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Field observations to assess the impact of post depositional dissolution

A light microscope image of the top of
box core G5-2-13b from the Banda Arc
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Field observations to assess the impact
of post depositional dissolution

Brett Metcalfe, Gerald M. Ganssen. and Frank J.C. Peeters

Increasing atmospheric CO2 concentrations, through anthropogenic emissions, alters the carbonate chemistry of the oceans, decreasing both the carbonate ion concentration ([CO32-]) and the pH.
In the case of unicellular pelagic foraminifera this decrease leads to
a reduction in the thickness of the shell wall. This reduction can be
quantified by the weight of the shell as observed in both culture and
sediment studies. In order to reconstruct shell mass variability from
sedimentary archives the impact of dissolution as a result of bottom
water processes, must be assessed. Previous dissolution studies of
planktonic foraminifera suggest that lighter tests should be found at
deeper and thus lower [CO32-] sites. Here, we have analysed Globigerina bulloides and Globorotalia inflata shells from core tops along
a depth transect in the North Atlantic. Our analysis reveals, in contradiction with previous studies, an increase in weight with depth.
Concurrent with an enrichment in oxygen isotopes for G. bulloides
not observed in G. inflata. We here propose that the exposure time to
‘acidic’ water masses, inferred by 14C, as a secondary mechanism in
which lighter-thinner foraminiferal shells preferentially dissolve first
giving an apparent increase in weight. The enrichment in oxygen isotopes in G. bulloides concur with preferential dissolution of primary calcite, precipitated prior to gametogenesis. Whilst, the apparent
lack of change in oxygen isotopes confirms that G. inflata is resistant
to dissolution, it is also plausible that the difference isotopically between the primary and secondary calcite is minimal. Therefore, in
some species, dissolution inferred by δ18O may be masked.
224

Field observations to assess the impact of post depositional dissolution

7.1.0 Introduction
7.1.1 Rationale
“We cannot expect that every fossil which has been or will be found on
the surface of the earth can be tested by our methods for the temperature
at which it lived. We do hope, however, to find a small fraction of such
fossil remains preserved to such a degree that such measurements can be
made and at least a limited exact knowledge in regard to these matters
secured” – [Urey, 1948, p.495-496]
The recycling between geologically active (‘exchangeable’ i.e. atmosphere, deep sea sediments) and inactive (‘storage’ i.e. deep sedimentary burials and mantle) carbon reservoirs, defined as the global carbon
cycle, has important implications for the short term and long term trends
in the Earth’s climate and it’s inhabiting organisms [Hönisch et al., 2012;
Kump et al., 2009; Ridgwell and Schmidt, 2010; Ridgwell et al., 2009;
Zachos et al., 2001]. Several studies have shown that the carbonate system at the last glacial maximum (LGM) was considerably different from
the pre-industrial values. The contemporary ocean, however, is becoming
something quite different as the increase in anthropogenic emissions is
having a direct impact upon the CO2 concentration in the surface ocean
[Fabry et al., 2008].
Palaeo-oceanographic proxies intrinsically rely on the medium in
which the signal can be carried to become a reliable recorder in the sediment record and thus enabling the quantification of past ocean parameters.
The primary medium, or ‘signal carrier’, of planktonic foraminifera is the
calcitic test formed during ontogenetic migration through the water column. Following death the shells of planktonic foraminifera sink through
the water column [Berger and Piper, 1972], either singularly or as large
aggregates, until they reach the sedimentary-water interface. During settling and sedimentation these calcitic shells may experience under saturated waters, with respect to CaCO3, that is sufficient to alter or destroy
the primary signal [Adelseck, 1977; Barker and Elderfield, 2002; Bé and
Anderson, 1976b; Bé et al., 1975; Berger, 1970b; 1971; Berger and Piper,
1972; Lohmann, 1995; Schiebel et al., 2007] (Figure 7.1 and 7.2). In order
to assess the impact of ocean acidification and dissolution on calcifiers
the natural abiotic and biotic processes occurring pre- and post-mortem
must be quantified.
Studies have shown that alteration at the sediment water interface
or in the bioturbation/biologically-active zone - controlled by dissolved
oxygen, penetrative capabilities of the benthos and substrate - can either
lead to precipitation [Millo et al., 2005] or dissolution of calcium carbon225

Chapter Seven
Supersaturated

Undersaturated
0

Ω

Water Depth (km)

1

2

Rate of supply/
dissolution

CaCO3 content
sediment

3
Lysocline
4
Compensation Depth

Figure 7-1. Schematic highlighting the vertical structure of the saturation state, CaCO3
content of the sediments and the rate of supply/dissolution in the ocean. Simplified schematic cartoon of the saturation state (Ω), rate of supply versus dissolution and the calcium
carbonate weight percent (CaCO3) [Berger, 1971; Heath and Culberson, 1970]. The lysocline is the depth at which noticeable changes occur, with a decreasing calcium carbonate
percentage. Grey shaded area represents region of increased dissolution, until no CaCO3 is
present. For definitions of Lysocline and Compensation depth see text.

ate [Adelseck, 1977; Bé et al., 1975; Berger, 1979; Dittert et al., 1999;
Hönisch, 2002; van Kreveld-Alfane, 1996a; 1996b]. Pearson et al. [2001;
2002] quantified that as much as 50% of foraminiferal tests from Paleogene deep sea sediments maybe recrystalised or diagenetically altered.
Potential recrystilisation, or dissolution, has been shown to alter the oxygen isotope values of the foraminiferal test (δ18O) [Bonneau et al., 1980;
Pearson et al., 2001; 2007; Sexton et al., 2006; Williams et al., 2005], albeit with some remnant of the original signal remaining [Pearson, 2012].
The implications for this have casted doubt on the reliability of the stable
isotopic composition of the foraminifera and the resultant palaeotemperature or ‘cool-tropics hypothesis’ of the Palaeozoic and Cenozoic [Pearson et al., 2001; 2007; Sexton et al., 2006; Williams et al., 2005]. In an
attempt to negate this problem Pearson and Burgess [2008] and Pearson
et al., [2007] refined the criteria for preservation of foraminiferal tests as
the following:
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Figure 7-2. The vertical and regional distribution of the main bottom sediment characteristics. Oceanic sediments composed of either calcareous (i.e. pteropods or foraminifera)
or silicious (i.e. Radiolaria) have both a (a) depth (b) and spatial distribution in the ocean
that is a function of water masses and the properties of the mineral. Redrawn from Sverdrup
et al. [1942].

1. Are shells translucent and/or reflective, in particular emersion in
water, ethanol or oil, under reflective light microscopy (RLM)?
2. Are fine scale morphological features, such as spines, intact?
3. Do smooth features of the shell, apertural lips, inner walls and
in some instances outer walls, remain smooth (at the submicron
0.1µm scale)?
4. When broken, are the shell wall components/textures (i.e. microgranular, euhedral layers) identifiable?
These criteria, however, may oversimplify the extent of dissolution,
for example translucent foraminifera may have calcified under more
‘acidic’ conditions [de Moel et al., 2009], or the crystalline ultrastucture
could have been affected by corrosion i.e. dissolution along the rims of
the crystal edges leading to ‘rounding’ of the edges altering the passage
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of visible light [Hemlke and Bauch, 2002]. Likewise spines may be shed
[Bé, 1980] and shell walls reabsorbed during ontogeny [Hemleben et al.,
1979], for example Hemleben and Spindler [1983] noted that one Orbulina universa appeared to reabsorb its terminal spherical chamber three
times.
7.1.2 From production to preservation: Aims and Objectives
Following a single foraminifer shell from production to preservation and with it the potential exposure to different ambient environments
(i.e. temperature, salinity, pressure and different carbonate ion concentrations) is currently impossible. In an attempt to resolve this issue researchers have utilised a core top water-depth transect to assess [Broecker and
Clark, 1999; 2001a; 2001b; 2002; 2003a; Broecker, 2003; Conan et al.,
2002] and correct for dissolution [Barker and Elderfield, 2002; Barker et
al., 2004; Rosenthal and Lohmann, 2002; Rosenthal et al., 2000], assuming that the shallowest core site is (marginally) unaffected by dissolution.
For the most part these studies either involve tropical sites with high sedimentation rates or are located in upwelling cells, with little information
provided for sites at higher latitude sites and/or with lower sedimentation
rates.
We here further quantify and qualify the effect of dissolution upon
Globigerina bulloides and Globorotalia inflata from a depth transect of
North Atlantic core tops (Figure 7.3). Appraisal of secondary calcification and preservational state is based upon: (i) scanning electron microscopy as per dos Anjos-Zerfass et al., [2011], Hay and Sandberg [1967],
Honjo and Berggren [1967], Pearson and Burgess [2008] and Sexton et
al. [2006] although textural observations of living specimens of planktonic foraminifera are required to make sense of these observations [Cifelli, 1982]; and (ii) stable isotope analysis [Bonneau et al., 1980; Hönisch,
2002; Wu and Berger, 1989], although here we utilise both the conventional isotope analysis and the single specimen method [Ganssen et al.,
2011; Wit et al., 2013] (Chapter Four, Six and Eight); (iii) transparency
of calcite; and (iv) shell weight.
7.2.0 Methodology
7.2.1 Samples
Seven box core tops from a depth transect in the North Atlantic (Figure 7.3) were selected as they (a) lie on the similar latitude (45.5-48.5°N)
and therefore foraminifera should have similar initial conditions [Ganssen
& Shipboard Party, 1986; 1988; 1990] and (b) have undergone apparent
228
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Figure 7-3. Location map of core top transect, bathymetry and age of coretops. (a) Location map of core tops studied within this paper. (b) Age of core tops based upon 14C dating
of foraminifera or pteropods (pt) is given as number above symbol [van Kreveld-Alfane,
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dissolution based upon previous work i.e. abundance counts [van Kreveld
et al., 1996a], dissolution indices [van Kreveld-Alfane, 1996b] and the
fate of coccoliths [Ziveri et al., 2000]. Results presented in van KreveldAlfane [1996a; 1996b] show for these samples 14C age and thus sedimentation rate decreases linearly with water depth.
7.2.2 Species selection criteria
Foraminifera exhibit considerably different species-specific responses to
selective dissolution, as determined by the early observations conducted
upon core-top material by Dittert et al. [1999]. Cataloguing of species
susceptibility to dissolution has been conducted upon core-top depth transects (e.g. Thunell [1982]), in situ experiments utilising sediment traps or
moored buoys (e.g. Millimann [1977]) and laboratory experiments (e.g.
Bé et al. [1975] and Hönisch [2002]). These studies have shown that different species experience different rates of dissolution within the same
water mass (either the artificial waters of a laboratory or natural waters)
potentially as a result of the properties of the test, increased resistance
correlates with increased size, small pores and thicker walls [Bé, 1977]
(Figure 7.4). A large majority of forms with higher resistance occupy
deeper and/or at lower temperatures [Bé, 1967; Kucera, 2007; Schiebel
Figure 7-4 (opposite page). Two planktonic foraminiferal dissolution ranking schemes.
Relative dissolution ranking (resistant to susceptible) versus relative temperature change
based upon (A) Bé [1977] and (B) Kucera [2007] for the species: (1) Globigerinoides ruber
pink (d’Orbigny, 1826) (2) Globigerinoides ruber white (d’Orbigny, 1826) (3) Globigerinella siphonifera (d’Orbigny, 1839) (4) Orbulina universa (d’Orbigny, 1839) (5) Globoturborotalita rubescens (Hofker, 1956) (6) Globigerinoides trilobus sacculifer (Brady, 1877)
(7) Globigerinoides trilobus trilobus (Brady, 1877) (8) Globoturborotalita tenella (Parker,
1958) (9) Globigerinoides conglobatus (Brady, 1879) (10) Globigerina bulloides d’Orbigny,
1826 (11) Turborotalita quinqueloba (Natland, 1938) (12) Globigerinita glutinata (Egger,
1893) (13) Globorotalia [Hirsutella] hirsuta (d’Orbigny, 1839) (14) Globorotalia [Truncorotalia] truncatulinoides (Sinistral/Dextral) (d’Orbigny, 1839) (15) Globorotalia [Globoconella] inflata (d’Orbigny, 1839) (16) Neogloboquadrina pachyderma (Left coiling)
(Ehrenberg, 1862) (17) Neogloboquadrina dutertrei (d’Orbigny, 1839) (18) Globorotalia
[Menardella] menardii (Parker, Jones & Brady, 1865 after d’Orbigny, 1826 nomen nudum) (19) Globorotalia [Truncorotalia] crassaformis (Galloway & Wissler, 1927) (20) Pulleniatina obliquiloculata (Parker & Jones, 1862) (21) Sphaeroidinella dehiscens (Parker
& Jones, 1865) (22) Globorotalia [Menardella] tumida (Brady, 1877) (23) Beella digitata
(Brady, 1879) (24) Globigerinella calida (Parker, 1962) (25) Globigerina falconensis Blow,
1959 (26) Globorotalia [Hirsutella] scitula (Brady, 1882) (27) Neogloboquadrina incompta
(Right coiling) (Cifelli, 1961). Colour coding (filled circles) are average pore density (in
percent) [Bé, 1967], unfilled circles are where no data is available. Scanning electron microscope (SEM) images are from [Conan, 2006; Peeters, 2000; Ufkes, 2010] made available by Saskia Kars.
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and Hemleben, 2005], which is concurrent with lowered carbonate ion
concentration and carbonate saturation states. Species representing dissolution susceptible and dissolution resistant following the revision of
Berger [1979] by Kucera [2007] were picked: G. inflata, Globorotalia
truncatulinoides, Globorotalia scitula, G. bulloides, and Globigerinella
siphonifera (Figure 7.4).
7.2.3 Analytical Methodology
Core tops, representing the upper 0-1/0-2 cm of sediment, of seven box cores were washed over a >63 µm sieve size fraction and dried
overnight. The sediment was subsequently dry sieved into the size fraction 300-355 µm. For each sample, where possible, >20 specimens were
picked following the classification of Bé [1977]. Specimens were weighed
in triplicate in tin containers comprising 5 individuals, using a Sartorius
Microbalance (precision of 1 μg). van Kreveld-Alfane [1996a; 1996b]
catalogued the extent of dissolution via picking a random representative
of G. bulloides from the North Atlantic Ocean core-tops utilised within
this study. This preservation index utilised the extent of chamber damage/destruction, a technique utilised in other studies [Dittert et al., 1999].
For this study however, we selected whole shells of the planktonic foraminifera. Not all species are available at all sites therefore we chose to
focus upon G. inflata and G. bulloides (see Chapter Three and Four for
ecology) from the lightest and heaviest (shell weight) core tops (T8811b and T90-16b) for further analysis and illustration. For quantitiative
analysis of reflected light microscopy (RLM) illumination conditions,
or lighting style (i.e. directed or ring light), opening of the diaphragm,
gain, saturation and exposure time should be consistent between all photographs. Unfortunately it was not possible during the period of analysis
to maintain the illumination conditions or saturation and therefore only a
qualitative estimate of the transparency of the test. To address changes in
both preservation and dissolution, i.e. to account for potential changes in
shell wall structure [Barker et al., 2004], specimens were placed on stub
and coated in gold-palladium for SEM study. Chambers were imaged at
magnifications of x300-550, at x4,500, at x11,000 and at x23,000 using
a JEOL JSM 6301F scanning electron microscope (SEM) (VUA). As a
reference for comparing apparent dissolution structures and post-depositional recrystalisation from the wall structure of living foraminifera,
Figure 7-5 (opposite page). Shell weight versus water depth of different planktonic foraminifera. Shell weight of G. bulloides, G. siphonifera, G. scitula, G. inflata, and G. truncatulinoides weighed in groups of five, for a core top depth transect. Alternative symbols are
data from [Barker and Elderfield, 2002] where available. (SEM) images are from [Conan,
2006; Peeters, 2000; Ufkes, 2010] and Arthur [unpublished] made available by Saskia Kars.
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T88-11 (~2500m)
Sample EF7 (a-e)

T88-11 (~2500m)
Sample EF7 (a-e)

100 μm

T90-16 (~4500m)

100 μm

Sample ST1 (a-e)

T90-16 (~4500m)
Sample ST1 (a-e)

Figure 7-6. Light microscope of shallow and deep coretop specimens. Light microscope
images of (left) G. bulloides and (right) G. inflata from shallow (T88-11b) and deep
(T90-4b) core tops, note the decrease in translucent forms.

we selected a number of specimens from plankton net samples collected
during coring in Summer 1986 and Spring 1988 [Ottens, 1992b]. Both
seasons were imaged to account for potential ‘seasonal’ wall structure
variation, likely reflecting seasonal changes in hydrography. For example
evidence from a sediment trap sampling series from the Gulf of Mexico
show non-encrusted forms of G. truncatulinoides [Spear et al., 2011] reflected calcification within the winter surface mixed layer. The remaining
specimens not used for SEM-imaging were analysed singularly for their
stable isotope composition following the methodology of Ganssen et al.
[2005; 2011] and Wit et al. [2013].
7.3.0 Results and Discussion
7.3.1 Shell weight and wall texture
Specimens show a species specific response to dissolution with both
G. bulloides and G. inflata showing an increase in shell weight with water
depth, G. truncatulinoides a decrease, and G. siphonifera and G. scitula
have too few specimens and therefore a discernible trend is not observed
(Figure 7.5). This increase in shell weight (Figure 7.5) follows the same
234
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Figure 7- 7. Shallow and deep core top specimens of G. bulloides. Scanning electron
microscope images of G. bulloides from (a-f) shallow (T88-11b) and (g-l) deep (T90-4b)
core tops. All scale bars are 100μm.
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Figure 7-8. Shallow coretop specimens of G. inflata. Scanning electron microscope images of G. inflata from a shallow (T88-11b) core top representing relatively (a-f) light and
(g-l) heavy foraminifera. All scale bars are 100 μm.
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Figure 7-9. Deep coretop specimens of G. inflata. Scanning electron microscope images
of G. inflata from a deep (T90-4b) core top representing relatively (a-f) light and (g-l) heavy
foraminifera. All scale bars are 100 μm.
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Figure 7-10. Close up of the wall structure of plankton tow collected G. bulloides. Wall
texture of living specimens of G. bulloides from the North Atlantic, collected during towing [Ottens, 1992a; 1992b]. For description of white arrows see text.
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Figure 7-11. Close up of the wall structure of coretop G. bulloides. Wall texture of specimens of G. bulloides from a North Atlantic core top transect. For description of red arrows see text.
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trend as an increase in core top age (see Figure 7.3 for 14C ages), or at least
an increase in specimens with 14C ages that reflect older time periods. Reflected light microscopy shows that specimens from the shallowest core
top (T88-11b) are more translucent than those from the deepest (T9016b), which are more opaque (Figure 7.6), this is however a qualitative
estimate. SEM images reveal that there are several differences between
the shallow and deep core tops, these will be outlined below with respect
to the plankton material.
7.3.1.1 Plankton tow Globigerina bulloides
The outer wall structure of G. bulloides has been described by Saito
et al. [1981] and Kennett and Srinivasan [1983] as uniform with depressed suture and densely perforated with spines of simple and circular
cross sections (Figure’s 7.10i-j). Steineck and Fleisher [1978] elaborately
defined the wall texture as being under the spinose category, consisting of
long acicular spines and a flat wall with moderately large pores penetrating an unmodified surface lacking pore pits. Living specimens of G. bulloides show a slight rim around pores in some instances (Figure’s 7.10e
and 7.11h). These pores are densely present throughout the shell, except
in newly formed chambers [Cifelli, 1982], on occasion being joined (see
Figure’s 7.10a and 7.10b). In younger, newly formed chambers, the wall
texture is essentially smooth with undulations, spine bases (Figure 7.10g)
lacking the buttresses of later development (Figure’s 7.10h-i). These buttresses appear to form in a terrace like manner (Fig.’s 7.10h and 7.10i),
Cifelli [1982] noted that pores are not the centre of this development as
on occasion these structure cover the pores. Both Cifelli [1982] and Scott
[1974b] ascribed the failure of G. bulloides to construct a ‘neat’ honeycomb wall texture of Globigerinoides, despite having a similar textural
development, as due to the later development of porosity, thus pore formation occurs at the same time as ridge development.
7.3.1.2 Sediment Globigerina bulloides
Specimens from the shallow core site (T88-11b) appear to have more
texturally immature final chambers (Figure 7.7) and with more translucent specimens than the deeper site (T90-16b) (Figure 7.6). Dissolution appears to etch the surface of the specimens, either eroding out the
spine holes (Figure 7.11a) or removing the overlying buttresses (Figure’s
7.11b-c) leaving the ‘immature’ texture exposed. The smooth wall texture
breaks down into jigsaw like pieces that reveal first-order structural units,
i.e. differences between buttresses and the outer wall (Figure 7.11e). The
surface features become pitted and coarse, as they breakdown into their
individual components (Figure’s 7.11g-k).
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Figure 7-12. Close up of the wall structure of plankton tow collected G. inflata. Wall
texture of living specimens of G. inflata from the North Atlantic, collected during towing
[Ottens, 1992a; 1992b]. For description of white arrows see text.
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Figure 7-13. Close up of wall structure of coretop G.inflata. Wall texture of specimens of
G. inflata from a North Atlantic core top transect. For description of red arrows see text.
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Figure 7- 14. Close up of wall structure of coretop G. inflata. Wall texture of specimens
of G. inflata from a North Atlantic core top transect. For description of red arrows see
text.
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7.3.1.3 Plankton tow Globorotalia inflata
The wall structure of G. inflata is considerably varied [Groeneveld
and Chiessi, 2011; van Raden et al., 2011], in texturely immarture specimens it is smooth with perforations [Saito et al., 1981], following the
classical wall texture delineation for globorotalids [Steineck and Fleisher, 1978]. The wall can have protusions from the outer wall these pustules
(‘tubercle’ or ‘pseudospine’) are either hemispherical (Figure’s 7.12a-b)
or subconical (Figure’s 7.12j-k) in shape the latter appearing to a have
triradiate-spine like cap (Figure 7.12l). These subconical pustules appear
to form via terracing, similar to the buttresses of G. bulloides. These features appear to decrease and in some cases calcify over pores (Figure’s
7.12g-i). A thick secondary crust, or cortex, similar to Pulleniatina spp. is
apparent in texturely mature specimens, developed as a precursor to gametogenesis [Hemleben et al., 1985]. This curst gives the shell a smooth
opaque-reflective appearance, unfortunately specimens presented here
represent depths between 0-200 m shallower than the depth of gametogenesis (Chapter Eight).
7.3.1.4 Sediment Globorotalia inflata
Specimens in shallower cores appear more reflective than those in
the deeper cores (Figure 7.6, 7.8 and 7.9). As the result of the precipitation of a smooth calcite crust (Figure’s 7.13a-c and 7.14a-c) the pore’s in
most specimens have disappeared either under a smooth crust (Figure’s
7.13a-c) or beneath rhomboidal crystals (Figure’s 7.13g-h). On texturally
immature chambers the jigsaw like pattern (Figure’s 7.13i-j) and etching
is evident (Figure’s 7.14n-o). In some specimens the outer edge of the
pores have eroded away (Figure 7.13n-o).
7.3.2 Oxygen and Carbon stable isotopes (δ18O; δ13C)
There are a number of plausible explanations for the observed shell
weight increase with depth for certain species: (i) deeper cores with heavier shells are overgrown (e.g. digenetic alteration and/or precipitated calcite); (ii) the lighter shells in the shallower cores have undergone dissolution; (iii) heavier foraminifera sink faster and therefore spend less time in
the water column or (iv) the lighter shells have preferentially dissolved
in the deeper core sites leaving heavily encrusted forms. Explanation (ii)
and (iv) are opposites of one another, either shallow sites have undergone
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dissolution or deeper sites have undergone dissolution. It is plausible that
shallower sites could experience enhanced dissolution given the fact that
a larger flux of organic matter, due to its slow sinking speed, reaches
shallower sites prior to its remineralistion. Although the presence of the
more soluble polymorph of calcium carbonate in the form of the aragonitic pteropods in the shallower core tops would suggest that dissolution
is not so severe. Heavier shells in deeper core tops may have survived as
a bi-product of the dissolution of both pteropods and lighter foraminifera.
Using single specimen isotope analysis, it is possible to test differences
in lighter and heavy shells and diagenetic precipitation. If one assumes
that lighter shells are younger or have not calcified a gametogenetic crust
then there should be a visibile deviation between shallow and deep core
tops. A one-way ANOVA performed on the oxygen stable isotopes of
G. inflata gives a p value <0.05 which can be indicates that the means
are in fact different. A post-hoc Tukey test reveals that the shallowest
core (T88-11b) is the source of this deviation and subsequent reanalysis
excluding this sample indicates that the means of core tops below 3km
are the same (Figure 7.15). G. bulloides shows a 0.22 to 0.64 ‰/km-1 enrichment, depending upon the methodology (i.e. individual specimen or
conventional analysis), with depth in oxygen isotopes (Figure 7.15). For
carbon it is more complicated as between 2.7 and 4.2 km water depth it
is 0.32 ‰/km-1 smaller than the slope for all values which is 0.72 ‰/km-1
(Figure 7.15). A one-way ANOVA shows that these core tops are statistically different, p value for δ18O of 7.66E-21 and for δ13C is 1.08E-12 , for
G. bulloides. Experimental observations suggest that the proximal walls
are more susceptible to dissolution than the outer crust [Bassinot et al.,
2004; Bé et al., 1975; Johnstone et al., 2010]. These studies suggest that
the geochemical composition of the test, the inclusion or exclusion of
various trace metals [Lea, 1999] and their distribution between chambers
and the different calcitic layers [Eggins et al., 2003] may have an impact
upon dissolution [Johnstone et al., 2010]. Brown and Elderfield [1996]
suggested that dissolution within supersaturated waters is a result of inclusion of Mg2+ into the tests. Precipitation of high Mg calcite along the
primary organic membrane (POM) utilised in calcification and located
within or near the microgranular layer, may increase susceptibility. However, it may also be the high amount of organic matter within these layers
that helps to amplify selective dissolution. There are two possible reasons
for an effect upon G. bulloides but not G. inflata: (1) that G. inflata is
more dissolution resistant and/or (2) the dissolution effect on the stable
isotopic composition is effectively masked by the contribution of changing depth habitat. Gametogenetic calcite is a secondary crust precipitated
deeper in the water column than the foraminifer’s ontogenetic habitat,
where the primary crust is precipitated. Both G. bulloides [Schiebel et
al., 1997; Spero and Lea, 1996] and G. inflata [Hemleben et al., 1985]
precipitate this secondary crust. For a species with a narrow depth habitat
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(see Chapter Four for a discussion), which secretes a secondary crust
deeper in the water column and therefore with an anomalous signature,
dissolution of the earlier proximal test wall will enrich the δ18O value. In
the upper 100 m, the depth habitat of G. bulloides, equilibrium calcite
values at this core site are lighter than 1.30 ‰, although the absolute value depending upon the month (see Chapter Eight). Generally the values
of 1.50-2.00 ‰ are associated with water depths of between 400-700 m
which is outside of this species ontogenetic calcification range. Whereas,
a species with a large depth habitat, especially below the thermocline the
difference between the secondary, gametogenetic crust, calcite and the
primary calcite will be somewhat reduced. Thus dissolution of the proximal wall, and the primary crust, will appear to have had a minimal impact
upon the signal.
The deeper signal seen in the oxygen isotopes of G. bulloides could
lend support to explanation (i), that this shell weight increase is the result
of precipitation of calcite, although it would require a reinterpretation of
the SEM images such as Figure 7.11’s a, d and e as precipitated calcite
rather than dissolution exposing earlier layers. Although this clearly not
the case (Figure 7.11 c). Regarding explanation (iii) that heavier foraminifera sink faster and therefore escape ‘dissolution in the twilight’
[Schiebel et al., 2007] there is anecdotal evidence that below the productive zone shell size decreases as a result of sinking speed [Peeters, 2000].
Schiebel et al. [2007] inferred from a shell weight record that foraminiferal shells undergo a dissolution and subsequent remineralisation deeper
in the watercolumn, Certainly with respect to coccolithophores along the
same transect Ziveri et al. [2000] concluded that changes between the
shallow and the deep core tops related to preservation during sinking and
settling through analysis of sediment trap material. However, given the
fact that coccolithophores sink through aggregation of both organic and
inorganic matter whereas foraminifera can sink individually this may not
be case. The sinking speed of shells of foraminifera, up to a few hundred
meters per day, would imply that adverse conditions for the shell can be
overcome. Although it is worth considering that lighter shells could enter
into a negative feedback considering that as their sinking speed is slower
they may be more readily dissolved which decreases the sinking speed
which increases the exposure to adverse ambient conditions.
7.4.0 Conclusions
Shell weight increases, for G. bulloides and G. inflata, with water
depth despite the physiological and geochemical appearance of dissolution in the surface dwelling species G. bulloides. For the intermediate
dwelling G. inflata the precipitation of a calcite crust at gametogene247
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sis reduces the effect of dissolution. However there is indication, based
upon SEM-images, that specimens that have an immature wall texture
have undergone dissolution. It is plausible therefore those lighter, thinner, more fragile specimens have dissolved first leaving the more heavily
calcified forms and thus altering the shell weight. The heavily calcified
species G. inflata is unaffected isotopically consistent with previous studies, whilst the more susceptible species G. bulloides has a large isotopic
offset with depth. This offset is a function of the dissolution of primary
calcite leading to the enriched, ‘colder’ signal. However, dissolution has
the potential to be masked in species whose primary and secondary calcite is isotopically similar.
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