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Highlights:

» Size-specific carbon and oxygen isotopes are re@dar coccoliths spanning the
Miocene Climatic Transition (MCT)

» Coccoliths in different size classes express cetitrg vital effects which are
evaluated within a pre-established pG@mework

« The observed correlation ixt®0/A*C between small and large species may reflect a
decline in CQ through the MCT
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Abstract

Recent culture studies of living coccolithophorasdnestablished a biogeochemical
framework for the use of the geochemical compasstiof their calcite biominerals as
proxies in palaeoceanography. Yet, questions remegiarding the transferability of such
experimental data to fossil coccoliths. Here wdys®al the carbon and oxygen isotopic
composition of Miocene coccoliths to assess th&sility of such data for reconstructing the
past environment. We found that the oxygen isotoprapositions of the relatively small
Noelaerhabdaceae coccoliths gathered in theu3+Sractions appear to be a suitable material
to derive temperatures after a correction for astammt vital offset of 0.8%.. The interpretation
of the isotopic signal of the relatively large Colithales coccoliths (5-8m fractions) is

more complex, but supports results from culturd® &xpression of the carbon and oxygen
vital effect in coccoliths appears to be limitedidg the so-called Miocene Climate
Optimum (MCO), a period of relatively elevated aspberic pCQ. Subsequently, during the
Miocene Climatic Transition (MCT; ~14 Ma), whichvséa decline in pCg large carbon and
oxygen vital effects were expressed in coccolitbitea This phenomenon predates the
postulated Late Miocene Threshold” by approximately 4 Ma, and cannot be reconcileéa
temporally-synchronous nor localised feature. Famrtiore, we observed a statistically
significant correlation between the oxygen and cartifsets of the small relative to large
coccoliths (hence, the vital effgatr se) that is likely linked to variations in atmospleeri

CO,. This biogeochemical correlation further suppartercing of the environment on the
cellular physiology (growth rate and utilisationiofracellular carbon) and ultimately the
magnitude of isotopic vital effects in fossil cobtits.

1. Introduction

Calcareous remains of coccolithophores dominateyrpalagic sediment sequences since the
Cretaceous. Thus, geochemical analyses on bullngedts or the fine fractions are expected
to primarily convey a biogeochemical signal of tpgpermost water mass of the oceans
where the coccolithophores calcify. Multiple papease demonstrated that variations in bulk
carbonate stable isotope records correlate in sioness widespread locations and primarily
represent the composition of coccoliths (Boltoalgt2012; Bolton and Stoll, 2013;

Hermoso, 2016; Reghellin et al., 2015; Rickabyle2807; Rousselle et al., 2013; Tremblin
et al., 2016). However, the magnitude of theseatians differs among sampling sites, as
well as between the foraminiferal and coccolith poments of these records. These
discrepancies are likely the results of large aauibble expression of vital effects in

coccolith calcite, which have limited the use a§ttlimatic archive compared to the
foraminifera (e.g., which assume small and constdat effects).

Since the early work by Dudley et al. (1986), thigia of the isotopic vital effects in
coccoliths has remained elusive. However, recepeéemental and modelling work has
enabled significant advances in our understandinigeocauses underlying biological
fractionation (Bolton and Stoll, 2013; Hermoso, 2(2D15;2016; Hermoso et al., 2015;
2016a; Hermoso and Lecasble, 2018; Holtz et aL52McClelland et al., 2017; Minoletti et
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al., 2014; Rickaby et al., 2010; Ziveri et al., 2D1Specifically, it has emerged from these
culture studies that the availability of ambiergstilved inorganic carbon (DIC) for the cells
can significantly influence and modulate coccotitticite5*20 ands**C values, beyond
expectations from ambient seawater compositiontamgerature alone. Culture studies by
Rickabyet al. (2010) and Hermose al. (2016a) showed that the magnitude of the isotopic
vital effects was variable in coccolith calcitedasverall, linked to pC® The same finding
was also deduced from stable isotope measuremeateaoliths in marine sediment cores
(Bolton and Stoll, 2013). Meanwhile, the environnakmorcing on the expression of the
isotopic vital effects is not uniform among exanturgpecies, nor between the stable isotope
systems. For the oxygen isotope system, the balseteeeen ambient GQqconcentration
and intracellular utilisation dictates, to firsder, the state of disequilibrium of the DICAM
system when intracellular calcification occurs, #merefore the magnitude of the oxygen
isotope vital effect (Hermoso et al., 2014; 201@t)s biogeochemical feature has direct
implications for how fossil coccoliths have recatdmcient sea surface temperatures (SSTs).
For the carbon isotope system, the expressioneo¥ithl effects derives from how cellular
demand for carbon is met by cellular supply (Bokm Stoll, 2013; McClelland et al.,
2017). In addition to ambient carbon (££%) concentration, the cellular growth rate, the
relative allocation of carbon into photosynthesistive to calcification, and cell volume
collectively dictate the magnitude of the carbartope vital effects. From a
palaeoceanographic perspective, all of these paeasnare difficult to assess from the fossil
record.

Using the relatively well-constrained palaeoenvimemtal framework available for the
middle Miocene between ~17 and ~11 Ma, this woilkexiamine the coherency of the
coccolith record with foraminiferal data and indegent pCQ estimates. The
microseparation of sediments allows dissectingggechemical complexity of marine
deposits, as sediments are composed of a mixtwarimus micro- and nannofossils, as well
as diagenetic particles. All these particles corsscific geochemical signals thought to
reflect the environment from which they precipitdtethe case of the calcareous
nannofossils, the micro-sized separation of thénsewts offers the possibility to examine
how distinct size fractions compare in terms ofrtletopic compositions. We are
particularly interested in how environmental fogizan lead to distinct vital effects in
different coccolith micro-assemblages (differingamonomy and size). Overall, our aim here
is to establish how the isotopic composition ofamiths can yield reliable climatic signals in
light of recent constraints on the biogeochemicalarstanding of the vital effects.

2. Palaeoceanography of the middle Miocene

The Miocene is an Epoch typified by the transitimm greenhouse to icehouse conditions
of the Cenozoic (Lear et al., 2000; Zachos e8l01). The middle Miocene interval
corresponds to a period of relative climatic ingigh which represents an ideal case study to
assess the magnitude of the vital effects in ahcieccoliths in response to climate forcing.

A 12-Myr-long period of re-establishment of warnethiminated in the Miocene Climatic
Optimum (MCO) between 17 and 14 Ma (Fig. 1). The®&lso corresponded to a period of
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disturbance of the isotopic carbon cycle (fluctoiasi of carbonat&"*C values) with the so-
called Monterey Event represented by a seriesrbbcamaxima (CM) in thé™3C profiles
(Diester-Haass et al., 2013; Flower and Kenne@31¥incent and Berger, 1985; Woodruff
and Savin, 1991) (Fig. 1b). The termination of MO and the re-establishment of
Cenozoic cooling occurred with a phase of suddenatic transition, the Miocene Climatic
Transition (MCT) between 14.8 and 15.2 Ma (Billgmsl Schrag, 2002; Lear et al., 2000;
Shevenell et al., 2008) (Fig. 1). A compilationeaisting atmospheric pGstimates for the
investigated time slice, which is shown in Fig. ibclicates a relatively wide spread of
values, from 200 to 500 ppm according to the carsid study (Badger et al., 2013; Hollis et
al., 2019; Kurschner et al., 2008; Zhang et all,30Collectively, these pC@stimates
agree on decreased values across the MCT andrthima¢ion of the MCO. After this period
of climate change (also supported by reconstrustesivates'°O values), atmospheric GO
levels appear to be relatively constant, at ards@300 ppm. It is worth noting that boron
isotope-derived pCg@estimates (Foster et al., 2012; Greenop et al4Pprovide much more
complex signals for this time slice and have thaneehot been included in this compilation.

3. Material and Methods
3.1. Description of site 588

The chosen location for this sedimentary study$HP site 588 recovered on the Lord
Howe Rise (26° South) in the Tasman Sea (Fig. @¢oRstruction indicates a palaeolatitude
of 32.2° South for this site (van Hinsbergen et2015). The sediments used in the present
study were recovered from the cores A and C andgonéhantly correspond to calcareous
nannofossil oozes (Flower and Kennett, 1993; Ken©886). The age model used for holes
588A and C is from the study by Holbourn et al.Q2Pusing the geological timescale 2004.
Oldest datasets were converted for their age uem@DSN website
(http://www.odsn.de/cgi-bin/conv_ts.pl). These irt@ available foraminiferaf-®0 ands**C
records including the surface-dwellglobigerinoides quadrilobatus and the epifaunal
benthicCibicidoides sp.. These foraminiferal data are from the higlolation studies by
Kennett et al. (1985) and Flower & Kennett (199&)as the 15.7 — 12.3 Ma interval (Fig.
3). More recent studies by Pagani et al. (199902060cluding measurements from the core
588C have extended the foraminiferal record toradahel more recent sediments in the cores,
thus providing a continuous record from 19.9 td?1Mda. The ages of these complementary
data were also converted to the GTS2004 using I®NOwebsite.

3.2. Coccolith microseparation

We applied the protocol of separation of coccolithsed on a cascade of microfiltering steps
designed by Minoletti et al. (2009) where a fulsdeption of the method can be read. After
dispersion and disaggregation of the sediment utrakksed deionised water using a gentle
ultrasonic treatment for 10 minutes, the resulngpension was wet sieved through 63 and
20 um nylon mesh, steps that retained the coarsedracomprising the foraminifera, large
fragments and recalcitrant sediment aggregates<Z@em fractions were then processed
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using filtration columns and polycarbonate screemiranes with 1gm; 8 um; 5um and 3
um nominal apertures.

All the presented microfractions have been examureter the optical and electron
microscopes and checked for purity in terms of obtttcontent. Under the light
microscope, the 3-bm fractions contained calcareous assemblages #rataimost
exclusively composed of coccoliths dominantly beiag to the genuReticul ofenestra
(Noelaerhabdaceae family). The adjacent coarsetidres, namely the 548m fractions,
were more polyspecific, enriched in larger cocbalibf theCoccolithus group
(Coccolithaceae family), but also containing valeadbundances @alcidiscus sp.
coccoliths andiscoaster spp.. We did not make use of the isotopic commusitf the <3
um microfractions despite their richness in cocbslitas they also contained appreciable
amounts of the so-called micarbs whose nature éicg/s. diagenetic; allo- vs.
autochtonous) remains undetermined (Beltran eR@09; Minoletti et al., 2009). Fractions
that comprised less than @@% of coccoliths were excluded from further analysiader the
SEM, the coccoliths exhibited very good preservatiith no notable overgrowth of calcite
and only modest etching of the shields. This ero¢lpreservation state, which was also
noted for coeval foraminiferal shells (Flower anéenett, 1993) is likely due to the
relatively shallow depositional depth with an appnoately 1500-m-deep water column
(present day value).

3.3. Isotopic measurements

The microfractions were measured for their oxygeeh @arbon isotope ratios using a VG
Isogas Prism mass spectrometer at Oxford UniverEitg size-separated fractions of the
fractions were reacted with anhydrougPi, at 90°C. Calibration to the V-PDB scale via
NBS19 was made daily using the Oxford in-house &@armarble standard. Reproducibility
of replicated standards was usually better tha%d(#1c) for 50 ands**C.

We estimated the effect of a conservativen® “contamination” of a considered
microfraction from the two adjacent microfractiomsh a simple mass balance. On the
example of the possible impurity of the 3u% fractions, we imposed the presence of 10% of
larger particles from the 548n fraction and 10% smaller from the g fraction to the 3-5

um signals. This treatment was accounted for as noatky described in Eq. 1. The same
calculation was conducted on the b8 fractions using the isotopic compositions of the
bracketing 8-1Qum and 3-5um fractions.

Uncertainty on 65_g = 63_5 *+ ([0.8 X 83_5]+[0.1 X 85_g] +[0.1 X Sl'nf3]) (Eq. 1)

where the uncertainty of the isotopic compositi&hiti carbon or oxygen of the 34fm
fractions is in %0 VPDB, as the individual measuisatopic ratios.

4. Results and discussion
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4.1. Basic results

The coccoliths*®0 values range from -0.8%o and +0.7%o. (Fig. 3a). \Wseove a progressive
increase in this isotopic ratio over the studiddnval, this long-term change matches the
increase in reconstructéd’Og, (Fig. 3b). Overall, the 3-bm and 5-&m fractions have
close oxygen isotope compositions, especially gadhe MCT. During this transition,
higher fluctuations between adjacent samples (8&and 5-8um fractions) become
apparent, along with increased offset betweenwoecbccolith microfractions — thi20s.

sum Values being generally more positive by +0.4%o. fite&n oxygen isotope composition
of the coccoliths is shifted by +1.5%. comparedh@irt contemporaneous planktoic
quadrilobatus foraminifera (Fig. 3a). The coccolith—foraminifer40 offset tends to
increase with time over the studied interval.

The absolute coccolith*C values range from 0.9%. and 2.7%o (Fig. 3c). Alifjiothe
resolution of the record is different between tle talcifiers, the Carbon Maxima defined
from the planktonic foraminiferal record (Fig. Idgn also be identified in the coccolith
record. Before 12.4 Ma, we observe a good agreebsween foraminifera and the
coccolith fractions for their absolusé®C values (raw data), albeit with larger differences
between the two type of biominerals between 14d21ah8 Ma.

4.2. Frameworks for interpreting the results imtgiof palaeoclimatic signals
4.2.1. Coccolith palaeo-vital effects from cultdiaa

There are two ways to address the problem of thabla expression of the isotopic vital
effect in sedimentary coccoliths. The first corsst quantifying the offset between size-
restricted coccolith assemblages from a coevanlqpiaic foraminiferal reference, as done in
previous studies (Bolton et al., 2016; Bolton anollS2013; Hermoso, 2016). The second is
to apply culture-derived biological offset correctito the isotopic signatures of different
sized coccolith assemblages to account for thé efitect.

For thea priori treatment of the coccolith vital effect, we apglibe biological offset
correction accounting for the oxygen isotope \éfféct ¢°0 VE) of culturedGephyrocapsa
oceanica to their Miocene close-relativReticul ofenestra coccoliths gathered in the 3un
microfractions. Both taxa belong to the Noelaerlzaiedie family and have similar size. This
offset correction (+0.8%. VPDB) arises from the atdt study by Rickaby et al. (2010). The
oxygen isotope vital effect &. oceanica is not sensitive to pCQluctuations (pCQ@> 280
ppm) (Rickaby et al., 2010; Tremblin et al., 20Me used the extreme values of the range
of the culture data as a most conservative unceytar the fixed oxygen isotope vital effects
(x0.1%0). Similar reconstruction of SSTs frdRaticul ofenestra-derived SSTs has been
recently successfully applied across the Eocenge@dine Transition (Tremblin et al., 2016).
Such a correction of the oxygen vital effect fog 838um microfractions is not as
straightforward because tB&0 / T relationship is more complicated than in deratells,



249 and appears to be a function of @Ilarger coccoliths/cells (Bolton et al., 201&rHhoso,
250 2014; Hermoso et al., 2020; McClelland et al., 2Ri¢kaby et al., 2010; Tremblin et al.,
251 2016; Ziveri et al., 2003). This explains why ooccolith5°0-derived SST curve only

252 originates from the 3-bm microfractions (Fig. 4). Nevertheless, 80 values of the 5-8
253 um microfractions will be compared to the reticuludetrid (3-5um fractions) and

254 foraminifera records to shed light on t® VE of ancient Coccolithales coccoliths (Fig. 5).
255

256 As outlined in the introduction, the drivers of lsan isotope vital effects are much more
257 complex than for the oxygen isotope system (Mc@&rallet al., 2017), and therefore, we did
258 not attempt to correct the raw isotopic data ferdbccoliths of the two microfractions.

259 Nevertheless, the coccolith-foraminifera offsetS’Ceoccolith-foraminiterd Will be presented and
260 discussed (Fig. 5).

261

262 4.2.2. Ancient seawatér’0 composition

263

264 Comparings*®O signals from the coccoliths to those from thefoiniferaper se does not
265 depend on assumed seawater oxygen isotope vali€s,], as it appears safe to assume that
266 the coccolithophores and the foraminifera havet lugltheir calcite shells from seawater
267  with comparablé*®0 values. It becomes, however, necessary to makssamption on the
268 oxygen isotope composition of seawater in ordeotovert the oxygen isotope composition
269 of fossil biogenic carbonates into temperaturenesties (Eqg. 2). Meanwhile, comparing the
270 SSTs from the two biominerals will not be influeddey uncertainties i6*%0s, estimates.
271

272  Work by Flower & Kennett (1993) on the same stuitlydid not attempt conversion of

273  planktonic foraminifer&*0 values into SSTs. Subsequent study by Pagahi(@989) used
274  arelatively simplé®0s,, framework with a constant value of =1%o and appttrete

275 positive steps on the order of several tenthspEramil between 15 and 12 Ma when

276 Antarctic ice-sheets were thought to have advaEraver and Kennett, 1993). In this

277  study, we used th&®0,, evolution documented by Lear et al. (2010) fromFOBite 761

278 that lies at a relatively close latitude to DSDRSB8 (~16°S and ~26°S in present day,
279 respectively). Proxy data of bottom wadétOs, inferred fromthe geochemistry of the

280 benthic foraminifera@ridorsalis umbonatus (Lear et al., 2010) and modelling work enabled
281 reconstruction of surface wai&?Os, values by Tindall & Haywood (2015) for a later &m
282 interval that showed relative homogeneity in bot@md surfacé*®0s,values between the
283  drilling locations of ODP site 761 and DSDP sit8%®d provides support for the validity of
284  thes™®0s, estimates from benthic foraminifera as an appration of surface wate*°Os,,

285  (Fig. 3b).

286

287 4.2.3. Finab'®0 / Temperature equation accounting for the viti@ioe
288

289 The final temperature equation applied in the prestudy originates from the work by Kim
290 & O’Neil (1997) and recast in the study by Tremk#inal. (2016) (Eq. 2). This equation
291 contains three input parameters that are the oxiggéope composition of coccolith calcite
292 (80), the treatment of the vital effect imprintingetbomposition of these biominerals
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(biological offset correction terméfO VE) and the isotopic composition of seawater
(5"%0cw).

SST = (1000 x 16.03) —273.15  (Eq.2)

(1000 x In [(1000 + (1.03091 x (8180 - 180 VE)+ 30.91)) / (1000 + 8180gy,)] + 32.17)

where SST (Sea Surface Temperature) is in °C; talttite5*°0 and oxygen isotope vital
effects are in %o VPDB andf®Ogy, is in %0 VSMOW.

We must note that we were unable to associate egrtamty with thes*°Og,, parameter and
to propagate it in the final temperature estimdbege to the multiple assumptions made to
generate these figures in the study by Lear ¢R@lL0) and subsequent work, it has indeed
proven impossible to extract a typical error frdra tlataset. As we aim at comparing the
foraminiferal and coccolith records from a palaegeiochemical perspective, and not using
the SST, this has negligible effect on our disaussi

4.3. Confronting the various0-derived temperature signals

4.3.1. SSTs derived from planktonic foraminifera #me "small" coccoliths (3-bm
fractions)

Providing that thé*20 values of surface-dwellin@. quadrilobatus record a signal of
temperature with negligible oxygen isotope vitdéef, as do those of modern
Globigerinoides (Niebler et al., 1999; Pearson et al., 1997; Spéerd., 2003), it appears that
SSTs derived from th&°0 composition of coccoliths in the 380 microfractions
containingReticul ofenestra spp. and corrected for a +0.8%o. vital effect appedre in good
agreement both for the absolute temperatures (rgrigpm 16 to 24 °C) and trends (Fig. 4).
Although several discrete datapoints of coincidatcolith and foraminifera slightly diverge
across the MCT and during the early Serravalliaa,averall consistency between these two
sources is reassuring for how culture-derived 1&0ffsets can be applied to the fossil
record.

From a palaeoclimatic perspective, we only obseredest variations in SSTs at this
location despite a relatively important declingp@O, across the MCT. Although, the record
shows large variations between adjacent studieglesinthe temperature decrease at this
subtropical latitude can be quantified to approxeha-2.5 °C from 17.4 to 13.5 Ma (Fig. 4),
namely throughout the Miocene Climatic Optimum. ikelother oceanic temperature
records (e.g. Shevenell et al., 2004; Super e2@1.8), a warming phase is registered at the
study site after the MCT. This event may seem éptare with the pC@decline (Fig. 1c)
and global climatic cooling (Zachos et al., 20(iy( 1c; Fig. 3b). Previous studies have
suggested that this climatic event correspondsrégi@nal phenomenon caused by the
reinforcement of the western boundary current efdgbuth Pacific subtropical gyre (Flower
and Kennett, 1993).
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4.3.2. Examining the oxygen isotopic offsets betw&snall" and "large™ coccoliths

The oxygen isotope composition of the large m¥8fractions chiefly reflects those of the
Coccolithales coccoliths (predominantly taxa witthe Coccolithus pelagicus group). Some
fractions also contaiDiscoaster nannoliths, these fractions were discarded froerditaset.
The A0 values between the 3un and 5-8im fractions £®Ogmaiiiarge) changed from —0.3
to +0.5 %o across the studied interval. No diffeeencpreservation state was observed
between the large and small reticulofenestrid clitbsoin the adjacent smaller
microfractions. In the absence of deep-photic zmeeolith species in the microfractions,
the taxa measured in the present study are thoogladcify at the same depth (Winter et al.,
2002), so differences in ecology cannot be invakeeplain the difference between
Coccolithales and Noelaerhabdaceae (reticulofadgstyccoliths. The large range of the
oxygen isotope vital effect in larger coccolithssmexpected, as they exhibit a much more
complex biologically mediated fractionation (McQ#eld et al., 2017). To first order, the
observed increase mlsosma||_|argeindicates that the oxygen isotope vital effeclanfie
coccoliths evolved with decreased pGf@lues. This field observation supports our
understanding from culture experiments of the biegpemistry of large coccolithophore
cells -being more carbon limited with a smaller surface area-to-volume ratio— and for which
the expression of the vital effect is therefore ensensitive to ambient carbon limitation than
small cells. We must note that this relationshimween pCQ/ CGO, ,qand vital effects is not
resolvable by a detailed (peak to peak) observatimughout the entire record (Fig. 3). This
is at least partly due to the large spread of exjslata of pCQfor a given time interval. The
co-variation between *Osmaiiarge@Nd A CsmaiiargeOffsets (Fig. 6 and see following section
4.3) may shed light on factor(s) controlling tmsarspecies vital effect.

4.4. Coccolith carbon isotopes
4.4.1.Reticul ofenestra carbon isotope vital effects

ForaminiferaGlobigerinoides quadrilobatus and thecoccoliths of the 3-pum fractions

exhibit close3**C compositions, except from 12.4 Ma in the recohéke the coccoliths tend
to be isotopically lighter (Fig. 3c). Applying artstant correction for the vital effect fG.
guadrilobatus of +0.5 %o (by biogeochemical analogy of this spedbG. trilobus (see work
by Pearson et al. (1997)) leads 8% values of the coccoliths to be isotopically lighthan
the coeval planktonic foraminifera, inducing a “agge” carbon isotope vital effect (Fig.

5a). From 12.4 Ma, the vital effect in coccolitrecbmes substantial, reaching 1.5 %.. Recent
biogeochemical modelling work points toward the artpnce of cell size, the degree of
utilisation of the internal carbon pool and the FIOC ratios in coccolithophores to
quantitatively describe coccolitt*C values (McClelland et al., 2017). Although these
distinct mechanisms synergistically act on the carisotope vital effects, they are inter
dependent and have been shown to be influenceukebgoncentration of ambient GO’ he
physiological parameters required to quantitatiw{plain the magnitudes of the vital effects
in culture are difficult to assess from geologicase studies, complicating the quantitative
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interpretation of the palaeo-vital effects. A waymove forward with the
palaeobiogeochemical control of tH€ VE is to acquire more data with precise
guantification of the size and morphometrics of¢becoliths in the fractions (Bolton et al.,
2016; Duchamp-Alphonse et al., 2018; Hermoso antbMiti, 2018; McClelland et al.,
2016) and to generate independent seawal€p,c and alkalinity estimates.

The appearance of significant carbon isotope eiftfgicts in relatively small cells may be
caused by a decrease in pa@rough physiological changes related to carbatentrating
mechanisms (Bolton and Stoll, 2013) or simply tlgtoincreased cellular utilisation of
carbon (McClelland et al., 2017). Confronting thisgeochemical observation with the
broader environmental context is not straightfodyas there is a large array of
reconstructed pCfQvalues spanning the middle Miocene (Fig. 1c). Heeveour
observations show that vital effects in coccoligfcte appeared some 4 Ma prior to €@,
threshold previously proposed by Bolton and Stoll (2013)e faper by Bolton and Stoll
(2013) was the first to show a diversion in the miagle of the small (3-im fractions) vs.
the large (5-§um fractions) coccolitty**C values that occurred during the late Miocene.
Using simple numerical modelling, the authors adjiieat the decline in atmospheric p£O
was responsible for enhanced Qiitation in large coccolithophore species, wiaeréhe
small ones, more permeable to ambient carbon daesioaller cellular volume-to-surface
area ratio, were still carbon replete and exhibst€@ ratios close to inorganic values. This
discrepancy in the palaeobiogeochemical recortieresuggests that there are local effects at
play (i.e., in the relationship between atmosphp@€, and aqueous C@oncentration in
seawater, in nutrient concentration and a posstiéege of growth rates caused by changing
temperature) and/or that differential vital effelsetween large and small coccoliths truly
appeared earlier than previously thought. In ther&) further investigation, notably
examining the evolution of coccolithophore sizeidgrthis pivotal time interval, will help
better understanding the global (biological) velsgsl (environmental) controls on stable
isotope composition of coccolith calcite.

4.4.2. Differential expression of the vital effdxst coccolith (cells) of contrasting sizes

The rawd™C values of the largest assemblages (Br8ractions) are more negative than the
small (3-5um fractions) ones by a mean offset of +0.55%. (B@. The uncertainties of the
calculatedA™C values from the purity of the particles in therofractions is less than

0.06%0 on average (see Methods). We note that inet@rd by Bolton & Stoll (2013), the
carbon isotopic offset between the smvallarge coccoliths between 18 and 10 Ma is also
contained within a range of £0.5%.. This overall donatch between datasets, and
presumably between microfractions containing desttaxonomic assemblages, supports the
observation of a generalisable feature of the lmolgemistry of the coccolithophores of a
fixed size range during this time period.

The same prominent expression of the carbon isotib@eeffect concerns the large

coccoliths at 12.4 Ma (Fig. 5a). Prior to this dyéhnere is decoupling of the expression of
the vital effects between the small and large gsettiat is apparent in our record at the onset
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of the MCT (15.9 to 14.2 Ma) (depicted by the slthpimk zone on Fig. 5a and the red
portion of the curve on Fig. 5b). At around 14 Mahe record, the differential vital effects
between the two assemblages vanished until theMa .#hterval. The pC@levels decreased
across the MCT, also corresponding to the ternonatf the Monterey Event (a period of
successive injections of G@nto the atmosphere). Thus, it can be inferrethftbis
compilation of proxy data and with our incipientd@nstanding of coccolithophore vital
effects that ambient carbon concentrations declawedss the studied interval. Our data
pinpoint the advent of large vital effects impmgicoccolith calcite likely triggered by
declining in the C@resource required by the coccolithophores. Ovetal expression of the
vital effect affecting coccolith calcite is confied here to be size dependent, as reported in
culture studies.

4.5. On the potential the coccolith vital effectgpalaeoceanographic research

The present study represents a step forward inriderstanding of the environmental forcing
of the isotopic composition of coccolith calcitedatheir variation with time. A key
observation is that that coccolii®Csmaiiarge0ffsets positively correlate With'®Osmaiarge
values §%0 for smallest fraction uncorrected). This sigrifit statistical linkg-value <
0.0005) is shown on Fig. 6. It is important to gaint the lack of correlation between raw
880 and3**C for a given size fraction. Therefore, the diffeial expression of the vital
effects in both isotopic systems must convey a annbiogeochemical signal. A pG@river
offers a likely explanation for th&'®0/A™C correlation, as the two isotopic systems were
reported to be under a common control bysg{@oncentrations in laboratory-grown
coccolith calcite (Hermoso et al., 2014). This abaton was also found in a previous study
of the geochemistry of subfossil coccolith laidtba seafloor to establish a core-top
calibration of the stable isotope composition & tloccoliths with environmental parameters
(Hermoso et al., 2015). Unfortunately for this studremains currently difficult to
quantitatively explore tha®®0 andA'®C figures with existing pC©values, due to the
relatively large array of reported pg@alues and uncertainties regarding ambient £50
concentrations. Further quantitative constraintsherforcing of seawater GO
concentrations and other environmental parametete@expression of the carbon isotope
vital effects among coccolith species could be ibssprovided that independent estimates
for growth rates and PIC/POC ratios are succegsibiained for deep time coccoliths
(Gibbs et al., 2013; McClelland et al., 2016).He future, developing a biogeochemically
and environmentally grounded®0/A™0 approach in culture and in sediments has the
potential to resolve some uncertainties if the @ygnd carbon isotopes can be treated
simultaneously through isotopic modelling.

5. Conclusions
This study provides a field validation of recenvanices achieved through laboratory culture
of coccolithophore species, and confirms the biocbgemistry of the coccolith as a valuable

source of palaeoenvironmental information as a dement to the foraminiferal archive. In
particular, this work unveils the intimate linkstlween the carbon and oxygen vital effects
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and supports the hypothesis that their magnitugentts on the environment through the
dynamics of CQuitilisation by the coccolithophore cells. Insteddbeing an obstacle to
palaeoceanographic reconstructions, there is aaasmg appreciation that coccolith vital
effects themselves are rich in environmental infatiom. It remains of utmost importance to
better constrain the complexity of the coccolitbrbineralising system by further laboratory
cultures and an enhanced characterisation of thphometrics of cultured and fossil
coccoliths to establish a prospective paitétD/A'C proxy for ancient C@concentrations.
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Figure 1. Oxygen and carbon isotope composition of benthic faminifera for DSDP site 588 and
atmospheric pCQO, concentrations throughout the early to late Miocen. Panel a shows the
available3™0 benthic Cibicidoides sp.) record for this site on which a shift towanatsre positive

values is registered with the Miocene Climatic sitian (MCT). Data source is inset. Panel b shows
the coevab'*C benthic on which a series of (isotopic) carboxima (CM) -high ¢**C values— are
recognised. They define the so-called Montereyaaibotope excursion. Panel ¢ depicts previously-
reported pC@estimates from various sources showing the arragomnstructed pCOvalues.

Overall, reported data are higher and variablenguttie MCO (~450 ppm) and a decrease is observed
within the MCT and subsequently (~300 ppm). Thedaturce for each curve is inset. For the errors
associated to each published curve, please refeetoriginal publications.
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Figure 2. Location of the studied oceanic site irhe Tasman SeaThe map layout was generated
using Ocean Data View (Schlitzer, 2017). The s@rfawrrents (dashed lines with arrows) are from
the figure from Tomczak and Godfrey, 2003. The Rasttralian Current is a SW branch of the SW
Pacific oceanic gyre flowing southward.
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691 Figure 3. Raw oxygen and carbon isotopic compositioof calcite biominerals (coccoliths and

692 planktonic foraminifera). Panel a shows the evolution of oxygen isotope caitipa of planktonic
693 foraminiferaG. quadrilobatus (white and black dots) and the coccoliths of #higly concentrated in
694 narrow size microfractions throughout the studigdnval (red and blue dots). The grey vertical area
695 represents the interval of the middle Miocene Clicn@ransition. Data source for the foraminifera
696 measurements is inset. Panel b shows a reconetnafis'°0;,, across the study interval accounting
697 from paired Mg/Ca and foraminifeta®0 values. The correction of data accounts for cimang0O,>
698 concentrations on the Mg/Ca calibration (data fitarar et al., 2007). We note that the onset on the
699 MCT corresponds to a sharp increas&'fd,, values. Panel ¢ shows the evolution of carbomjsot
700 composition of planktonic foraminifera and cocdwdit Data source is inset.
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Figure 4. Comparison of sea surface temperature éstates derived from the oxygen isotope
composition of foraminifera and coccoliths in the & pm microfractions. Both SST curved
derived from Eq. 2 using the seawat€0 compositions shown in Fig. 3b. The coccolith
(Reticulofenestridp'®0—derived SSTs at DSDP site 588 accounting foctiitere-derived oxygen
isotope vital effect for coccolith of this size ggn(0.8%o, see text) is in good agreement with the
foraminiferal reference. Error bars on coccolitiisdmorrespond to the uncertainties in the oxygen
isotope vital effect (here taken at £0.1%o). Thekpinea denotes a sensitivity test of the presefice o
20wt% contamination by adjacent (coarser and finest)ghes virtually pervading the 34om

fractions on inferred SSTs.
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Hermoso et al. - Figure 5 Miocene Climatic Optimum (MCO)
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717 Figure 5. Expression of the carbon isotopic offsetsetween foraminifera and coccolith

718 assemblagesPanel a comparés®C values of foraminifera (corrected by*€VE factor of 0.5%o)
719 with those of the coccolith assemblages (raw d#t&) observe enhanced negative carbon isotope
720 vital effects at 12.5 Ma in the coccolith recordtérisks denote levels that have require interpoiat
721 of foraminifera data. Panel b shows isotopic offsettveen coccolith fractions, comparable to the
722  approach by Bolton & Stoll (2013) introducing "strédrge" differences in the context of pgO
723 values (raw data). To first order, we observe psgive increaseﬂ13C3ma||_.argeoffsets across the
724  studied interval that mirrors the decline in recansted pCQvalues (Fig. 1c).
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Figure 6. Scatter plot of the carbon and oxygen isope compositions between relatively small
and large coccolith assemblage3he data suggest that the vital effects affedboty carbon and
oxygen isotopic systems are under a common envigatathcontrol, although the intracellular
mechanisms at play differ (McClelland et al., 20THe positive correlation conveys a
biogeochemical signal that we hypothesize origmétem a progressive decrease in aqueous CO
concentrations in seawater. The grey shaded atha 85% confidence interval of the linear
regression betweex*C andA™0 data.
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Highlights:

» Size-specific carbon and oxygen isotopes are reported for coccoliths spanning the
Miocene Climatic Transition (MCT)

» Coccolithsin different size classes express contrasting vital effects which are
evaluated within a pre-established pCO, framework

+ The observed correlation in A®0/A**C between small and large species may reflect a
decline in CO, through the MCT
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