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Trace el e ments in cor po rated into foraminiferal test car bon ate are com monly used as palaeoproxies. For in stance, ben thic
and plank tonic Mg/Ca ra tios are fre quently used for re con struct ing bot tom and sea sur face tem per a ture (SST) changes, re -
spec tively. How ever, over the past few de cades it has been shown that the in cor po ra tion of Mg2+ into foraminiferal cal cite is
con trolled by more than one en vi ron men tal pa ram e ter, with sig nif i cant vari a tions of their sen si tiv i ties be tween cul ture and
field-based stud ies. Opin ions dif fer as to whether the lab o ra tory con di tions dur ing cul tur ing ex per i ments or the nat u ral con di -
tions dur ing field sam pling (core-tops, sed i ment traps and plank ton tows) better trace the wealth of in for ma tion with im proved 
ac cu racy. Lab o ra tory cul ture ex per i ments that iso late the ef fects of in di vid ual en vi ron men tal pa ram e ters have been used to
iden tify sec ond ary con trols on Mg up take into plank tonic foraminifer tests. How ever, field-based data (core-top sed i ments
and plank ton tows) from high sa lin ity super-sat u rated set tings have shown the ad di tional pres ence of high-Mg in or ganic pre -
cip i tates lead ing to sig nif i cant sa lin ity (S) bi ases on the Mg/Ca palaeothermometer. Test ing such syn er gis tic ef fects be tween 
tem per a ture, sa lin ity and cal cite sat u ra tion state would re quire an ex per i men tal de sign where all these pa ram e ters are var -
ied sys tem at i cally, but such ex per i ments have yet to be con ducted. Since the syn er gis tic ef fects can not pres ently be ruled
out through cul tur ing ex per i ments, it is im per a tive to ini tially con firm the am pli tude and geo graphic dis tri bu tion of the de tect -
able diagenetic pre cip i ta tions (Scan ning Elec tron Mi cros copy anal y sis) through field-based work, fur ther quan tify their im -
por tance (dis crim i na tion of dis tinct diagenetic stages and quan ti fi ca tion of the diagenetic im print) and fi nally es ti mate its
po ten tial ef fect on Mg/Ca-T cal i bra tion (e.g., over growth-cor rected spe cies-spe cific cal i bra tion equa tions). The ex am ple of
the mar ginal high-sa lin ity set tings, among oth ers, clearly high lights that the op ti mal use of Mg/Ca as a palaeotemperature
proxy ur gently re quires the complementarity of both cul ture- and field-based data. To this end, we here pres ent ad van tages
and dis ad van tages to each ap proach. These in sights re in force the po ten tial of the com bined use of cul ture- and field-based
foraminiferal stud ies, where pos si ble, in or der to min i mize the ob served in con sis ten cies, and to ad vance Mg/Ca ther mom e -
try by both pro vid ing a frame work for better un der stand ing the na ture of Mg/Ca de pend ence on sea wa ter tem per a ture, and
the ef fects of com pli cat ing fac tors.

Key words: Mg/Ca palaeother mom e try, core-top sed i ments, sed i ment traps, plank ton tows, lab o ra tory cul ture ex per i ments,
palaeoceanography.

INTRODUCTION

Foraminiferal Mg/Ca ther mom e try is a rap idly de vel op ing and 
widely used tool for palaeoceanographic re con struc tion (e.g.,
Lea et al., 2000; Anand et al., 2003; Hoogakker et al., 2009;
Kontakiotis et al., 2011; Martínez-Botí et al., 2011; Honisch et al.,
2013; Hertzberg and Schmidt, 2013; Lea, 2014; Antonarakou et
al., 2015; Spero et al., 2015). The geo chem is try of foraminiferal

tests re flects the en vi ron men tal con di tions in which the
foraminifera grew and there fore con trib ute in re con struct ing past
ocean cli mate. More ex plic itly, the plank tonic foraminiferal fos sil
re cord is of great im por tance to our un der stand ing palaeoceano -
graphy and re gional or global cli ma tic change through time, as
they are sen si tive in di ca tors of sur face and near-sur face wa ter
con di tions. On the other hand, Mg/Ca in ben thic foraminiferal
spe cies has been used for ex am ple to rec og nize deep-sea tem -
per a ture (T) changes (Mar tin et al., 2002; Marchitto et al., 2007)
and Ce no zoic evo lu tion of global ice vol ume (Lear et al., 2002).
Un for tu nately, data in ter pre ta tion and palaeoenvironmental re -
con struc tions still re main very chal leng ing, re flect ing the in com -
plete knowl edge of the ecol ogy, phys i ol ogy and life cy cles in
mod ern foraminifers, which can only be ob tained through field
and lab o ra tory ob ser va tions (e.g., Bijma et al., 1990; Spero et al., 
1997, 2015; Rus sell et al., 2004).
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Mg/Ca palaeothermometry has the po ten tial of re cord ing
rel a tively small ocean T changes, which is par tic u larly use ful
when study ing high-fre quency cli mate changes dur ing the
Pleis to cene (Lea et al., 2000; Me dina-Elizalde and Lea, 2005;
Rodríguez-Sanz et al., 2012; Regoli et al., 2015; Lynch-Stieglitz 
et al., 2015; Lear et al., 2015), and is based on the prem ise that
sea wa ter tem per a ture is the pri mary con trol on Mg2+ in cor po ra -
tion into foraminiferal tests dur ing cal ci fi ca tion. The un der ly ing
ba sis for Mg/Ca ther mom e try, as cor rob o rated by both ther mo -
dy nam ics and phys i o log i cal pro cesses, is that the sub sti tu tion
of Mg in cal cite is en do ther mic and there fore is fa voured at
higher tem per a tures (Lea et al., 1999; Erez, 2003; Bentov and
Erez, 2006; Lea, 2014). How ever, it has also been shown that
the pro cess is con trolled by other en vi ron men tal pa ram e ters.
Be cause foraminiferal Mg/Ca ra tios are con trolled by cal ci fi ca -
tion phys i ol ogy (Erez, 2003; Bentov and Erez, 2006), em pir i cal
cal i bra tion stud ies are es sen tial to de ter mine the T sen si tiv ity,
as well as the roles of any other con trib ut ing fac tors, such as sa -
lin ity (e.g., Nürnberg et al., 1996; Lea et al., 1999; Fer gu son et
al., 2008; Kisakürek et al., 2008; Groeneveld et al., 2008;
Duenas-Bohórquez et al., 2009; Hoogakker et al., 2009;
Arbuszewski et al., 2010; Hönisch et al., 2013), car bon ate ion
con cen tra tion (e.g., Rosenthal et al., 2006; Elderfield et al.,
2006; Alison et al., 2010; Raitzsch et al., 2010), in or ganic
diagenetic over print (e.g., Kontakiotis et al., 2011; van Raden et 
al., 2011; Boussetta et al., 2011; Sabbatini et al., 2011), and
likely oth ers. It is nec es sary to pay close at ten tion on these en -
vi ron men tal pa ram e ters, be cause in suf fi cient knowl edge of
them can com pro mise use of foraminiferal Mg/Ca ra tios in con -
fi dently re con struct ing past tem per a tures.

Dur ing re cent de cades, this “palaeothermometer” has un -
der gone a pe riod of phe nom e nal growth, and it has quickly
taken its place as one of the most use ful means
palaeoceanographers have to study past cli mates. The ini tial
mile stones, such as the first at tempt to de duce gla cial trop i cal
SSTs us ing Mg/Ca (Hastings et al., 1998), the first cal i bra tions
made on cul tured whole shells (Lea et al., 1999), or the first de -
tailed sed i ment trap cal i bra tions (Anand et al., 2003;
Martínez-Botí et al., 2011), was fol lowed by new ones fo cus ing
mostly on its con fi dent use on tar geted key (morpho)spe cies
(e.g., Globigerinoides ruber) on both short (mod ern or late Qua -
ter nary; Steinke et al., 2005; Thirumalai et al., 2014;
Antonarakou et al., 2015) and lon ger time scales over the past
17 My (Wara et al., 2005; Me dina-Elizalde and Lea, 2005; Me -
dina-Elizalde et al., 2008; Lear et al., 2015). Es pe cially for the
mod ern ma te rial (core-tops, plank ton tows and sed i ment traps), 
in which the Mg/Ca sig nal is com pli cated by the com bined in flu -
ence of en vi ron men tal pa ram e ters (e.g., sa lin ity, cal cite sat u ra -
tion state; Kisakürek et al., 2008; Hoogakker et al., 2009;
Kontakiotis et al., 2011; van Raden et al., 2011; Hönisch et al.,
2013; Hertzberg and Schmidt, 2013; Hertzberg et al., 2016)
and/or bi o log i cal pro cesses (Hathorne et al., 2009; Wit et al.,
2010; Bolton et al., 2011; Nehrke et al., 2013; Spero et al.,
2015), prog ress has been rapid be cause of im prove ments in
an a lyt i cal in stru men ta tion and meth ods (Haley and
Klinkhammer, 2002; Benway et al., 2003; Klinkhammer et al.,
2004; Rosenthal et al., 2004; Greaves et al., 2008; Mortyn et
al., 2011). More over, the prog ress has been made in elu ci dat -
ing the im pact of chang ing sea wa ter Mg/Ca ra tios on Mg/Ca
palaeothermometry (Me dina-Elizalde et al., 2008; Hasiuk and
Lohmann, 2010; Broecker and Yu, 2011; Ev ans and Müller,
2012; Ev ans et al., 2015; Hig gins and Schrag, 2015; Lear et al.,
2015) could prove cru cial in the suc cess ful ap pli ca tion of this
proxy to the global palaeoclimatic re con struc tions across a
wide range of time pe ri ods.

This study does not aim to re in ter pret or eval u ate pre vi ous
work. It is pri mar ily a syn the sis of pub lished data, as well as a
sum mary of con sid er ations ap pli ca ble to Mg/Ca ther mom e try.
The pur pose is not to con clude which ap proach is better, but
rather to high light that each ap proach fit tingly com ple ments the
other. Al though re mark able prog ress has been made in this
field, we pres ent in de tail the ma jor ad van tages and lim i ta tions
(Ta ble 1) and aim to con trib ute to the un der stand ing of the func -
tion ing and re li abil ity of the foraminiferal Mg/Ca-T proxy. There -
fore, we com pare Mg/Ca of nat u ral pop u la tions and cul tured
spec i mens in or der to de ter mine whether cul ture data re sults
can be ap plied to nat u ral spec i mens. We pro vide a unique per -
spec tive on pos si ble fu ture re search di rec tions to ad dress sev -
eral key un re solved ques tions in Mg/Ca ther mom e try.

LABORATORY AND FIELD CONTRADICTION

The es tab lish ment of em pir i cal re la tion ships in lab o ra tory
and field ap proaches is an im por tant step to wards the un der -
stand ing of the proxy and its sound ness in palaeoceanographic
re con struc tion. More over, the com par i son be tween cul ture-
and field-grown foraminifera leads to the dis cov ery of lim i ta tions 
as well, which make a sig nif i cant con tri bu tion to the con tin u ing
de vel op ment of Mg/Ca ther mom e try and its ap pli ca tion to
palaeoceanography. Es pe cially for the re cently de vel oped
prox ies, such as the Mg/Ca palaeothermometer, it is de sir able
to in ves ti gate these in more de tail. Im por tant as pects are the
cal i bra tion of spe cies that are par tic u larly suit able for ma nip u la -
tion in lab o ra tory set tings, and which are also ubiq ui tous in
palaeoceanographic field stud ies due to their abil ity to cope with 
en vi ron men tal vari abil ity.

In both cases, al though field based stud ies in di cate T as the
dom i nant con trol on Mg/Ca, they pres ent sig nif i cant vari a tions
due to the ex is tence and de gree of the main com pli cat ing fac -
tors af fect ing Mg/Ca. For in stance, the per cent age change in
Mg/Ca per °C in planktonics ranges from 4 to 43% (e.g., Lea et
al., 2000; Dekens et al., 2002; Anand et al., 2003; Fer gu son et
al., 2008), sug gest ing a higher sen si tiv ity than in cul ture
(4%/psu – Lea et al., 1999; 8 ± 2%/psu – Kisakürek et al., 2008). 
Sim i larly, through cul ture ex per i ments sa lin ity (S) was shown to
ex ert no im pact (Toyofuku et al., 2000, 2011; Diz et al., 2012) or
a sig nif i cantly slighter (4–11%/psu – Lea et al., 1999;
5 ± 3–7%/psu – Nürnberg et al., 1996; 6 ± 2%/psu – Kisakürek
et al., 2008; Duenas-Bohórquez et al., 2009; 3–5%/psu –
Dissard et al., 2010a) in flu ence than that from core-top
(15–59% – Fer gu son et al., 2008; 15% – Mathien-Blard and
Bassinot, 2009; 27 ± 4% – Arbuszewski et al., 2010) or plank ton 
tow (16% – Martínez-Botí et al., 2011) stud ies. The sea wa ter
car bon ate ion con cen tra tion [ ]CO3

2 -  that is known to af fect the
Mg/Ca ra tios in foraminiferal cal cite also shows con tra dic tory
re sults be tween field and cul ture stud ies. Al though field stud ies
and lab o ra tory ex per i ments in di cate the same in flu ence (low
car bon ate ion sat u ra tion re sults in de creased Mg2+ in cor po ra -
tion) on plank tonic foraminifera (Kisakürek et al., 2008;
Duenas-Bohórquez et al., 2009), this ef fect on ben thic
foraminifera re mains in con clu sive, since the field stud ies con -
sider deep-wa ter spe cies show ing a neg a tive ef fect on Mg/Ca
ra tios (Elderfield et al., 2006; Rosenthal et al., 2006; Yu and
Elderfield, 2008), but cul tur ing ex per i ments con sider shal -
low-wa ter ben thic foraminifera and in di cate the ab sence of a
clear in flu ence of [ ]CO3

2 -  (Allison et al., 2010; Dissard et al.,
2010b). This dif fer en tial re sponse of the [ ]CO3

2 -  in flu ence re -
mains un ex plained, and might be at trib uted to spe cific phys i o -
log i cal re sponses of en vi ron men tal fac tors that are cor re lated to 
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[ ]CO3
2 -  but are less mea sur able (e.g., the pres ence of sym bi -

onts and/or res pi ra tion; JÝrgensen et al., 1985). How ever, such
de tailed ob ser va tions clearly dem on strate that a much better
knowl edge of the na ture and ex tent of Mg/Ca vari abil ity must be 
ob tained in or der to de velop a fuller un der stand ing of the
cause(s) of the Mg/Ca vari abil ity and fi nally to ex plain the ap -
par ent dis crep ancy be tween field- and cul ture-based stud ies, a
prob lem that has plagued all pre vi ous palaeoceanographic ef -
forts with this proxy sys tem.

ADVANTAGES AND LIMITATIONS

CULTURING EXPERIMENTS

Cul ture ex per i ments dif fer sig nif i cantly from nat u ral con di -
tions in im por tant ways that may af fect quan ti ta tive com par i -
sons against field stud ies. Cul ture-based cal i bra tions of fer the
great ad van tage that foraminifera are cal ci fied un der con trolled
lab o ra tory con di tions, where each en vi ron men tal fac tor can be
ma nip u lated in de pend ently (Ta ble 1). For in stance, they cal cify
un der pre scribed and ac cu rately mea sured tem per a tures,
which are con strained dur ing the ex per i ment; there fore it is an
in de pend ent vari able. This is not the case for core-top or plank -
ton tow or trap stud ies, where T must be es ti mated us ing ei ther
a cli ma to log i cal at las or some der i va tion of the cal ci fi ca tion tem -
per a ture at tained from foraminiferal d18O (d18Oc) and d18O of
sea wa ter (d18Osw) (Elderfield and Ganssen, 2000; Anand et al.,
2003). In these cases, T it self be comes a de pend ent vari able

(Ta ble 1) and may in tro duce greater er ror into the cal i bra tion
than the mea sure ment of Mg/Ca ra tios (Anand et al., 2003).

More over, live cul tur ing is an im por tant means by which spe -
cies-spe cific bi o log i cal ef fects on trace el e ment up take can be
un rav eled and the vi tal ef fects can be de ter mined (Ta ble 1). For
ex am ple, fac tors that are known to in flu ence foraminifera, such
as light, tem per a ture, sa lin ity, and pH, can be var ied sys tem at i -
cally by ex per i men ta tion (Nürnberg et al., 1996; Mashiotta et al.,
1999; Lea et al., 1999) to better un der stand their im pacts on
Mg2+ up take. Di rect ex per i men ta tion re moves much of the am bi -
gu ity as so ci ated with the cal i bra tion, and more over of fers unique
op por tu ni ties to iden tify and ex plore many of the fac tors af fect ing
test geo chem is try. With this re gard, cul ture data pro vide an im -
por tant means by which sed i ment ob ser va tions can be in ter -
preted. In sev eral cases, cul tur ing has elu ci dated pre vi ously un -
known in flu ences on foraminiferal shell geo chem is try that could
not be rec og nized by other ap proaches (Nürnberg et al., 1996;
Mashiotta et al., 1997; De Nooijer et al., 2014). Be cause
microhabitat ef fects are min i mized and the wa ter chem is try is
kept con stant across the range of tem per a tures (Ts), the cul ture
ex per i ments ad dress key un cer tain ties in the field based cal i bra -
tions (e.g., elim i na tion of any post-depositional dis so lu tion and
diagenetic ef fects, which are po ten tially at trib uted to core-top
sam ples). More over, ex per i ments are per formed with out sed i -
ment, which has the ad van tage of min i miz ing geo chem i cal gra di -
ents or ex change of trace el e ments (Ta ble 1).

How ever, po ten tial dis ad van tages of cul ture cal i bra tions
are that lab o ra tory con di tions may not re al is ti cally re pro duce
the nat u ral en vi ron ment to en sure nat u ral cham ber growth
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Ad van tages Lim i ta tions

1. Cal ci fi ca tion un der con trolled con di tions, where
each en vi ron men tal fac tor can be ma nip u lated in de -

pend ently

1. May not re al is ti cally re pro duce the nat u ral en vi ron -
ment to en sure nat u ral cham ber growth

2. De ter mi na tion of spe cies-spe cific bi o log i cal ef fects
(vi tal ef fects) 2. All the spe cies are not suit able for ma nip u la tion 

3. Per formed with out sed i ment,  min i miz ing geo chem i -
cal gra di ents and/or ex change of trace el e ments.

3. Study of ma nip u lated spe cies un der very re stricted
eco log i cal con di tions 

4. Lack of physico-chem i cal gra di ents due to ver ti cal
wa ter col umn mi gra tion of Foraminifera
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1. Di rectly han dle the foraminiferal ma te rial, which is
rep re sen ta tive of a com plete life cycle

1. Tem per a ture must be es ti mated (de pend ent vari able)

2. Post-depositional diagenetic (dis so lu tion and over -
growth) ef fects

3. Bi o log i cal in flu ences (vi tal ef fects) can not be de ter -
mined

4. Rep re sented shell ma te rial of mixed age with a com -
plex his tory
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1. The tim ing/rate of foraminiferal pro duc tion and sea -
son of growth are known

1. Spa tial and tem po ral in te gra tion of wa ter col umn ma -
te rial bias these cal i bra tions

2. Di rect com par i son be tween the geo chem i cal sig nal
and the in situ and si mul ta neous in stru men tal re cord

2. De pend ence on life cy cles of plank tonic foraminiferal
pop u la tions

3. No con tact with the sed i ment sur face 3. Po ten tial ab sence of ju ve niles from the nets dur ing
pe ri ods (days/weeks) of their max i mum con cen tra tions
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1. Re gional cov er age

2. Not nec es sary the as sump tion of ox y gen iso to pic
equi lib rium to ar rive at cal ci fi ca tion temperatures

4. Po ten tial trans por ta tion of foraminiferal tests (or live
in di vid u als) from other ar eas due to currents3. A va ri ety of in-situ en vi ron men tal vari ables (e.g.,

tem per a ture) against which Mg/Ca can be compared

T a  b l e  1

 Ad van tages and lim i ta tions of cul ture ex per i men tal vs. field-based sam pling ap proaches in crit i cal as sess ment and cal i bra tion
of foraminiferal Mg/Ca ther mom e try (see into the text for spe cific ci ta tion de tails)



(Barker et al., 2005), and there fore they are lim ited by the lack
of physico-chem i cal gra di ents usu ally en coun tered by the ver ti -
cally mi grat ing foraminifera (Martínez-Botí et al., 2011). More -
over, dur ing cul tur ing ex per i ments only a lim ited num ber of spe -
cies can be stud ied, and only un der very re stricted ecologic
con di tions (Ta ble 1). Such con di tions rely on the spe cific
foraminiferal diet (e.g., Rus sell et al. 2004, and
Duenas-Bohórquez et al., 2009, fed foraminifera only with
Artemia sa lina nauplius) and the time in ter val of the ex per i ment
(it is usu ally ended as soon as in di vid u als un der went
gametogenesis). Such lim i ta tions in mim ick ing the nat u ral pro -
cesses or in com par ing to other means of cal i bra tion still lin ger
and raise ques tions re gard ing the ap pli ca bil ity of lab o ra tory cal i -
bra tion work.

PLANKTON TOW, SEDIMENT TRAP AND CORE-TOP CALIBRATIONS

A pre req ui site for palaeoceanographic ap pli ca tion of cul ture 
cal i bra tions is a dem on stra tion that the T sen si tiv ity of
foraminiferal ma te rial is re tained from cham ber for ma tion
through the de vel op ment of gametogenic cal cite and crust, the
ef fects of dis so lu tion, to res i dence at the sea bed (Elderfield
and Ganssen, 2000). Core-top cal i bra tions in te grate all these
pro cesses, and there fore are valu able since they are based on
ma te rial that will even tu ally form the sed i men tary re cord, hav -
ing gone through a com plete life cy cle in clud ing the above men -
tioned gametogenesis and sec ond ary cal cite for ma tion (Barker
et al., 2005). As a con se quence, core-top cal i bra tions have the
great ad van tage to di rectly han dle the ma te rial that is bur ied to
form the palaeoceanographic re cord (Ta ble 1) and their im por -
tance stems from the sim i lar char ac ter is tics of the ma te rial
used for cal i bra tion and sub se quent ap pli ca tions in the sed i -
men tary re cord (Mortyn and Martínez-Botí, 2007).

Nev er the less, there are also dis ad van tages and lim i ta tions,
as this ap proach may be af fected by sec ond ary diagenetic ef -
fects, such as par tial dis so lu tion and over growth (Ta ble 1),
which, at times, ren der dif fi cult the es tab lish ment of a re li able
link be tween Mg/Ca and SST (e.g., Dekens et al., 2002;
Regenberg et al., 2007, 2009, 2014; Sadekov et al., 2010;
Kontakiotis et al., 2011; Sabbatini et al., 2011; Fehrenbacher
and Mar tin, 2014). For ex am ple, par tial dis so lu tion of
foraminiferal cal cite tends to cause a de crease in Mg/Ca; since
the sol u bil ity of car bon ate tends to in crease with depth at any
lo ca tion, core-top ma te rial from greater depths will be par tic u -
larly prone to Mg/Ca al ter ation. More over, com pli ca tions oc cur
in cal i brat ing the re sults and in es tab lish ing the link with SST, if
the sam ples used have un der gone early and/or
post-depositional al ter ation. In that case, the in for ma tion on the
bulk foraminiferal geo chem i cal com po si tion al tered by
diagenesis com bines the ac tual biogenic cal cite sig nal and the
com po si tion of the in or ganic pre cip i tates. This is prob lem atic,
be cause the diagenetic cal cite, in terms of over growth, may
mask the pri mary ocean o graphic sig nal of plank tonic
foraminiferal tests and dis tort the Mg/Ca-based SST es ti mates.

An other po ten tial arte fact of the core-top ap proach seems
to be that such cal i bra tions can not be used to sep a rate and at -
trib ute in di vid ual bi o log i cal in flu ences, or to de ter mine how vi tal
ef fects might af fect Mg2+ up take (Lea, 1999; Ta ble 1). This is -
sue is par tic u larly rel e vant for ap pli ca tions on the sub spe cies
(morphotype) level, which shows dis tinct ecol ogy with dif fer ent
bi o log i cal life styles (e.g., hab i tat pref er ences, sea sonal pro duc -
tion max ima, strat i fi ca tion, sa lin ity – Numberger et al., 2009;
Antonarakou et al., 2015) and pres ents a dif fer ent de gree of re -
sponse to the diagenetic pro cesses (Antonarakou et al., 2012)
re flected both in their sta ble iso tope com po si tions (Kawahata,

2005; Löwemark et al., 2005; Antonarakou et al., 2015) and
Mg/Ca geo chem is try (Steinke et al., 2005; Bergami et al., 2008; 
Antonarakou et al., 2015). Such speciation can com pli cate
field-based cal i bra tions be cause of the pos si bil ity of dis tinct
spe cies-spe cific re la tion ships, and there fore it is clear that a
better un der stand ing of the shell chem is try of the morphotypes
is es sen tial for mean ing ful palaeoenvironmental re con struc -
tions (Steinhardt et al., 2015; Antonarakou et al., 2015).

The anal y sis of liv ing foraminifera col lected from the wa ter
col umn, us ing both plank ton tow and moored sed i ment traps is
an al ter na tive way to cal i brate and val i date the Mg/Ca proxy.
Ac cord ing to Pak et al. (2004), the sed i ment trap ma te rial, in
com bi na tion with in situ and si mul ta neous mea sure ments of T
and other prop er ties, bridges the gap be tween cul tur ing of
foraminifera and core-top cal i bra tions. Sed i ment traps pres ent
the ad van tage that the tim ing/rate of foraminiferal pro duc tion is
known, so di rect com par i son be tween the geo chem i cal sig nal
and the in situ and si mul ta neous in stru men tal re cord is pos si ble 
(Ta ble 1). Fur ther more, trap ma te rial is also valu able be cause it 
most closely rep re sents the ma te rial en ter ing the sed i men tary
re cord with out ac tu ally reach ing the sed i ment sur face. On the
other hand, depth-dis crete tows from the wa ter col umn af ford
three main ad van tages: (1) the ad van tage of re gional cov er age, 
(2) the fact that it is not nec es sary to as sume ox y gen iso to pic
equi lib rium to ar rive at cal ci fi ca tion Ts, and (3) there is a va ri ety
of in situ en vi ron men tal vari ables, tem per a ture among oth ers,
against which Mg/Ca can be com pared (Martínez-Botí et al.,
2011; Ta ble 1). Es pe cially, if a re li able tem per a ture es ti mate
can be made for wa ter col umn sam ples (e.g., d18O-de rived Ts –
Anand et al., 2003; Martínez-Botí et al., 2011), this may pro vide
one of the most ro bust ap proaches to Mg/Ca ther mom e try cal i -
bra tion. Col lec tively, cal i bra tions based on wa ter col umn sam -
ples have the great ad van tage that the sea son of growth is
known and there fore better con straints can be made on the
spe cific Ts used in cal i bra tions; but be cause en vi ron men tal
con di tions of ten change, us ing field data from the wa ter col umn
to quan tify the in flu ence of vari a tions in any sin gle pa ram e ter is
the more dif fi cult ap proach. Spa tial and tem po ral in te gra tion of
ma te rial may bias cal i bra tions based on sed i ment traps and
plank ton tows (Ta ble 1).

COMPARATIVE POTENTIALS AND THEIR
PALAEOCEANOGRAPHIC IMPLICATIONS

A cen tral is sue in the tem per a ture cal i bra tion of plank tonic
foraminiferal Mg/Ca re mains the stenotopic char ac ter of the
proxy car ri ers them selves, which lim its the cal i bra tion T range
ob tain able for any given spe cies in the field and raises ques -
tions re gard ing the ap pli ca tion of lab o ra tory cal i bra tion work
car ried out un der con di tions with out an ap par ent an a logue in
the foraminifer’s hab i tat range. The is sue be comes even more
com plex when po ten tial artefacts, such as sa lin ity and cal cite
sat u ra tion state, act as sec ond ary con trols on Mg/Ca ra tios and
con found its use as a T-proxy for palaeoceanographic re con -
struc tions. There fore, in the fol low ing dis cus sion we pres ent
sen si tiv ity anal y ses to the S and over growth ef fects.

This serves as a timely com ple ment to re cent field and cul -
ture stud ies, in which the po ten tial sig nif i cance of both S and
diagenesis on Mg/Ca ra tios is dis cussed (e.g., Kisakürek et al.,
2008; Fer gu son et al., 2008; Kontakiotis et al., 2011; Sabbatini
et al., 2011; Hönisch et al., 2013; Antonarakou et al., 2015). We
pres ent an ex ten sive multi-for mat view (cul ture, core-top and
plank ton tow sam ples) of the palaeoceanographically sig nif i -
cant plank tonic foraminifer spe cies Globigerinoides ruber and
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(sub) spe cies-spe cific (in terms of both col our vari ants and dis -
tinct morphotypes in its white chromotype) re sponse to the S
and over growth ef fects across a broad range of ocean o graphic
re gions in the con text of pub lished cal i bra tion data, high light ing
par tic u lar fea tures of each ap proach. We es pe cially fo cus on G. 
ruber since it seems to be the most ap pro pri ate spe cies for the
S ef fect due to its con tin u ous pres ence oc cu py ing many over -
lap ping seg ments of the en tire S range, it is a sen si tive spe cies
to ma nip u la tions dur ing cul tur ing ex per i ments (Hemleben et al., 
1989; Kisakürek et al., 2008) as well to car bon ate diagenesis in
high sa lin ity set tings (Kontakiotis et al., 2011; Boussetta et al.,
2011; Sabbatini et al., 2011; Antonarakou et al., 2012), and be -
cause it is well in stru men tally val i dated (Mortyn et al., 2011).

THE SALINITY EFFECT

The sa lin ity ef fect ap pears weaker in cul ture ex per i ments
than field ob ser va tions. As Mathien-Blard and Bassinot (2009)
and Dissard et al. (2010a) have pro posed for G. ruber and A.
tepida re spec tively, the S ef fect on Mg/Ca in cul ture ex per i -
ments can be ad dressed through the anal y sis of the last cham -
bers, which cal ci fied dur ing the course of the ex per i ment. The
weaker Mg/Ca sen si tiv ity to S de duced from cul ture ex per i -
ments (Lea et al., 1999; Kisakürek et al., 2008) com pared to
that de duced from core-tops (Fer gu son et al., 2008;
Mathien-Blard and Bassinot, 2009; Arbuszewski et al., 2010)
may in di cate that dur ing the later stages of shell de vel op ment,
the in cor po ra tion of Mg2+ into the cal cite lat tice is less af fected
by S than dur ing the early stages. This dis crep ancy may sim ply
sug gest that growth con di tions dur ing cul ture ex per i ments cre -
ate a stress on in di vid ual spec i mens, which al ters some what
the cal ci fi ca tion pro cesses and masks the real sen si tiv ity of
Mg2+ in cor po ra tion to S. This dis crep ancy in di cates that the
field-based study is prob a bly the most prom is ing ap proach to
ex am ine and eval u ate the ab so lute S in flu ence on foraminiferal
Mg/Ca ra tios. On the other hand, if the lab o ra tory ex per i ments
use val ues of phys i cal-chem i cal pa ram e ters within the tol er -
ance ranges of the stud ied spe cies, it would be an ad van tage to
min i mize stress ful con di tions that could po ten tially af fect
foraminiferal Mg2+ in cor po ra tion, and thus to fully eval u ate the S 
fac tor and de velop a more re li able and sen si tive T proxy. How -
ever, merg ing both the re sults from field stud ies with re cent
find ings from lab o ra tory ex per i ments, the S ef fect could be fully
de ter mined and an ad di tional re al is tic mech a nism could be pro -
posed to ex plain why S af fects shell Mg/Ca.

In our at tempt to cover most of the S range in the global
oceans and more over to im part a more uni ver sal char ac ter to
our anal y sis, in terms of the S ef fect, we use in our com par i son
sam ples from the lower sa lin ity In dian (Sadekov et al., 2008,
2009; Mohtadi et al., 2009, 2010a, b, 2011), Pa cific (Oppo et al., 
2005, 2009; McConnell and Thunell, 2005; Benway et al., 2006; 
Steinke et al., 2006; Bolton et al., 2011) and At lan tic (Rosenthal
and Boyle, 1993; Lea et al., 2000, 2003, 2006; Dekens et al.,
2002; Anand et al., 2003; Schmidt et al., 2004; Farmer, 2005;
Weldeab et al., 2005; New ton et al., 2006; LoDico et al., 2006;
Lund and Curry, 2006; Richey et al., 2007, 2009; Cléroux et al.,
2008; Mathien-Blard and Bassinot, 2009; Steph et al., 2009;
Regenberg et al., 2009; Arbuszewski et al., 2010; Haarmann et
al., 2011; Martínez-Botí et al., 2011; Friedrich et al., 2012;
Antonarakou et al., 2015) oceans, as well as the more sa line
Red (Kisakürek et al., 2008; Mathien-Blard and Bassinot, 2009) 
and Med i ter ra nean seas (Fer gu son et al., 2008; Kontakiotis et

al., 2011; Wit et al., 2010; Sabbatini et al., 2011; Boussetta et
al., 2011; Kontakiotis, 2016). In all re gions, this proxy in cludes
sam ples from both the high sa lin ity sub trop i cal gyre and the
lower sa lin ity equa to rial re gions. More over, the plu ral ity of
core-top sam ples from semi-en closed bas ins (Med i ter ra nean
Sea, Red Sea, Ara bian Sea, Ca rib bean Sea), where S shows a
much greater gra di ent than in the open ocean, and the cul tured
sam ples also con trib ute to ex tend our anal y sis fur ther to the
lower and up per S lim its. Thus, the com piled data span a large
range of S val ues, from 30.4 to 44.3 psu. In the case of the
Med i ter ra nean Sea sam ples, we fur ther ac counted for
diagenetic al ter ation, where pre sented, by ex clud ing all
core-top sam ples sug gested to be im pacted by high-Mg
overgrowths (Fer gu son et al., 2008; Kontakiotis et al., 2011;
Sabbatini et al., 2011; Boussetta et al., 2011).

A suite of 741 sam ples (670 core-tops, 63 plank ton
tows/sed i ment traps, span ning a large lat i tu di nal gra di ent –
from 47.5°N to 42.0°S; Ap pen dix 1*; and 8 cul tured sam ples)
was com pared, with both core-top and plank ton tow sam ples
show ing sim i lar geo graphic dis tri bu tion in all bas ins. Re gard ing
the dis crim i na tion be tween the two col our vari ants, all G. ruber
“pink” (p) data come from the At lan tic Ocean and the Med i ter ra -
nean Sea, since this vari ant pres ently only lives there (Aurahs
et al., 2009, 2011). On the con trary, this geo graphic re stric tion
does not seem to ex ist for the G. ruber “white” (w), since it can
adapt to more oligotrophic wa ters and lives in all the oceans.
How ever, al though lit er a ture data for G. ruber sensu stricto are
glob ally abun dant, rel e vant data for G. ruber sensu lato are
mostly re stricted to par tic u lar re gions (In do ne sian Sea, South
China Sea and Ca rib bean Sea).

The com bined data set con sists of G. ruber spec i mens that
are ubiq ui tous in palaeoceanographic stud ies and have been
fre quently used for the cal i bra tion of the Mg/Ca tracer us ing
pub lished field and cul tured data. Both its col our va ri et ies have
an ex cel lent fos sil re cord, while the di ver gences in mor pho log i -
cally dis tinct spe cies (morphotypes) can be tracked and mir -
rored in sed i ment or wa ter col umn sam ples. An im por tant as -
pect of this ap pli ca tion is that it helps to in ves ti gate the am pli -
tude of the over lap ping or the scat ter ing ob served be tween the
three dif fer ent ap proaches (core-tops, plank ton tows/sed i ment
traps, cul ture ex per i ments) ex am ined here and among the
stud ied col our vari ants and/or morphotypes.

An im plicit lim i ta tion of this ap proach is that many of the
plank tonic foraminifera mi grate ver ti cally in the wa ter col umn,
po ten tially com pound ing the sig nals they re cord. Al though the
plank tonic foraminifera oc cupy sev eral eco log i cal niches, which 
may over sim plify the true vari abil ity, we min i mize the prob lem
ex clu sively us ing G. ruber col oured-vari ants and morphotypes,
that live and cal cify over a nar row depth range (0–50 m; Wang,
2000; Anand et al., 2003; Farmer et al., 2007; Mortyn et al.,
2011; Richey et al., 2012; Hönisch et al., 2013; Antonarakou et
al., 2015; Kontakiotis, 2016), also as sur ing a high de gree of ac -
count abil ity be tween this work and the other pub lished stud ies
that as sess the sec ond ary in flu ence of S on the Mg/Ca ther -
mom e ter.

Tak ing into ac count the find ings of Hertzberg and Schmidt
(2013) for G. ruber Mg/Ca palaeothermometry, we use the av er -
age depth of 30 m for the d18Osw es ti ma tion since a num ber of
stud ies have shown that the pre ferred depth hab i tat of G. ruber is 
~0–30 m (e.g., Schmuker and Schiebel, 2002; Waelbroeck et al., 
2005; Kuroyanagi et al., 2008; Numberger et al., 2009; Grauel
and Bernasconi, 2010; Mortyn et al., 2011; Hönisch et al., 2013;
Hertzberg and Schmidt, 2013; Antonarakou et al., 2015;
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Kontakiotis, 2016) and the ap pro pri ate cal i bra tion equa tions
(Dekens et al., 2002) for the dis so lu tion cor rec tion de pend ing on
the lo ca tion (Mg/Ca = 0.38 exp 0.09 [SST-0.61 (core depth km)]
for the At lan tic and Mg/Ca = 0.38 exp 0.09 [SST-0.61 (core depth 
km)-1.6] for In dian and Pa cific oceans). The Dekens et al. (2002)
dis so lu tion cor rec tion was pre ferred in stead of that from
Regenberg et al. (2006) since the lat ter in cludes sam ples only
from the Ca rib bean Sea, while the for mer in te grates over a wider
area, in clud ing sam ples from the At lan tic and the Pa cific oceans. 
How ever, it is worth not ing that the Dekens et al. (2002) dis so lu -
tion-cor rected cal i bra tion equa tions may not be the best in sit u a -
tions where diagenesis ap pears to be the con trol ling dis so lu tion
fac tor, rather than the [ ]D CO3

2 -  of bot tom wa ters. How ever, we
are not able to dis tin guish the source of dis so lu tion (pref er en tial
dis so lu tion of high-Mg foraminiferal cal cite in undersaturated bot -
tom wa ters or pro duc tiv ity-in duced dis so lu tion un der dif fer ent nu -
tri ent re gimes) in all the stud ied sam ples, and more over the
Rosenthal and Lohmann (2002) cal i bra tion equa tion does not
ap ply in this case, as it re quires shell weight mea sure ments for
each sam ple.

For the ma jor ity of the sam ples, where there are avail able d18O 
data, and for the cal cu la tion of the d18Osw val ues, we used the
gridded data set of LeGrande and Schmidt (2006), due to its re -
gional char ac ter. Us ing the data li brary clone at
http://granger.ldeo.co lum bia.edu/%28/data/free/alexeyk/LeGran -
deSchmidt2006/cal cu lated_d18O.nc%29readfile/.d18o/depth/30 -
/VA LUE/ we gath ered d18Osw data for each core site at 30 m wa ter
depth. Iso to pic tem per a tures were de ter mined with the Bemis et
al. (1998) low-light iso to pic tem per a ture equa tion. The ex pected
Mg/Ca ra tios were de ter mined by sub sti tut ing cal cu lated iso to pic
Ts into the Anand et al. (2003) Mg/Ca-SST cal i bra tion equa tion,
with the only ex cep tions for the lo ca tions where cal cite dis so lu tion
can oc cur. This in cludes sam ples (1) where the core depths fall
be low the lysocline and (2) from the high-pro duc tiv ity equa to rial
upwelling re gions (even at core depths above the lysocline),
where there is ev i dence for sig nif i cant shell dis so lu tion (e.g.,
Hertzberg and Schmidt, 2013). Fol low ing the re sults of Hertzberg
and Schmidt (2013), such a com bi na tion of cal i bra tion equa tions
im proves the cor re la tion with S. Fi nally, the “ex cess” Mg/Ca in all
cases was cal cu lated, de fined as the dif fer ence be tween the mea -
sured and the ex pected Mg/Ca ra tio at the d18Osw-cor rected T
(where there are avail able d18Oc data) or SST-de rived from the
World Ocean At las (Locarnini et al., 2010; where there are no
avail able d18Oc data). Since d18O data are not avail able for all sam -
ples, con clu sions from this com par i son should be in ter preted with
cau tion.

“Ex cess” Mg/Ca, which quan ti fies T-in de pend ent Mg/Ca
vari abil ity, has been plot ted against S (Figs. 1 and 2). Lin ear re -
gres sions show a gen er ally poor cor re la tion be tween these
vari ables on all field-grown foraminifera with re spect to cul ture
cal i bra tions. As readily seen in Fig ure 1, the core-top data over -
lap well with the sed i ment trap/plank ton tow data. In agree ment
with the re cent find ings of Martínez-Botí et al. (2011), Mg/Ca ra -
tios in plank ton tow foraminifera co-vary with core-tops, al -
though the for mer show more scat tered val ues. This dis crep -
ancy might be ex plained by the more uni ver sal char ac ter of the
core-top data, since they are geo graph i cally dis trib uted in all
oceans, ex tend ing our cal i bra tion in a greater S range. No ta bly,
the plank ton-tow val ues are sig nif i cantly higher than those ex -
pected from core-tops with the same S val ues. This dis crep -
ancy can not be at trib uted to the lack of gametogenic cal cite,
since G. ruber does not form this type of cal cite (Ni et al., 2007),
but it could be ex plained by the ex is tence (or ab sence) of sym -
bi onts that might have al tered the Mg/Ca ra tios in plank ton tow
sam ples. More over, we ob serve a change in slope of the
Mg/Ca-SSS re la tion ships over the range of the cal i bra tion, sug -

gest ing vari able S sen si tiv i ties. The most plau si ble ex pla na tion
is that the “orig i nal” wa ter col umn sig nal con tains a range of
ontogenetic stages of plank tonic foraminifera, which do not al -
ways show the adult char ac ters (Brummer et al., 1987;
Martínez-Botí et al., 2011). Con se quently, it is likely that their
ab sence will lead plank ton-tow sam ples to dif fer ent Mg/Ca ra -
tios than those dem on strated from core-tops, us ing “whole-test” 
foraminifera col lected from sur face sed i ments. More over, the
num ber of plank ton-tow sam ples is sig nif i cantly smaller than
the num ber of core-top sam ples used in our data set.

In or der to high light the as so ci a tion pat terns be tween col our 
vari ants/morphotypes and ex cess Mg/Ca, a cor re spon dence
anal y sis of the rel a tive cor re la tion to SSS of these types has
been car ried out (Fig. 2). In the par tic u lar case of G. ruber, two
dif fer ent pairs of lines have been cre ated. One com pares data
for the white and the pink va ri et ies and the other com pares
sensu stricto ver sus sensu lato morphotype data. R2 val ues for
both the core-top and plank ton tow/sed i ment trap sam ples are
<0.48 and most of them are <0.10, with the only ex cep tion of G.
ruber (p) sed i ment trap/plank ton tow data where the uniquely
high R2 value is due to only 2 data points. A sim ple vi sual ex am i -
na tion of the dif fer ent plots of Fig ure 2 al ready sug gests these
poor cor re la tions, as sam ples are ei ther scarce (s.s. and s.l.
data from the wa ter col umn) or pres ent a de gree of scat ter that
does not al low a good re gres sion to be ob tained (s.s. and s.l.
data from sed i ments). Through out the ana lysed S range, the
spread ing of the sam ples shows a com pa ra ble pat tern in both
chromotypes, with G. ruber (p) slightly less scat tered than G.
ruber (w). The ad di tional split of the data be tween the two G.
ruber (w) morphotypes shows op po site pat terns, with G. ruber
s.s. pos i tively cor re lated and G. ruber s.l. neg a tively cor re lated
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Fig. 1. Ex cess Mg/Ca in G. ruber tests from core-top (blue di a -
monds) and plank ton tow/sed i ment trap (green squares) ob ser -
va tions, and Mg/Ca ra tios from lab o ra tory cul tures (red
tri an gles) against the mean-an nual sea sur face sa lin ity (SSS)
(Antonov et al., 2010)

Ex cess Mg/Ca is de fined as the part of the Mg/Ca sig nal that can not

be ex plained by av er age an nual SST and d18Osw at the core sites.
The blue and green lines de fine the lin ear re gres sions through the
core-top and plank ton tow/sed i ment trap data re spec tively. The red
line is the ex po nen tial re gres sion through the com bined G. ruber
(w+p) cul ture data of Hönisch et al. (2013) and Kisakürek et al.
(2008)



with S. The neg a tive cor re la tion to S is due to a worse fit of the
tow Mg/Ca data to the cal i bra tion curve at higher sa lini ties, im -
ply ing lower re sid u als at higher sa lini ties. How ever, the fact that
these sam ples come ex clu sively from mar ginal bas ins (e.g.,
Ca rib bean Sea, South China Sea, In do ne sia; Steinke et al.,
2006; Sadekov et al., 2008; Mohtadi et al., 2011; Bahr et al.,
2013) im plies that it should be fur ther eval u ated in dif fer ent re -
gions from the open ocean. This un ex plained di ver gence could
prob a bly be ex plained ei ther by the dif fer ent size frac tion
adopted be tween the pre vi ous stud ies or by the biominerali -
sation changes dur ing the life cy cle of each morphotype, even

to sub-spe cific phys i o log i cal re sponses of cal ci fi ca tion to sa lin -
ity. In this re gard, in agree ment with the re cent study of
Antonarakou et al. (2015), this study not only jus ti fies the sep a -
rate treat ment of the two chromotypes for palaeoenvironmental
re con struc tions, but also high lights the dif fer ent de gree of the S
ef fect among G. ruber morphotypes when col our is in vari ant.

THE DIAGENESIS EFFECT

The in flu ence of diagenesis can be re flected by three main
and dis tinct diagenetic pro cesses by which foraminiferal test
wall struc ture and mor phol ogy can be mod i fied: par tial dis so lu -
tion, over growth and recrystallisation (Ed gar et al., 2015). All
three can po ten tially act to off set the orig i nal geo chem is try of
foraminiferal tests post-mor tem, ei ther in the wa ter col umn or at 
be neath the sea-floor (Pearson and Bur gess, 2008; Sadekov et 
al., 2010). Al though the for mer has been widely stud ied for the
Mg/Ca palaeothermometer through wa ter depth transects,
size-nor mal ized dis so lu tion prox ies, X-ray to mog ra phy and
bulk sedimentological pa ram e ters (e.g., Lea et al., 2000, 2006;
Dekens et al., 2002; Rosenthal and Lohmann, 2002;
Regenberg et al., 2006, 2014; Fehrenbacher et al., 2006; Mekik 
et al., 2007; Huang et al., 2008; Fehrenbacher and Mar tin,
2011, 2014; John stone et al., 2011), this is not the case for the
other two. Recrystallisation (neomorphism), which re fers to the
re place ment of pri mary by new crys tals of the same min eral
(cal cite) spe cies (Folk, 1965), is of ten grad ual and very lo cal -
ized, which means that many rounds of dis so lu tion and re-pre -
cip i ta tion may be ap plied in or der for a new crys tal to be formed, 
and con se quently it is very dif fi cult to be traced in mod ern ma te -
rial. In deed, deep-sea sites con tain ing recrystallised
foraminifera are rel a tively rare in the geo log i cal re cord (Schrag
et al., 1995; Kozdon et al., 2013; Ed gar et al., 2013, 2015;
Fantle and Hig gins, 2014; Fantle, 2015; Voigt et al., 2015) and
are most fre quent as so ci ated with sites prox i mal to con ti nents
or they are usu ally lim ited to con ti nen tal sec tions of Paleocene
to Plio cene age (e.g., Sex ton et al., 2006a, b; Drinia et al., 2007, 
2008; Pearson and Bur gess, 2008; Pearson et al., 2015;
Karakitsios et al., 2016). This is in ac cor dance with re sults of
nu mer i cal mod el ling ex per i ments im ply ing that most cal cite
recrystallisation oc curs dur ing the early stages of burial (in the
first 10 Myr; Rudnicki et al., 2001; Fantle et al., 2010; Fantle,
2015). How ever, in ad di tion to burial depth and sed i ment age,
li thol ogy (in clud ing sed i ment po ros ity and per me abil ity) and
sed i men ta tion rates also play im por tant roles in con trol ling the
rate of car bon ate recrystallisation. For in stance, clay-rich sed i -
ments (e.g., core-tops, down-core sed i ments) of ten yield
“glassy” foraminifera, be cause the low per me abil ity of clays lim -
its post-depositional recrystallisation (Pearson et al., 2001;
Sex ton et al., 2006a; Pearson and Bur gess, 2008). Fi nally, the
over growth ef fect, in terms of high-Mg rhombohedral in or ganic
pre cip i tates, al ters the Mg/Ca con tent of foraminiferal shells,
ques tion ing the re li abil ity of this proxy es pe cially in high-sa lin ity
su per sat u rated set tings.

With re gard to the Med i ter ra nean Sea and Red Sea, there
is clear ev i dence that the pre cip i ta tion of diagenetic crust on
plank tonic foraminifera can af fect the fi del ity of Mg/Ca re cords.
Prog ress on doc u ment ing the pre cip i ta tion of high-Mg cal cite
overgrowths from dif fer ent sub-bas ins of the Med i ter ra nean
Sea has re cently oc curred (Kontakiotis et al., 2011; van Raden
et al., 2011; Boussetta et al., 2011; Sabbatini et al., 2011) due
to im prove ments in an a lyt i cal in stru men ta tion (e.g., LA-ICPMS, 
FT-TRA), em pha siz ing sev eral as pects of the over growth ef -
fect, such as the mech a nism, the de gree of the diagenetic al ter -
ation and its spe cies-spe cific po ten tial re sponse. These in or -

Assessing the reliability of foraminiferal Mg/Ca thermometry by comparing field-samples and culture experiments: a review 553

Fig. 2. The T-in de pend ent “ex cess Mg/Ca” in G. ruber tests re -
cal cu lated for all the pub lished field-based data sets pre sented
here, and com pared to data from lab o ra tory cul tures span ning
a large sa lin ity range from 30.4 to 44.3 psu

“Ex cess Mg/Ca” was cal cu lated as the dif fer ence be tween mea sured
and ex pected shell Mg/Ca val ues us ing a com bi na tion of the Dekens
et al. (2002) or Anand et al. (2003) Mg/Ca-SST equa tions and the
Bemis et al. (1998) low-light ox y gen iso tope tem per a ture equa tion.
Spe cific cor rec tions to dis so lu tion were also ap plied de pend ing on
the wa ter depth and geo graphic dis tri bu tion of core-top or plank ton
tow/sed i ment trap sam ples (ex plained in the text). Lab o ra tory ex per i -
ment data are sym bol ized by squares, plank ton-tow/sed i ment trap
data as tri an gles, and core-top data as di a monds. Sub-spe cific split
was ap plied to the com bined Mg/Ca data set in the con text of both G.
ruber chromotypes (white and pink) and morphotypes (sensu stricto
and sensu lato). The col oured lines rep re sent the lin ear re gres sions,
while the equa tions and the cor re la tion co ef fi cients of each case are
also shown and high light the S ef fect



ganic cal cites can be eas ily dis tin guished from the biogenic cal -
cite qual i ta tively and quan ti ta tively by SEM (it typ i cally con sists
of more equant and larger in shape and size crys tals than their
biogenic coun ter parts, due to lower sur face free en ergy, of ten
grow ing with ra di ally di rected c-axes; Zhang and Dawe, 2000;
Hover et al., 2001; Crudeli et al., 2004) and geo chem is try (it
con tains ~15% of MgCO3 and con sti tutes up to 20% of the to tal
shell cal cite; Sabbatini et al., 2011) anal y ses. There fore, this ef -
fect can be eas ily as sessed, pro vid ing the re search ers with im -
por tant in for ma tion which will po ten tially lead to a global
multivariate cal i bra tion in clud ing such a cor rec tion fac tor.

As a likely il lus tra tion of this, Fig ure 3 shows the strong het -
er o ge ne ity of the diagenetic im print on G. ruber shells among
dif fer ent bas ins of the Med i ter ra nean Sea (in both N–S and
W–E transects). In the N–S transect along the east ern Med i ter -
ra nean, we ex clu sively use new SEM data in our com par i son
from the sam ples an a lyzed in the stud ies of Kontakiotis et al.
(2011) and Antonarakou et al. (2012) due to their higher
diagenetic po ten tial (their Mg/Ca val ues range from 3.35 to
21.61 mmol/mol). How ever, there are also con sid er able chal -
lenges. The ab so lute mag ni tude of the Mg/Ca change is much

smaller in lower sa lin ity and cal cite sat u ra tion state re gions, and 
there fore dif fer ently over grown spec i mens have been re corded
along the east ern Med i ter ra nean (Antonarakou et al., 2012).
Sep a rat ing these pa ram e ters and des ig nat ing the dif fer ent
diagenetic stages for sev eral spe cies, even for dif fer ent
morphotypes of the same spe cies, in con junc tion with the geo -
graph ical dis tri bu tion of the ana lysed core-top sam ples will un -
doubt edly be a ma jor and very prom is ing re search area in the
fu ture. If it be comes pos si ble to dif fer en ti ate these stages and to 
ad di tion ally cor re late the diagenetic al ter ation with ge netic data, 
the amount of in for ma tion po ten tially ex tracted from the trace
el e ment data will sub stan tially in crease and a more pre cise re -
con struc tion of the SST could be achieved.

SUMMARY AND CONCLUSIONS

The points out lined above could po ten tially lead to dif fer -
ences be tween var i ous cal i bra tions. Spe cif i cally, field based
stud ies us ing core top sed i ment sam ples (Elderfield and
Ganssen, 2000; Dekens et al., 2002) and time se ries sed i ment
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Fig. 3. Schematic representation of the overgrowth effect on planktonic foraminifera Mg/Ca ratios from the entire Mediterranean Sea

The hor i zon tal and ver ti cal axes con tain high-res o lu tion G. ruber SEM im ages (in ter nal and ex ter nal parts of the tests) from dif fer ent sub-bas -
ins of two (W–E and N–S) transects along the Med i ter ra nean Sea. Ac cord ing to re cent ob ser va tions of Antonarakou et al. (2012), diagenesis
in dic a tive of three stages are also shown. The ar row shows the grad u ally in creased de gree of diagenetic al ter ation on a NW–SE di rec tion in
terms of both geo graphic dis tri bu tion (Kontakiotis et al., 2011; Antonarakou et al., 2012) and spe cies-spe cific de ter mi na tion (van Raden et
al., 2011). Scale bars are in di cated on each im age



trap sam ples (Anand et al., 2003; McConnell and Thunell,
2005) have gen er ated cal i bra tion equa tions for mul ti ple spe cies 
of plank tonic foraminifera from dif fer ent re gions and over dif fer -
ent T ranges. Fur ther un cer tain ties may be caused by dif fer -
ences in an a lyt i cal pro ce dures and/or sam ple prep a ra tion be -
tween dif fer ent lab o ra to ries (Rosenthal et al., 2004; Greaves et
al., 2008). Nev er the less, re sults at tained us ing very dif fer ent
ap proaches are re mark ably con sis tent. Mod ern cal i bra tions
may be ex pressed by an ex po nen tial re la tion of the form:
Mg/Ca = a*expb*T, where a and b are the pre-ex po nen tial and
ex po nen tial con stants, re spec tively.

Ad di tion ally, dur ing the last two de cades most re search ers
(in both cul ture- and field-based stud ies), in their at tempt to ac -
count for the in flu ence of the sec ond ary fac tors that have a
disproportionally large in flu ence on Mg/Ca ra tios, pro duced cal -
i bra tion equa tions that in clude, be sides T, a cor rec tion term
such as a depth-re lated dis so lu tion ar ti fact (Dekens et al., 2002; 
Mekik et al., 2007), a sa lin ity cor rec tion fac tor (Groeneveld et
al., 2008; Mathien-Blard and Bassinot, 2009), and a car bon ate
ion con tent ( [ ]D CO3

2 - ) cor rec tion, or a com bi na tion of them
(Kisakürek et al., 2008; Arbuszewski et al., 2010; Khider et al.,
2015). All of these new in sights and ap pli ca tions re in force the
view that the max i mum po ten tial of this “palaeothermometer” in
re con struct ing past ocean-cli mate in ter ac tions has not yet been 
reached. How ever, ad di tional work is re quired to ad dress the
ap par ent dis crep an cies be tween field-based dis cov er ies, on
the one hand, and cul ture study re sults on the other hand. Per -
haps a com bined data set from all these ap proaches could pro -

duce a new, more global, palaeotemperature equa tion cal i bra -
tion with the dual ben e fit of im proved SST es ti mates, as well as
the abil ity to es ti mate er rors due to changes in some of the ad di -
tional in flu en tial fac tors. Given that some spe cies (e.g., G.
truncatulinoides; McKenna and Prell, 2004) can not be eas ily
cul tured in the lab o ra tory, the Mg/Ca-T cal i bra tion in this case
must be de ter mined us ing in di vid u als col lected from ei ther the
wa ter col umn or the sed i ments. In ad di tion to the “syn thetic ap -
proach”, the com par i son pro vided in this study also un der lines
the need for (sub)spe cies-spe cific cal i bra tions, tak ing into ac -
count the sig nif i cant vi tal, sa lin ity and over growth ef fects, which
dif fer en tially af fect the Mg/Ca-T cal i bra tion of each spe cies. Ul -
ti mately, fur ther cal i bra tion work in volv ing par al lel mea sure -
ments of fos sil and live-col lected or cul tured sam ples is ur gently 
re quired to re solve this is sue and thus al low us to ac cess the
wealth of in for ma tion on dif fer ent oce anic en vi ron ments. The
gen er a tion of re cords from dif fer ent sites world wide would min i -
mize the po ten tial un cer tain ties, and a con sis tency in ob served
trends in Mg/Ca for dif fer ent plank tonic and ben thic
Foraminifera would also val i date our in ter pre ta tions.
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