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Abstract. Qualitative grading scales are often used to assess the preservation of sediments and biogenic car-
bonates such as calcareous nannofossils and foraminifera. However, such qualitative indices often conflate the
process of dissolution and secondary diagenetic overgrowth, which have different consequences for the analy-
sis of geochemical signals from the primary biogenic calcification environment. Therefore, direct indicators of
carbonate microfossil preservation relevant to the geochemical signal are needed. In this study, we assess the
morphology of discoasters and placolith-shaped calcareous nannofossil groups from early Eocene (54-50 Ma)
sediments using circular polarised light techniques to quantify their thickness and shape factor (thickness for a
given size) and assess if these parameters covary with the depositional environment, including carbonate content,
palaecowater, and burial depth. We find that the median shape factor of the Discoaster multiradiatus group varies
considerably among different sites, with a thicker D. multiradiatus group and a greater proportion of birefrin-
gent specimens with increasing sediment carbonate content. We interpret these trends as indicative of increasing
secondary overgrowth on the discoasters in sediments of higher carbonate content. In contrast, placolith shape
factors are not correlated to the carbonate content, but rather placolith thickness decreases with greater palae-
owater depths across the selected settings. We infer that the thickness of Eocene placoliths is driven more by
dissolution than overgrowth. We find that across the globally distributed sediment locations, the nannolith to
placolith ratio is not a good indicator of dissolution intensity, and we suggest that the ratio of non-birefringent to
birefringent D. multiradiatus groups may serve as a more effective proxy for assessing placolith overgrowth.

1 Introduction et al., 2004; Dedert et al., 2014; Pige et al., 2023). Both over-

growth and reprecipitation and dissolution processes lead

The term preservation is often used to describe the car-
bonate fraction from ocean sediments through a qualitative
“bad to excellent” or “0-3" scaling to assess its useful-
ness for geochemical analysis (Roth and Thierstein, 1972;
Thierstein and Roth, 1991) and also to infer the reliabil-
ity of assemblage-based palacoenvironmental interpretations
(Gibbs et al., 2004; Pige et al., 2023). Yet, these routine clas-
sifications may be limited by the different qualitative grad-
ing criteria between researchers, and their relevance for alter-
ation of geochemical signals may differ due to the array of di-
agenetic processes and type of indices (Mattioli, 1997; Gibbs

to poor preservation and can affect the sediment at differ-
ent stages of its depositional and diagenetic history but with
contrasting impacts on geochemistry. Due to differing sol-
ubility of various biogenic carbonate types, some fractions
of a biogenic carbonate or population of biogenic carbon-
ate particles may experience preferential dissolution, while
others may experience overgrowth. For example, in some
species of foraminifera, dissolution reduces the Mg / Ca ra-
tio, but overgrowth by secondary carbonate may increase
the Mg / Ca ratio (Brown and FElderfield, 1996). For other
biominerals with a more homogeneous composition, dissolu-
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tion may have negligible effects on the measured chemistry,
but overgrowth may have significant consequences (Stewart
et al., 2004; Pearson and Burgess, 2008). Consequently, to
assess the fidelity of carbonate geochemical records as in-
dicators of the primary biomineral composition, it is impor-
tant to develop clearer classifications beyond “poor preser-
vation”, detailing if there is significant overgrowth or signif-
icant dissolution but not conflating the two processes in the
classification.

Calcareous nannofossils are increasingly used for geo-
chemical analysis, including trace elements, stable isotopes,
and clumped isotopes (Rickaby et al., 2010; Claxton et al.,
2022; Clark et al., 2025a). Previous studies indicate that the
different crystal sizes may cause some specimens or groups
to be more susceptible to overgrowth than others, for exam-
ple discoasters overgrow earlier than placoliths (Adelseck et
al., 1973; Young and Ziveri, 2000). Discoaster are a genus
of calcitic nannoliths of unknown affinity and have distinct
rosette or star-shaped rays. The different factors determin-
ing whether overgrowth has occurred are not yet fully un-
derstood. Empirically, in foraminifera, low carbonate con-
tent (% CaCO3) of the sediment is inferred to promote better
preservation of primary calcite with less overgrowth present
(Pearson and Burgess, 2008; Stassen et al., 2015).

In nannofossils, studies across different time intervals
found that sediments deposited under greater bottom water
saturation states and higher % CaCOj3 featured more pro-
nounced overgrowth on discoasters compared to sediments
deposited during a more intense dissolution phase (Matti-
oli, 1997; Dedert et al., 2014; Vigano et al., 2023). Yet,
burial depth and palacowater depth can also play a role. At
greater water depths, the deposition and preservation of car-
bonate are controlled by the lysocline and calcite compensa-
tion depth, which varies spatially and temporally, and sig-
nificant dissolution can occur with very limited change in
9% CaCOs if the non-carbonate particle flux is low (Zeebe
and Tyrrell, 2019). Within the sediment, hydrothermal activ-
ity, such as elevated temperatures, can also induce placolith
overgrowth (Su et al., 2000). Other pore water redox reac-
tions, such as the formation of methane and phosphates in-
duced by degradation of organic matter, can cause dissolu-
tion at low pH levels and low alkalinity and/or overgrowth at
high pH, alkalinity, and carbonate saturation levels (Turchyn
et al., 2021).

In this study, we apply circular polarised light techniques
(Fuertes et al., 2014; Gonzélez-Lemos et al., 2018) to quan-
tify the thickness of discoasters and placolith specimens of
early Eocene age and compare the thicknesses across sites
of varying carbonate content and palacowater and burial
depths. As opposed to cross-polarised light, circular po-
larised light (cpl) allows for observation of calcareous nan-
nofossils under a microscope without (pseudo-)extinction or
differences in colour brightness, shape, and appearance at
any orientation (Fuertes et al., 2014). Only calcite crystals
with a ¢ axis orientated at an angle to the polarisation direc-
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tion are visible in this technique, i.e. all calcite crystal orien-
tations except vertically oriented calcite crystals (V unit). We
use this relatively new screening technique in combination
with known microscopy techniques, i.e. non-polarised light
and scanning electron microscopy, to quantitatively assess
the thicknesses of both discoasters and placoliths. Specifi-
cally, we determine the full thickness of Isochrysidales pla-
coliths (composed of radially oriented calcite crystals (R
unit)), the thickness of R units of Coccolithaceae placoliths,
and the thickness of radially oriented secondary calcite of
discoasters. While evolutionary factors have been described
as causing long-term changes to the primary thickness and
shape factors of coccoliths (Bolton et al., 2016), studies using
plankton tow or shallow sediment trap material are needed
to assess potential drivers of the variation in the primary
thickness and shape factors of modern coccoliths across sur-
face ocean environmental gradients. Many studies to date
have examined coccolith mass, which is a strong function
of coccolith length (Young and Ziveri, 2000; Beaufort et al.,
2007, 2021; Fuertes et al., 2014), yet it has not been resolved
whether there are strong controls on the primary thickness
of placoliths. Since discoasters have been extinct since the
Pliocene, it is not possible to examine potential drivers of pri-
mary Discoaster thickness. The crystallographic orientation
of their calcite crystals could serve as one indicator of pri-
mary vs. secondary calcite contributions to their thickness.
Here, we focus on the observed variation in thickness in dis-
coasters and placoliths, which may contain some component
of variation in primary thickness (especially for placoliths),
as well as variations due to secondary reduction in thickness
by dissolution or increases in thickness through overgrowth.
We consider the calcareous nannofossils from the shallow
clay-rich setting at Bass River, New Jersey, USA, as a ref-
erence of excellent preservation due to the high sedimenta-
tion rate, low % CaCOs, and high clay contents (Stassen et
al., 2015), with little secondary influence of thinning due to
dissolution and thickening due to overgrowth. The effect of
different palacowater depths, burial depths, and depositional
environments (i.e. % CaCO3) on the placolith and discoaster
thicknesses can then be evaluated through comparison of dif-
ferent samples from a similar age. We identify whether there
is a difference between the influences of the different depo-
sitional parameters on placolith and discoaster thicknesses,
whether placolith or discoaster thicknesses can be used as
a quantitative estimation of overgrowth, and whether they
could hence provide a good preservation indicator of future
geochemical studies using fine-size fractions.

2 Methods

2.1 Site selection and sample preparation

Fifteen different sites were selected from various cores
from the Deep Sea Drilling Project (DSDP), Ocean Drilling
Program (ODP), and International Ocean Discovery Pro-
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Figure 1. Palaeogeographic map following Scotese (2016), showing the spatial distribution of the sites used in this study. Palaeolongitude
and palaeolatitude reconstructed using the pyGplates Python package (Zahirovic et al., 2022; Mather et al., 2023).

gram (IODP) from a range of different ocean basins and cov-
ering a range of carbonate contents and depths (Fig. 1; Sup-
plement). Characterisation of group-specific thickness vari-
ability over time is not the goal of this study, and we focus
on a limited time window, rather than evaluating temporal
change. We selected samples from around the same time dur-
ing the early Eocene Climatic Optimum (~ 54-50Ma) us-
ing existing age models and stratigraphy (Pak and Miller,
1995; Arney and Wise, 2003; Schneider et al., 2011; Sham-
rock et al., 2012; Kirtland Turner et al., 2014; Westerhold
et al., 2018). Burial depths were taken as metres below sea
floor (m b.s.f.) or metre composite depth (m c.d.), as provided
by core repositories and shipboard reports, and palacowater
depth was approximated from previous studies (Kennett et
al., 1975; Zachos and Arthur, 1986; Kennett and Stott, 1990;
Siesser and Bralower, 1992; Widmark and Malmgren, 1992;
Bralower et al., 1995; Pak and Miller, 1995; Paul et al., 2000;
Takeda and Kaiho, 2007; D haenens et al., 2012; Nomura et
al., 2013; Arreguin-Rodriguez et al., 2018). A sample from
the Bass River core, located ~ 80 kyr after the Carbon Iso-
tope Excursion of the PETM within biozone NP10a, was
examined and considered a reference for “well-preserved”,
clay-rich, and low-carbonate-content conditions (Stassen et
al., 2015).

Smear slides were prepared in a manner similar to that of
Flores and Sierro (1997). About 0.2 g of bulk sample mate-
rial was disaggregated in 20 mL of buffer solution (500 mL
Milli-Q, 0.075 g NayCOs, 0.1 g NaHCO3) using a custom-
built vertical wheel rotating at 60 rpm. The solution is car-
bonate saturated and should therefore not induce calcitic dis-
solution or overgrowth in the sample. Hereafter, an aliquot
of 10-20uL of disaggregated sample was pipetted into a
small slide distributor containing buffer solution with gela-
tine (Gelatina Oro) and a small 12 x 12 mm coverslip. Af-
ter settling overnight, the remaining buffer solution was re-
moved using a paper towel, and the coverslip was dried on a
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hotplate and mounted onto a glass slide using Norland opti-
cal adhesive (NOA) 81.

The smear slides were analysed using a Zeiss Axio-
cam 506 colour camera coupled to a Zeiss AxioScope A.1l
microscope with a Zeiss plan-apochromat 100x/1.4 oil cir-
cular polarised light objective at ETH Ziirich. Between 20
and 40 fields of view were photographed to obtain images of
at least 20 individual Discoaster specimens per sample, al-
though this number was not achieved in several high-latitude
sites (Fig. 5; Supplement). Placolith specimens were more
abundant in sediments, with over 100 individual specimens
per sample for most sites. Images were taken in cpl and non-
polarised light to also quantify the number of discoasters de-
tected only in non-polarised light relative to those detected
in both polarised and non-polarised light. The same fields of
view in both non-polarised light and cpl for eight different
sites are shown in Fig. 2, with arrows highlighting the posi-
tion of discoasters.

All samples were also imaged using a JSM-7100F JEOL
scanning electron microscope (SEM) at ScopeM, ETH
Ziirich. A total of 50-100 ug of material was filtered onto a
0.2 um PEP filter and mounted onto an SEM stub. The stubs
were coated with 4 nm of Pt—Pd and then imaged. Discoasters
with various stages of preservation are seen in Fig. 3, and pla-
coliths for every site are shown in the Appendix (Figs. Al-
A3).

2.2 Image processing

The sample images were processed to obtain quantitative
calcareous nannofossil morphometric parameters using the
MATLAB-based C-Calcita software (Fuertes et al., 2014).
In combination with the MATLAB-based C-Calcita pro-
gramme, the size, mass, and thickness of calcareous nanno-
fossils can be quantified through calibration of visible inter-
ference colours with a reference wedge of known thickness
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Figure 2. Non-polarised (a, c, e, g, i, k, m, 0) and circular polarised (b, d, f, h, j, 1, n, p) light images. The same discoasters are highlighted
with a white arrow on both non-polarised and circular polarised images. Discoasters visible under non-polarised light but not visible under
circular polarised light are considered not overgrown (i.e. a—d). Discoasters visible under both are considered overgrown (i.e. i, j, m—p).
The samples are from Bass River (a, b), site 401 (c, d), site 277 (e, ), site 527 (g, h), site 1257 (i, j), site 883 (k, 1), site 577 (m, n), and

site 762 (o, p). The scale bar is 10 um.

(Gonzalez-Lemos et al., 2018). During every imaging ses-
sion, a reference image was taken of an Iceland calcite spar
with known thickness, which allows the software to assign
thickness values per pixel based on the respective interfer-
ence colours of the sample image in RGB values. The reso-
lution was taken as 1 pixel per 0.045 um. The user then sets a
minimum RGB thickness threshold, here 5 pixels (0.225 um),
with which the software detects and selects all values in the
image above this threshold. Individual calcareous nannofos-
sils are then imaged and isolated, with automatic parame-
ter generation for each individual image whose thickness is
above the threshold. Manual selection was also performed to
isolate small or uncaptured calcareous nannofossils using the
automatic software settings. Non-discoaster nannoliths and
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other fine detrital or authigenic material were manually re-
moved from the selection and images.

While exact taxonomic identification is not the purpose of
this study and we aim to apply this technique to all discoast-
ers, we do not distinguish between discoasters on a species
level. Instead, we follow the common informal grouping of
Discoaster (Bown, 1999; Young et al., 2025) — the somewhat
smaller, rosette-like D. multiradiatus group and the larger,
star-like D. lodoensis group, here named Dm and DI respec-
tively. Discoasters consist of relatively large V-unit crystals,
which are normally not visible under cross-polarised light.
However, calcite overgrowth allows them to be visible, with
more overgrowth resulting in higher interference colours.
Thus, the discoasters we image here are directly indicative of
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Figure 3. SEM images showing varying degrees of discoaster preservation. Panels (a, b, d—g, k, n—p) show the D. lodoensis group, and
(¢, h—j, 1, m) show the D. multiradiatus group. Panels (b, e, g—i, k, m, n) show little to no discoaster overgrowth, and (a, ¢, d, f, j, 1, 0, p) show
discoaster overgrowth. The samples are from Bass River (a, b), site 401 (¢, d), site 277 (e, ), site 527 (g, h), site 1257 (i, j), site 883 (k, 1),

site 577 (m, n), and site 762 (o, p). The scale bar is 1 um.

their overgrowth. We compare the frequency of discoasters
visible under non-polarised light and cpl as an additional in-
dex, hereafter described as the non-overgrown to overgrown
discoaster ratio.

Placoliths were differentiated based on circular polarised
light micrographs, following classic taxonomic descrip-
tions (Bown, 1999; Young et al., 2025), and classified into
two major groups: Isochrysidales and Coccolithaceae. The
Isochrysidales group is predominantly composed of speci-
mens assigned to the genus Toweius spp., generally circu-
lar in shape, and is predominantly composed of R-unit crys-
tals. The Coccolithaceae group primarily includes specimens
of Coccolithus and Chiasmolithus spp., both characterised
by a high degree of ellipticity of placoliths, and consists
of a combination of R- and V-crystal units. As such, we
report thicknesses on Coccolithaceae that reflect the thick-
ness of the shield with a dominance of R units but not the
full calcite thickness. When group-level identification un-
der circular polarisation was not possible, since certain key
taxonomic features are only visible under crossed polaris-
ers, a simplified criterion based on general shape (circular
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vs. elliptical) was applied to tentatively differentiate between
Isochrysidales indet and Coccolithaceae indet. Other nan-
nofossil specimens belonging to Zygodiscaceae and Heli-
cosphaeraceae were also identified and grouped accordingly;
however, their abundance in the samples was minor.

2.3 Shape factor

Because discoasters can vary greatly in size and thickness
scales allometrically with size, even small changes in size
can lead to significant differences in thickness. Therefore, the
shape factor, or thickness for a given size, was used (Young
and Ziveri, 2000). Since we assume circularity for discoast-
ers (Bukry, 1971a), Eq. (1) defines the shape factor for circu-
lar objects (ks), as illustrated in Fig. 4a:

volume

=—7. 1
) length? o

For placoliths, which are predominantly non-circular and
more elliptical (Young and Ziveri, 2000), we use a shape fac-
tor for elliptical objects (kse), as illustrated in Fig. 4b. This

J. Micropalaeontology, 44, 673—692, 2025
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a

Figure 4. Visual illustrations of the calculations for (a) kg for dis-
coasters as the size filling a volume of equal sides with length / and
(b) kse for placoliths as the size filling a spheroid of short axis w
and long axis /.

gives a measure independent of circularity of the shape fac-
tor, following Eq. (2):

volume
ke = —————. 2)
4 length ( width
3 2 2

For kg, the maximum value is 1, which fills the whole cube
(Fig. 4a). For kg, since placoliths encompass the upper half
of the spheroid, the maximum value is 0.5 (Fig. 4b). In order
to identify potential linear correlations and trends between
two different parameters, Pearson correlation coefficients (p)
are used and generated using the built-in data analysis plugin
from Excel. Weak correlations are given here as p < 40.40,
strong correlations are p > +0.80, and moderate correlations
are between these two thresholds. Significance is given by a
p value < 0.05. For all statistical comparisons, the median
value and standard deviation for each site are used.

2.4 Sedimentary % CaCO3 determination

To measure the % CaCOj in the studied sediments, an aliquot
of ~ 800 pg of disaggregated sediment was acidified through
reaction with 2mL of 2% HNOj3 and centrifuged, and the
supernatant was analysed on an Agilent 8800 QQQ-ICP—
MS at ETH Ziirich. To determine the sedimentary % CaCOs3,
a blank standard and three in-house standards with varying
Ca concentrations were also measured and used for calibra-
tion. It was assumed that all measured calcium was derived
from carbonate, and thus the % CaCOs3 could be calculated,
with a total range of 15 % to 100 % (Supplement).

3 Results

3.1 Discoaster morphometrics

In total, 470 individual discoasters were imaged and pro-
cessed across the entire sample set; morphometric parame-
ters are shown in Fig. 5 and Table 1. For the Dm group, the
lowest ks median values are recorded at site 356 and Bass
River (0.014 and 0.026) and the highest values at sites 277
and 527 (0.052 and 0.051). Site 356 and Bass River also
have the lowest spread/standard deviation (0.008 and 0.009
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respectively), while the largest spread is from sites 527
and 1051A (0.024 and 0.029 respectively). For the DI group,
> 10 specimens were counted in only three sites; as such, in
Fig. 5 these are shown as violin plots, while the other sites are
shown as median and standard deviation. These > 10 spec-
imen sites had kg values in the 0.03 to 0.05 range, and fur-
ther statistics are not discussed for this group. Markedly,
for the Dm group, there is a significant negative correlation
between kg and length (p = —0.85, p < 0.05); i.e. a longer
length results in a lower k. A greater spread/standard devi-
ation in length does not cause a greater spread in kg for the
Dm group (p = 0.11, p = 0.70; Fig. 5b). Overall, our imaged
discoasters are slightly smaller than previously imaged Pale-
ogene specimens from the same discoaster groups (Bukry,
1971a; Tremolada et al., 2008), potentially due to our imag-
ing technique not fully capturing the entire discoaster.

For the Dm group there is a significant positive correlation
between ks and % CaCO3. Both palaeowater and burial depth
have weak correlations with discoaster k5. The Dm group has
a generally unimodal distribution for & for all sites (Fig. 5a),
and, except for sites 762C, 865B, and 527, which have a bi-
modal or skewed distribution, the same holds for the length
(Fig. 5b). The median length has a moderate negative correla-
tion with % CaCOs, and the standard deviation of the length
has a similar moderate negative correlation with the burial
depth (Table 1).

3.2 Placolith morphometrics

In total, 2480 individual placoliths were imaged and pro-
cessed, of which 1347 were identified as either Isochrysi-
dales or Coccolithaceae. A total of 30 placoliths were placed
into Zygodiscaceae, and only 7 from three different sites
were categorised as Helicosphaera. Additionally, 325 and
486 placoliths were identified as having circular or ellipti-
cal features respectively, but no further identification was
possible, and they were classified as Isochrysidales indet
and Coccolithaceae indet. Only Isochrysidales and Coccol-
ithaceae are examined in detail. The general placolith mor-
phometric parameters are shown in Fig. 6, and correlations to
depositional environment parameters are shown in Table 1.
Since there is a significant positive correlation of kg to kge
(p =0.78, p < 0.05), indicative of the effects of circularity
on the kg value, only kg is used for the placoliths as this
is independent of variations in circularity (Eq. 2; Fig. 1).
Apart from site 929E, the Coccolithaceae are overall larger
and have a higher spread/standard deviation in length per
site (Fig. 6b), yet the median kg is nearly identical to the
Isochrysidales median kg (Fig. 6a).

There is a significant positive correlation between the me-
dian lengths of the Isochrysidales and Coccolithaceae groups
(p =0.51, p =0.04), which both separately have a signif-
icant positive correlation to palaecowater depth (Table 1).
While the median ks has a weak positive correlation, the
standard deviation of the Isochrysidales ks has a moderate
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Table 1. Correlation table between three depositional environment parameters (% CaCO3, palacowater depth, and burial depth) and the
median and standard deviation of the discoaster ks, placolith kge, and discoaster and placolith lengths for each site. Only the D. multiradia-
tus group is shown due to a limited number of specimens for the D. lodoensis group. The placoliths are grouped into Isochrysidales and

Coccolithaceae. Significant correlations are marked as bold.

Groups % CaCO3 Palacowater Burial
depth  depth

D. multiradiatus  Median kg 0.56 0.21 0.09
Standard deviation kg 0.30 0.23 0.04

Median length —0.49 —-0.04 —-0.28

Standard deviation length 0.04 -0.21 —-0.46

Isochrysidales Median kge 0.20 —0.48 0.02
Standard deviation kge 0.51 0.09 -0.16

Median length 0.00 0.52 0.19

Standard deviation length -0.12 0.31 0.38

Coccolithaceae Median kge 0.36 —-0.32 0.13
Standard deviation kge 0.20 -0.51 -0.36

Median length —0.14 0.51 0.08

Standard deviation length 0.23 027 —0.40

positive correlation with % CaCOs. Further, the Isochrysi-
dales median ks has a moderate negative correlation to the
palaecowater depth but has no other correlations between kg
and the length to the other depositional environment parame-
ters. The Coccolithaceae only have a moderate negative cor-
relation between the spread/standard deviation of the length
and the burial depth and a significant negative correlation
between the spread/standard deviation of kg and the palae-
owater depth. Both groups have generally unimodally dis-
tributed kge values and lengths for all sites except for a bi-
modal or skewed distribution for sites 277 and 929E (Fig. 6).

With placoliths, there is potential for a bias towards clearly
identifiable specimens and thus potentially less overgrown or
dissolved placoliths. Therefore, we also expand the classified
population to include the less easily identifiable specimens
(indet), with those having circular or elliptical features as-
signed to Isochrysidales and Coccolithaceae respectively. For
the Coccolithaceae including the indet, the median length,
width, and thickness become smaller, yet kg is almost iden-
tical (Table 2), a result of including smaller and less easily
identifiable specimens, but there is still a representative sam-
ple pool for placolith thickness assessment. The morphome-
tric data for the Isochrysidales indet are similar to those for
the Isochrysidales (Table 2).

The median kg of both placolith groups is generally un-
affected by the % CaCOs3 and burial depth, but both groups’
median ks has a moderate negative correlation with palae-
owater depth (Fig. 7; Table 3).

https://doi.org/10.5194/jm-44-673-2025

4 Discussion

4.1 Overgrowth as a mechanism for variations in
Discoaster multiradiatus kg

The Bass River site has qualitatively been described as hav-
ing excellent preservation during our approximate time in-
terval for both placoliths and foraminifera due to its high
clay content (Stassen et al., 2015). Our finding that the Bass
River Dm group median kg is the second lowest compared
to all other sites (Fig. 5a) may be interpreted as discoast-
ers at this site retaining a low primary ks value with limited
thickening due to sedimentary diagenetic overgrowth. This
conclusion is supported by this site having the highest ratio
of “non-overgrown” (non-birefringent and not visible under
cpl) to “overgrown” (birefringent and visible under cpl) dis-
coasters (Fig. 8). Overall, the median ks of the Dm group
has a moderate negative correlation with the non-overgrown
to overgrown discoaster ratio (p = —0.48, p = 0.06; Fig. 8),
confirming that overgrowth is a main driver of thickness in
the Dm group. The median Dm group kg at five other sites
(sites 356, 577, 1051A, 1209A_21H, 1257A) is within 1
standard deviation of Bass River, which may indicate that
these sites have similar preservation and a lack of overgrowth
(Fig. 5a). A site featuring a thinner Dm group ks than Bass
River may indicate greater dissolution or a lower degree of
primary biomineralisation (Dedert et al., 2014). At six sites
(sites 277, 401, 527, 762C, 865B, 883B), the Dm group me-
dian kg is > 50 % higher than that at the Bass River site,
accompanied by a greater proportion of overgrown to non-
overgrown discoasters, suggesting that at these sites a signif-
icant fraction of the discoaster calcite may have been formed
as secondary overgrowths. This high fraction of secondary
overgrowth would impact geochemical measurements on dis-
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Table 2. Discoaster and placolith morphometric data as median and standard deviation using specimens from all sites. Both placolith groups
have a column with and without indet specimens.

Discoaster Placolith
D. multiradiatus  D. lodoensis Isochrysidales  Isochrysidales Coccolithaceae  Coccolithaceae
with indet with indet
Sample size 415 65 947 1272 400 886
Median length (um) 8.14+3.42 13.31+3.86 5.69+1.78 5.65+1.70 7.69£2.43 6.25+2.31
Median width (um) 6.71£2.90 11.12+3.72 4.62+1.55 4.53+1.47 6.07 £2.04 483+1.92
Median thickness (um) 0.46+0.20 0.49+0.19 0.46£0.15 0.43+0.15 0.56+£0.18 0.48+0.17
Median kg or kge 0.037+0.019 0.020+0.10 0.14+0.04 0.13£0.05 0.13+0.04 0.14 £0.05
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Figure 7. Median shape factor of each placolith, including indet specimens, and discoaster group against (a) CaCO3 concentration measured
in percent, (b) palacowater depth measured in metres, and (c) burial depth measured in metres. The Isochrysidales placolith group are pink
circles, the Coccolithaceae placolith group are blue circles, the Dm group are green diamonds, and the D1 group are brown diamonds. Linear
fits follow the same colour scheme. The values for the Bass River site are indicated as a star, following the same colour scheme.
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Figure 8. Placolith and discoaster shape factor against the ratio of non-overgrown to overgrown discoasters. The colour and shape scheme

is the same as in Fig. 7.

Table 3. Correlation table between three depositional environment
parameters (% CaCOg3, palacowater depth, burial depth) and the me-
dian and standard deviation of the placolith kge including indet spec-
imens. Significant correlations are marked as bold.

% CaCO3  Palacowater  Burial

depth  depth

Isochrysidales Median kge —0.04 -0.60 0.24

with indet SD kge 0.58 0.04 —0.25
Coccol kge 0.26 —0.43 0.11

with indet SD kge 0.03 —-0.37 -0.26

coasters. The significant positive correlation for the Dm me-
dian kg with the % CaCOs at all sites (p = 0.56; p = 0.02)
indicates that overgrowth is more significant in conditions
where % CaCOgs is high (Table 1; Fig. 7a).

4.2 Dissolution contributes to thickness variations in
early Eocene placoliths

Unlike for the D. multiradiatus group, the placolith kg at
Bass River is generally above most other sites and above the
median of all sites (Fig. 6a). Yet, the placolith length for both
Isochrysidales and Coccolithaceae at Bass River is below the
median of all sites, indicating that size is not the cause of
the high placolith ks.. We interpret the placolith kg at the
well-preserved Bass River setting as indicative of primary
biomineral thickness and regard the reduced placolith thick-
ness and kg at other sites in this study as a result of sec-
ondary dissolution. The most significant correlation between

https://doi.org/10.5194/jm-44-673-2025

the placolith k¢ and the depositional environment parame-
ters is the decrease in kg with increasing water depth, sug-
gesting that dissolution is more prevalent than overgrowth
and increases with increasing palacowater depth, either at
the water—sediment interface while sinking through the wa-
ter column or in the euphotic zone (Milliman et al., 1999;
Beaufort et al., 2007; Langer et al., 2007; Sulpis et al., 2021;
Dean et al., 2024). There is an apparent decrease in Isochrysi-
dales kg at Eocene settings at a palaeowater depth of around
2 km; however this is most likely not linked to dissolution
due to the calcite compensation depth as it is shallower than
the reconstructed calcite compensation depths of 3—4 km for
the early Eocene (Pilike et al., 2012; Slotnick et al., 2015;
Greene et al., 2019) and the reconstructed placolith disso-
lution depth of ~4km for extratropical, lower Eocene to
Miocene placoliths (Burns, 1975). We acknowledge that our
imaged Coccolithaceae most likely underestimate the over-
all thickness and kg as we do not image the non-birefringent
V-unit crystals. Despite this, the similar behaviour of both
placolith groups with regard to the depositional environment
parameters (Table 3; Fig. 7) and the known dissolution re-
sistance and higher estimated primary biomineral thickness
of modern Coccolithaceae relative to Isochrysidales further
suggest that dissolution is the cause of reduced placolith kg
(Adelseck et al., 1973; Roth and Berger, 1975; Young and
Ziveri, 2000).

The significant positive correlation of % CaCO3 with
Isochrysidales kge standard deviation indicates higher vari-
ability in Isochrysidales thickness with more sedimentary
carbonate content (Table 3). A previous study on Oligocene
and Miocene coccoliths also found a higher median k. and
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Figure 9. Median length in um against shape factor (kse) for both
Isochrysidales and Coccolithaceae including indet specimens, fol-
lowing the same colour and symbol scheme of Fig. 7.

variability with an increase in % CaCOs, although this was
only moderate due to their limited range in % CaCOs3 (Gui-
tidn et al., 2020, 2022). Furthermore, the moderate negative
correlation between the median length and kg of both pla-
colith groups agrees with a dissolution experiment of pla-
coliths from surface sediments over a wide range of depths
and values of deep calcite saturations (Gerotto et al., 2023),
where smaller placoliths were preferentially dissolved in
more dissolution-prone settings and consequently increased
the median length but decreased kg (Fig. 9). Thus, our data
suggest that % CaCOs3 does not lead to a direct indication
of overgrowth in coccoliths but can indicate higher variabil-
ity and hence more variable preservation potential within
a sample. In surface sediment transects across dissolution
gradients, the Isochrysidales ks was found to be reduced
by ~ 40 %-50 % in higher-dissolution settings (D’Onofrio
et al., 2016; Gerotto et al., 2023; Pige et al., 2023). Tak-
ing the Bass River median k. as the primary Isochrysidales
thickness, our Isochrysidales k. from the Eocene falls well
within this range, with sites 356 and 527 both showing the
highest reduction in Isochrysidales kg of 43 % relative to
the Bass River site. Sites 577 and 1331 show a reduction in
Isochrysidales kg of 38 %, while the other sites show reduc-
tions <25 %.

The nannolith to placolith ratio has been suggested as an-
other potential indicator of dissolution because many nan-
noliths are suspected to be more dissolution resistant than
placoliths (Gibbs et al., 2004; Guitidn et al., 2022). In our
dataset, there are weak correlations between the nannolith to
placolith ratio and the kg or kg of discoasters and placol-
iths (Fig. 10). However, the relative abundance of discoast-
ers and sphenoliths is also proposed to depend on ecological
factors, with the genus Discoaster suggested to be associated
with warm and oligotrophic conditions (Aubry, 1992). Con-
sequently, discoasters and/or sphenoliths are less abundant
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at higher latitudes. Indeed, the lowest nannolith/placolith ra-
tio is at 690B, a high-latitude site with a total of only nine
discoasters and one sphenolith. Yet, the nannolith/placolith
ratio is the second lowest for the equatorial site of 1257A,
with a total of 27 discoasters and 1 sphenolith. Further, while
the “well-preserved” Bass River site is on the lower side of
the nannolith/placolith ratio, this could be due to either the
high productivity at the coastal site or the slight dissolution of
smaller placoliths, as discussed above. We suggest that, due
to the mixture of ecological and dissolution influence, this
ratio is not suitable for detecting the dissolution intensity to
which placoliths were subjected.

Both placolith groups have ks values that are compara-
ble to or lower than those of Bass River, which may suggest
that limited overall diagenetic overgrowth affected the pla-
coliths. This interpretation is supported by the weak negative
correlations between kg and preservation of discoasters, as
assessed by the non-overgrown to overgrown discoaster ratio
(p =—0.20 and —0.27 and p = 0.46 and 0.32 for Isochrysi-
dales and Coccolithaceae respectively; Fig. 8).

4.3 Processes contributing to contrasting responses of
discoasters and placoliths to sedimentary
diagenesis

The propensity for overgrowth or dissolution in calcareous
nannofossils has been linked to crystal size, nannofossil mor-
phology, and crystal orientation, as well as to the presence
of an organic coating (Bukry, 1971b; Adelseck et al., 1973;
Henriksen et al., 2004; Hassenkam et al., 2011; Dedert et
al., 2014; Sand et al., 2014). In general, following the Ost-
wald ripening process, larger crystals have lower surface free
energies than smaller crystals, are thus energetically more
favourable in solutions near equilibrium, and will grow at the
expense of smaller crystals (Madras and McCoy, 2002). Gen-
erally, at diagenetically affected settings, Discoasters would
thus preferentially have overgrowth, while placoliths would
preferentially dissolve (Adelseck et al., 1973).

Besides crystal size, the crystallographic orientation of the
crystal planes relative to the ¢ axis has also been suggested
to aid in the dissolution resistance of a crystal. Crystal planes
perpendicular to the ¢ axis are more dissolution resistant,
while crystals with planes parallel to the ¢ axis are less dis-
solution resistant (Bain, 1941; Bukry, 1971b; Adelseck et
al., 1973). As such, the central units of placoliths such as
Coccolithaceae (formed by R units) are preferentially dis-
solved, while the distal shield is more resistant (formed by
V units; Young et al., 1999). Potentially, it can also be re-
lated to the V-unit crystallographic orientation, as discoasters
and the distal shields of Coccolithaceae are usually dominant
in dissolution-prone settings, resulting in strongly dissolved
nannofossil assemblage (Bukry, 1971b; Roth and Berger,
1975). Additionally, the organic coating covering placol-
iths further inhibits the nucleation of other calcite particles
and can also protect the placolith from dissolution (Bukry,
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Figure 10. Placolith and discoaster shape factor against (a) the nannolith to placolith ratio and (b) the ratio of non-overgrown to overgrown

discoasters. The colour and shape scheme is the same as in Fig. 7.

1971b; Hassenkam et al., 2011; Sand et al., 2014). If dis-
solution occurs, it is mainly along the placolith sutures and
edges (Adelseck et al., 1973; Honjo, 1975; Henriksen et al.,
2004). This has also been observed for placoliths from Creta-
ceous chalk, with a dominantly small size fraction indicative
of fragmentation relative to authigenic precipitation (Has-
senkam et al., 2011; Sand et al., 2014).

Increased exposure of sediment to seawater through low
sedimentation rates would likely amplify any of the above-
mentioned diagenetic effects. Yet, while the sedimentation
rate has a weak positive correlation with the placolith me-
dian kg (p < 0.20), it has a moderate negative correlation
with the Dm median ks (0 = —0.44, p = 0.09). Coupled to
the lack of correlation between the Dm median &y and sam-
ple depth, this suggests that overgrowth mainly occurs at the
sediment—seawater interface, and therefore a higher sedimen-
tation rate reduces the potential for discoaster overgrowth
and, to a lesser extent, placolith dissolution. Furthermore, the
non-overgrown to overgrown discoaster ratio has a signifi-
cant positive correlation to the sedimentation rate (p = 0.70,
p < 0.05), further suggesting that a higher sedimentation rate
reduces the potential for diagenetic processes to affect cal-
careous nannofossils.

5 Conclusion

We imaged and quantified the thickness and shape factors
of both discoasters (ks) and placoliths (k) from 16 samples
of early Eocene age (54-50Ma) with a range of carbonate
content, palaecowater, and burial depths to determine whether
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these indicators of sedimentary burial environment correlate
with evidence of overgrowth and/or dissolution. We find dis-
tinct and separate responses of the dominant discoasters and
placolith groups. At the shallow clay-rich sediments of Bass
River, we find that the Discoaster multiradiatus group is thin-
ner for a given size, with lower kg and with a lower proportion
of birefringent specimens relative to sites with progressively
higher % CaCOj that feature thicker discoasters and a higher
proportion of birefringent specimens. We interpret this as ev-
idence of progressively greater degrees of sedimentary dia-
genetic overgrowth affecting the D. multiradiatus group. In
contrast, placoliths of Isochrysidales and Coccolithaceae are
thicker for a given size, with high ks values, in the shallow
clay-rich sediments of Bass River. Furthermore, in other sed-
imentary environments with higher % CaCOs, these placol-
iths feature either comparable or lower kge. The k¢ values
of both Eocene Isochrysidales and Eocene Coccolithaceae
placoliths are negatively correlated to the palacowater depth,
suggesting that in the Eocene settings prone to diagenesis,
placoliths are mainly affected by dissolution and not by over-
growth. We find that the nannolith to placolith ratio is not a
good indicator of overgrowth or dissolution, but the ratio of
non-overgrown to overgrown discoasters of the D. multira-
diatus group shows potential as an indicator of overgrowth
potential.
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Appendix A

Figure A1. SEM images showing varying degrees of placolith preservation and abundance. The samples are from site 277 (a, b),
site 356 (c, d), site 401 (e, f), site 527 (g, h), site 577 (i, j), and site 690 (k, 1). The scale bar is 1 um.
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Figure A2. SEM images showing varying degrees of placolith preservation and abundance. The samples are from site 762 (a, b),
site 865 (c, d), site 883 (e, f), site 929 (g—j), and site 1051 (k, 1). The scale bar is 1 um.
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Figure A3. SEM images showing varying degrees of placolith preservation and abundance. The samples are from site 1209_20H (a, b),
site 1209_21H (¢, d), site 1257 (e, ), site 1331 (g, h), and Bass River (i-1). The scale bar is 1 um.
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