami-
niferal assemblages dominated by Morozovella, Acarinina
and Subbotina. In particular, the PETM is known for its
high abundance of Acarinina and/or Morozovella and rarity
of Subbotina in many localities (e.g., Arenillas and Molina,
1996; Kelly and others, 1998; Arenillas and others, 1999;
Petrizzo, 2007). Although this may be a genuine signal in
many instances, the results obtained in this study indicate
that such records need taphonomic scrutiny. For instance,
the peak in warm-water morozovellids and the decrease in
cold-water subbotinids observed at the Shatsky Rise are
still in agreement with an increase in sea surface temper-
atures (Zachos and others, 2003), but they also suggest
changes in the trophic structure of the water masses. The
PETM record of Possagno, northern Italy shows a dramatic
decrease of Subbotina from 5 cm below to 20 cm above the
onset of the CIE (Arenillas and others, 1999). This decrease
is coincident with an increase in Acarinina and was
interpreted to reflect the warming event during the PETM.

Although this is likely and would fit data from elsewhere,
the possibility that the signal might have resulted from
taphonomic alteration cannot be excluded. The onset of the
PETM itself consists of a 4-cm-thick, red, dissolution clay
lacking planktonic foraminifera. Since the interval with few
Subbotina tightly brackets the interval with complete
dissolution, it is possible that the faunal pattern is
influenced by dissolution, in addition to a primary
paleoclimatic signal. Without further data on fragmenta-
tion changes at the genus level, this cannot be evaluated.

The upper Paleocene to lower Eocene sequence of the
Forada section in northern Italy (Luciani and others, 2007)
provides independent support against an exclusively paleo-
climatic and paleoecologic control on the foraminiferal
assemblages observed at Possagno. This detailed record
shows a very strong negative correlation between fragmen-
tation and the abundance of Subbotina. Virtually all
samples with a high fragmentation (.50%) show a strong
decrease in the abundance of Subbotina: abundance ranges
from 20–60% in samples with little fragmentation to 0–20%
in samples with values of fragmentation .50% (Luciani
and others, 2007). These data are in line with the
observations made in the present study and indicate that
preferential taphonomic loss of Paleogene planktonic
foraminifera is generally an underestimated problem. In
order to provide more accurate paleoenvironmental recon-
structions, much more attention to possible alteration of
the faunal composition is needed in quantitative foraminif-
eral records, in deep-sea basins as well as in continental
margin settings. Moreover, this approach will presumably
contribute to interpretations of other transient dissolution
events recorded in the early Late Paleocene (Pacific Ocean,
Petrizzo, 2005; Spain, Bernaola and others, 2007) by
evaluating to what extent carbonate dissolution has
influenced the composition of the fossil assemblages.

CONCLUSIONS

This study provides evidence that (1) high shell fragmen-
tation values do not unequivocally correspond to dissolu-
tion levels and vice versa, and that (2) an increase in shell
fragmentation without distinguishing which genus under-
goes fragmentation could overprint and hide the ecological
changes in planktonic foraminiferal composition. The
absolute abundance data of whole specimens and fragments
of the three most common Paleogene genera collected in
intervals affected by significant dissolution and in intervals
lacking distinct dissolution layers consistently record the
same result: the spinose, asymbiotic Subbotina was less
resistant to dissolution than the muricate symbiont-bearing
Morozovella and Acarinina, with the latter ranked as the
most resistant taxon. The detailed patterns of planktonic
foraminiferal shell fragmentation, which distinguishes what
genus undergoes enhanced fragmentation, is very helpful in
understanding the planktonic foraminiferal distributional
patterns associated with extensive episodes of dissolution of
calcareous sediments, such as across the PETM. For
instance, comparison between the faunal changes recorded
in deep-sea and uplifted marine PETM sections marked by
dissolved clay-rich layers and the solution-susceptibility
ranking of taxa reveals a more precise reconstruction of the
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composition of the original assemblages. Further studies on
other continuous deep-sea carbonate sections from sub-
tropical and high latitude locations and on marine sections
uplifted to land will provide more information for
paleoenvironmental reconstructions.
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SLITER, W. V., BÉ, A. W. H., and BERGER, W. H., 1975, Dissolution of
deep-sea carbonates: Journal of Foraminiferal Research Special
Publication No. 13, 159 p.

SPEIJER, R. P., and SCHMITZ, B., 1998, A benthic foraminiferal record
of Paleocene sea level and trophic/redox conditions at Gebel
Aweina, Egypt: Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, v. 137, p. 79–101.

———, SCHMITZ, B., and LUGER, P., 2000, Stratigraphy of late
Paleocene events in the Middle East: implications for low- to
middle-latitude successions and correlations: Journal of the
Geological Society, London, v. 157, p. 37–47.
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APPENDIX 1

Relative abundance (300–500 specimens counted), absolute abun-
dance (number of whole specimens/g of dry sediment) for each genus,
absolute abundance of fragments (number of shell fragments/g of dry
sediment) for each genus, percentage of shell fragmentation for

Morozovella, Acarinina and Subbotina, species diversity, weight of dry

bulk sediment, and percentage of coarse fraction (.38 mm) for Hole

1209B. The table can be found on the Cushman Foundation website in

the JFR Article Data Repository (http://www.cushmanfoundation.org/

jfr/index.html) as item number JFR-DR200807.
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