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ABSTRACT
Trace element and δ18O values of foraminifera are widely used to reconstruct oceanic 

temperatures throughout the Cenozoic and beyond. Previous work evaluating the geochem-
istry of foraminifera with differing degrees of physical preservation have shown that Mg/Ca 
and δ18O paleothermometers give discrepant values in recrystallized tests, with planktonic 
oxygen isotopes often yielding significantly lower temperatures than Mg/Ca ratios. To study 
the mobility of elements during diagenesis, we performed microspatial trace element analyses 
in Eocene Morozovella. Element maps show that trace element banding is readily identifiable 
and preserved, to an extent, in texturally recrystallized tests. A reaction-diffusion model was 
used to test whether the preservation of Mg-banding and the decoupling of δ18O and Mg/Ca 
values could be the result of diffusively limited “closed-system” recrystallization. Results show 
that, in a closed system, internal features (such as Mg-banding) will dissipate prior to changes 
in bulk Mg/Ca composition, while the bulk δ18O value will typically change faster than Mg/
Ca. This is observed regardless of what partitioning coefficient is used for Mg and demon-
strates that the planktonic Mg/Ca proxy is more diagenetically robust than the δ18O proxy. 
Thus, this model can explain the observed decoupling of these two proxies. Furthermore, 
the preservation of intra-test Mg-banding shows potential for use in evaluating the preserva-
tion of primary Mg/Ca values and hence the accuracy of paleotemperature reconstructions.

INTRODUCTION
Paleoclimatic data from many open ocean 

sediment cores have been discredited because 
the foraminifera tests have been microstructur-
ally altered, and their δ18O values give signifi-
cantly colder sea-surface temperatures than con-
temporaneous, texturally pristine foraminifera 
preserved in hemipelagic clays with no micro-
structural alteration (Pearson et al., 2001). The 
corresponding impact of recrystallization on the 
Mg/Ca paleothermometer is less certain. Sex-
ton et al. (2006) demonstrated that Mg/Ca and 
δ18O values yield different paleotemperatures, 
which could be attributed to uncertainty in Mg 
partitioning coefficients or to burial diagenesis 
in a closed system. We present an early diage-
netic mechanism by which primary Mg/Ca val-
ues could be preserved even as δ18O values are 
overprinted.

Diagenetic alteration of foraminifera dur-
ing burial is typically categorized into one of 

three categories: partial dissolution, authigenic 
overgrowth, and recrystallization (Edgar et al., 
2015). Microspatial in situ analysis of forami-
niferal geochemistry has been applied to study 
the effects of partial dissolution and authigenic 
overgrowth (Kozdon et al., 2011; Fehrenbacher 
and Martin, 2014; Stainbank et al., 2020). These 
methods can differentiate among these three 
processes, as well as analyze unaltered regions 
(Kozdon et al., 2013). Researchers have shown 
that diagenetic exchange can result in heterog-
enous alteration and that Mg/Ca and δ18O, as 
measured by microspatial sampling techniques, 
retain a primary signal in certain domains of 
recrystallized foraminifera, possibly due to 
recrystallization in a closed system (Kozdon 
et al., 2011, 2013). This result is important, as 
it hints at the possibility of reconstructing paleo-
temperatures from previously discredited core 
sites using micro-analytical techniques. How-
ever, such applications are currently limited by 
our understanding of the diagenetic alteration 
of foraminifera.

In our study, one mechanism was investi-
gated, where foraminiferal test recrystallization 
is facilitated by inter-crystalline water films 
(Wardlaw et al., 1978). Experiments with ben-
thic foraminifera show that exchange between 
the test and surrounding water occurs along 
microstructural fractures between “cogwheel 
structures” and along organic layers in the test 
wall (Cisneros-Lazaro et al., 2022). Diffusion 
along these films enables solute transport into 
the test from surrounding fluid and between 
adjacent layers of calcite. 45Ca tracer experi-
ments demonstrate element mobility from ex-
ternal fluid into the foraminiferal test, which 
resembles a diffusive gradient (Chanda et al., 
2019). The amount of transport determines the 
extent to which the diagenesis is dominated 
by the chemistry of the external fluids (i.e., an 
“open system”) or the chemistry of the original 
foraminiferal calcite (“closed system”). Ele-
ments within the test would change at a rate 
proportional to their relative abundance in the 
fluid and carbonate phases (Ahm et al., 2018); 
this provides a mechanism by which whole-
test Mg/Ca, δ18O, and other values could fea-
sibly change at different rates. We also tested 
an alternative hypothesis, wherein high- and 
low-magnesium calcite layers have different 
reactivities, following Chanda et al. (2019). If 
recrystallization slows or stops before reach-
ing equilibrium, then the effects of this early 
process would be preserved, potentially ex-
plaining observed offsets in temperature recon-
structions from δ18O and Mg/Ca proxies. The 
implications of these hypotheses are explored 
here by comparing numerical models with new 
and published geochemical analyses, and with 
new electron probe microanalyzer (EPMA) 
maps of Eocene glassy and frosty foramin-
ifera. Our results imply that the preservation 
of foraminiferal Mg-banding could be used as 
a tool for assessing the impact of foraminiferal *E-mail: staudigel@em .uni-frankfurt .de
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 recrystallization on geochemical climate prox-
ies on a site-specific basis.

METHODS AND RESULTS
Sample Sites

Our study focuses on fossil tests of Moro-
zovella, a common Paleogene genus of planktonic 
foraminifera, from sediments in two low-latitude 
sites: (1) clay-rich sediments from core TDP20 
of the Kilwa Group, Tanzania (extracted during 
the Tanzanian Drilling Project, [TDP]), which 
contain middle Eocene well-preserved (glassy) 
foraminifera (Pearson et al., 2001), and (2) car-
bonate-rich sediments from Ocean Drilling Pro-
gram (ODP) Site 865 in the central Pacific Ocean, 
which  host early Eocene recrystallized (frosty) 
foraminifera. Paired Mg/Ca and δ18O analyses of 
different species of planktonic foraminifera were 
presented for both sites by Sexton et al. (2006). 
We supplement these whole-test analyses with 
EPMA microanalyses, as well as whole-test δ18O 
and Mg/Ca measurements for M. aragonensis. 
A more detailed description of the analyses is 
provided in the Supplemental Material1.

Electron Probe Microanalyzer
Tests of M. aragonensis were picked from 

the 300–425 μm sediment fraction and cleaned 
at Cardiff University and then analyzed at the 
Electron Microbeam Suite of the University of 
Bristol, UK. Results show evident Mg/Ca band-
ing in the TDP test, and less pronounced banding 
in the frosty ODP test (Figs. 1A and 1D).

Model
We constructed three models that simulated 

diffusively limited reactive exchange between 
a foraminifer test and the surrounding fluids. 
Two 0-D “bulk” models simulated the whole 
test: one as a single component, and one divided 
into 25% high-magnesium and 75% low-mag-
nesium calcite components with different reac-
tivities (following Chanda et al., 2019). A 1-D 
model investigates the preservation of internal 
heterogeneity (e.g., Mg-banding). These models 
simulate the behavior of Mg, Sr, Ca, δ18O, and 
δ13C in fluid and carbonate. The outer bound-
ary condition simulates expected Eocene ben-
thic seawater: δ18O = −0.89‰ (Cramer et al., 
2011), [Ca2+] = 16 mmol (Horita et al., 2002), 
Mg/Ca = 2.2 mol/mol (Evans et al., 2018), Sr/
Ca = 8 mmol/mol (Lear et al., 2003), and tem-
perature = 12 °C (Lear et al., 2000). In the 1-D 
model, the inner boundary condition is a zero-
flux boundary. The glassy TDP foraminifera are 

assumed to represent the primary geochemical 
composition (Pearson et al., 2001), and thus the 
initial state of both models was either the bulk 
chemistry or internal variability measured by 
EPMA (Fig. 1B) of the TDP Morozovella.

Exchange between fluid and solid phases is 
assumed to be at equilibrium for the given tem-
perature and fluid composition and governed by 
a partition coefficient (e.g., KSr = [Sr/Cacarbonate]/
[Sr2+/Ca2 + 

water]) (KSr = 0.05; Banner and Han-
son, 1990; Banner, 1995) and δ18O and δ13C frac-
tionation factor (Romanek et al., 1992; Kim and 
O’Neil, 1997). Due to the many published val-
ues for Mg partitioning, KMg, two are used that 
represent two extremes: 0.00081 (Baker et al., 
1982) and 0.012 (Mucci, 1987). The models 
were run with different reaction rates, resulting 
in varying degrees of “closed-system” diagen-
esis. Because many of the parameters of these 
models were chosen somewhat arbitrarily, it is 
helpful to quantify the relative contribution of 
different fluxes (Fantle et al., 2020). The relative 
contribution of diffusion relative to the reactive 
flux is described by normalizing the diffusive 
lengthscale of oxygen to the width of the model 
unit, which gives the normalized diffusive flux 
(NDF).
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where Do, R, M, and K are the diffusion coef-
ficient, reaction rate, mass ratio, and absolute 
partitioning coefficient (respectively) for the 
element in question (here, the value for oxygen 
is used). Three model settings are used, repre-
senting “open” (NDF = 126), “semi-closed” 
(NDF = 4.0), and “closed” (NDF = 0.4). The 
models wherein high- and low-magnesium cal-
cite have different reactivities are exclusively 
run using the “open” model settings. Details 
regarding model implementation and specific 
equations, as well as example Matlab scripts, are 
provided in the Supplemental Material.

All model outputs are illustrated (Figs. S7–
S24 in the Supplemental Material). Bulk Mg/Ca 
and Sr/Ca changed at a similar rate regardless of 
reaction rate as the Ca–Mg–Sr behavior is gov-
erned by the KMg and KSr values, although some 
minor difference can be observed due to differ-
ent ionic diffusivities. This has been discussed 
by previous workers as a possible screening tool 
for this form of exchange (Kozdon et al., 2013; 
Tripati et al., 2003). The “open,” “semi-closed,” 
and “closed” models showed varying degrees of 
decoupling between δ18O and Mg/Ca (Figs. 2A 
and 2B) regardless of which KMg value was used. 
This closed-system behavior is also evident in 
the 1-D models, which also show a dissipation 
of banding (expressed as the range of Mg/Ca 
values in Fig. 3) alongside changes in δ18O, but 
the bulk Mg/Ca changes more slowly in these 

1Supplemental Material. Supplemental methods, 
discussion, tables, and figures. Please visit https://
doi .org /10 .1130 /GEOL.S.19386218 to access 
the supplemental material, and contact editing@
geosociety .org with any questions.
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Figure 1. Analysis of early to middle Eocene Morozovella aragonensis. (A) Electron probe 
microanalyzer Mg/Ca map of a glassy test from Tanzanian Drilling Project (TDP) Core 20. 
(B) Transect A–A′ Mg/Ca values. Red line and gray region represent moving weighted mean 
±95% confidence interval. (C) Histogram (gray) and Kernel density function (KDF; red) of 
Mg/Ca values across transect A–A′. (D) EPMA Mg/Ca map of a frosty test from Ocean Drilling 
Program Site 865. (E) Transect B–B′ Mg/Ca values. (F) Histogram and KDF of Mg/Ca values 
across transect B–B′.
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closed-system models. In the 1-D model, δ18O 
values are spatially homogenous, and little rock 
buffering is evident in the results.

Carbon isotopes are the most internally buff-
ered component of these models due to their 
abundance in carbonate (10 mol/kg) and relative 
scarcity in seawater (2 mmol/kg); thus, the δ13C 
value changes more slowly than Mg/Ca ratios 
in these diffusively limited faster models. This 
would make δ13C a tempting tool for identify-
ing open-system recrystallization or authigenic 

overgrowths; however, the primary δ13C of fora-
minifera is itself highly variable by up to several 
‰ due to the effects of photosymbionts (Gaskell 
and Hull, 2019).

DISCUSSION
Two hypotheses are investigated using nu-

merical modeling alongside isotopic and chemi-
cal analyses. The first investigates the behavior 
of increasingly closed-system diagenesis as 
a means of explaining decoupled Mg/Ca and 

δ18O-derived paleo-temperatures. The second 
investigates the effect of variable high- and low-
magnesium calcite reaction rates. Both mecha-
nisms vary with KMg value; the higher KMg value 
(Mucci, 1987) is shown in Figures 2A and 2C, 
and the lower from Baker et al. (1982) is shown 
in Figures 2B and 2D. Our models show that 
with increasingly closed-system recrystalliza-
tion, Mg/Ca and δ18O values become decoupled, 
where Mg/Ca initially remains unchanged, ir-
respective of which KMg value was used (Fig. 2). 

A B

C D

Figure 2. Whole-test Mg/Ca and δ18O values for planktonic foraminifera (51 Ma samples, this study; 45 Ma samples, Sexton et al., 2006) com-
pared with model-simulated evolution of test composition. (A,B) Whole test models where high-magnesium calcite (HMC) and low-magnesium 
calcite (LMC) have equal reactivity but are otherwise identical to the “open-system model.” KMg—Mg partitioning; NDF—normalized diffusive 
flux; VPDB—Vienna Peedee belemnite. (C,D) Whole test models where high- and low-magnesium calcite have different reactivities. A and C 
show models using the Mucci (1987) KMg. B and D show models using the Baker et al. (1982) KMg.
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The “closed-system” model can account for 
much of the observed difference in measured 
values for glassy and frosty foraminifera, with 
the remaining difference well within the expect-
ed natural variance of sea-surface temperatures. 
When the “open-system” model is applied, and 
high- and low-magnesium calcite components 
are given different reactivities, it is only possible 
to account for the observed differences between 
glassy and frosty foraminifera if the lower KMg 
is used and high-magnesium calcite is less re-
active than low-magnesium calcite (Figs. 2C 
and 2D). This seems to contradict observations 
from EPMA, which show that the Mg-enriched 
regions appear to have changed more in the re-
crystallized test (Fig. 1D). When assessed us-
ing whole-test analyses, the “open model” ap-
pears similar to the effect of adding authigenic 
calcite, although these would be differentiable 
using petrography, scanning electron micros-
copy, or microspatial analysis (Kozdon et al., 
2013; Stainbank et al., 2020). This highlights 
the importance of these techniques for resolving 
potentially ambiguous geochemical signatures.

We observe prominent banding in glassy 
Eocene M. aragonensis, a feature previously 
observed in some modern taxa, which is attrib-
uted to day/night cycles and chamber formation 
(Jonkers et al., 2016; Fehrenbacher et al., 2017). 
The effects of variably closed-system diagenesis 
on Mg-banding were investigated using the 1-D 

model. Results show that, in open-system mod-
els, the degree of “bandedness” (expressed as the 
range of Mg/Ca values in Figure 3, compared 
with the distribution of values from transects 
A–A′ and B–B′) diminishes as the model ap-
proaches equilibrium, and it changes at the same 
rate as Mg/Ca and δ18O values. However, in the 
more closed-system models, the bandedness is 
lost prior to the bulk change in Mg/Ca values but 
occurs alongside the change in bulk δ18O value. 
Thus, the loss of Mg-banding could only occur 
at the same rate, or faster, than changes in bulk 
Mg/Ca, but it cannot be used as an indicator of 
pristine δ18O value. This is to be expected, be-
cause the bands would only need to diffuse the 
5–10 μm scale of banding, as opposed to bulk 
Mg/Ca, which would need to diffuse through 
the entire width of the test. Because Mg-bands 
are often associated with organic layers, it is 
possible that they are more directly connected 
with outside fluid and thus would change more 
rapidly, as shown by reaction-transport experi-
ments (Cisneros-Lazaro et al., 2022). Thus, the 
observed preservation of Mg-banding is a pre-
requisite, albeit not wholly unambiguous, indi-
cation of well-preserved Mg/Ca values.

The KMg value is shown to be important; 
when the Mucci (1987) value is used, only the 
most closed-system model approximates the 
observed range of Mg/Ca values from EPMA 
(Fig. 3A), although the bulk value is slightly 

offset but within the expected range of values 
(see previous paragraph). When the lower val-
ue for KMg is used, most models predict largely 
overlapping ranges of Mg/Ca, which compare 
more favorably with EPMA observations. These 
models and observations are not meant to ar-
gue for one KMg or the other; we reason that 
the difference matters less when diagenesis oc-
curs in a closed system. If this restricted dia-
genesis of biogenic particles in the sediment is 
common, analyses of bulk sediments and pore 
fluids would yield a lower apparent value for 
KMg, which could plausibly explain the lower 
apparent KMg values described for bulk sediment 
diagenesis by Baker et al. (1982).

CONCLUSIONS
Early recrystallization of foraminifera in a 

diffusively limited system provides a plausible 
mechanism for the observed robustness of Mg/
Ca-derived paleo-temperatures when compared 
to δ18O values. The preservation of composi-
tional heterogeneity such as Mg-banding could 
be used as an indicator for the extent of Mg up-
take or loss, as Mg-banding requires less time to 
change than the bulk Mg/Ca ratio. This assumes 
that diffusive transport occurs through a distrib-
uted, interconnected network of inter-crystalline 
water, which makes up a small fraction of the 
foraminiferal test. Our model provides testable 
predictions, which agree with those of published 

A B

Figure 3. One-dimensional, 100 element model Mg/Ca and δ18O values compared to measured gas-source mass spectrometry whole-test 
δ18O and electron probe microanalyzer (EPMA) Mg/Ca values. Panels show results of models using different Mg partitioning, KMg, values: 
Mucci—Mucci (1987); Baker—Baker et al. (1982). Left-side kernel density functions (KDFs) in each panel show the distribution of Mg/Ca values 
measured using EPMA from Figures 1C and 1F; right-side KDFs show the Mg/Ca values of model elements where the elements’ δ18O value is 
equal to the measured bulk δ18O value of glassy and frosty early Eocene Morozovella aragonensis (shown as a black line). TDP—Tanzanian 
Drilling Project; Site 865—Ocean Drilling Program Site 865; NDF—normalized diffusive flux; VPDB—Vienna Peedee belemnite. See equation 
1 in the text for the NDF variables.
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data sets, and gives a plausible explanation for 
the apparently decoupled paleo-thermometers 
and a possible means of identifying this process. 
Microspatial techniques, such as EPMA, can be 
used to screen for a variety of diagenetic effects 
in addition to this. In circumstances where frac-
tional dissolution or authigenic mineral forma-
tion can be ruled out using EPMA, and EPMA 
reveals decent preservation of Mg-banding, Mg/
Ca-derived paleotemperatures would be expect-
ed to better represent the primary temperature 
than those derived from oxygen isotopes in tex-
turally recrystallized foraminifera. Optimisti-
cally, our results show that in some cases, Mg/
Ca paleothermometry may still be applicable 
even in texturally recrystallized foraminifera 
with compromised δ18O values.
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