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The Eocene ep och is known for its fluc tu a tions in cli mate pat terns and the dom i nance of global green house cli mate. The
Rashrashiyah For ma tion rep re sents the mid dle to up per Eocene (biozones E13–E14) ma rine de pos its of claystone to lime -
stone in Saudi Ara bia and con tains well- to poorly-pre served plank tonic and ben thic foraminifera. Four dif fer ent gen era were
se lected for iso to pic anal y sis (Acarinina spp., Subbotina spp., Cibicidoides spp., and Uvigerina spp.). Foraminiferal cal cite
was used to de fine the depth of hab i tat for each ge nus and mode of life. Four equa tions were used to in fer palaeo -
temperatures from foraminiferal cal cite; three equa tions are ap pli ca ble for es ti ma tion of sea-sur face tem per a tures (SST)
from plank tonic foraminifera data, while the fourth equa tion is ap pli ca ble es ti ma tion of bot tom-wa ter tem per a tures us ing ben -
thic foraminifera data. The mean SST de rived from Acarinina spp. is ~38°C, while the mean bot tom wa ter tem per a ture based
on Uvigerina spp. is 26°C. Palaeotemperatures de rived from this study are no ta bly higher than those re ported from this area
in the ex ist ing lit er a ture. This dis crep ancy may be due to the unique palaeoclimatic and palaeogeographic con di tions prev a -
lent in the study area. The sta ble iso tope curve is used to in fer the tran si tion be tween the Bartonian and Priabonian and the
gen eral cool ing trend dur ing this pe riod.
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INTRODUCTION

The Eocene ep och, a sig nif i cant pe riod in the Ce no zoic Era, 
was marked by a sub stan tial warm ing trend that be gan at its on -
set. This warm ing event, which fol lowed a pro longed global
green house cli mate, was a piv otal mo ment in Earth’s cli ma tic
his tory (Zachos et al., 2008). The Eocene was char ac ter ized by
fre quent, short-lived (<200,000 years) fluc tu a tions in tem per a -
ture. How ever, a lon ger-term warm ing event, the Mid dle Eo -
cene Cli ma tic Op ti mum (MECO), also oc curred dur ing this pe -

riod (Bohaty and Zachos, 2003). The MECO, last ing ~500 ky,
was char ac ter ized by el e vated at mo spheric CO2 lev els (Bijl et
al., 2010), a shal lower car bon ate com pen sa tion depth, and a
sig nif i cant warm ing of both sur face and deep wa ters ~40 Ma,
with tem per a tures in creas ing by 4–6°C (Bohaty and Zachos,
2003). Fol low ing the MECO, a long-term late Eocene cool ing
trend en sued, cul mi nat ing in a pe riod of max i mum d18O, used
as a cli mate proxy. This event, oc cur ring ~37.35 Ma, sug gests
sig nif i cant global cool ing and/or the growth of ice sheets.
Microfossil palaeo eco logi cal ev i dence also sup ports the oc cur -
rence of cool ing ~37 Ma (Villa et al., 2014). This event, known
as the Priabonian Ox y gen Iso tope Max i mum (PrOM) Event,
lasted ~140 ky (Scher et al., 2014). 

High-qual ity iso to pic re cords and ac cu rate data in ter pre ta -
tion are cru cial for un der stand ing his tor i cal cli mate sys tems.
Iso to pic com po si tions of cal car e ous ben thic and plank tonic
foraminifera are widely uti lized to rec re ate sur face and bot tom
wa ter hab i tats, as well as to in fer sec u lar vari a tions in tem per a -
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ture, pro duc tiv ity, global ice vol ume, ocean cir cu la tion, and car -
bon ox i da tion rates (Zachos et al., 2001). Prior in ter pre ta tions
(Bohaty and Zachos, 2003; Cramer et al., 2009) of sta ble iso -
tope data ob tained from pe lagic and ben thic foraminifera sug -
gest a mul ti fac eted cli ma tic his tory dur ing the Paleocene. This
his tory is char ac ter ized by an ini tial pro tracted cool ing trend fol -
lowed by a sub se quent warm ing phase. Su per im posed on this
long-term trend are nu mer ous rapid fluc tu a tions and short-lived 
events. These cli ma tic vari a tions are pri mar ily at trib uted to
changes in at mo spheric pCO2, as in ferred from car bon iso tope
data (Cramer et al., 2009). Al ter na tive in ter pre ta tions rely on
SST es ti ma tions de rived from sam ples ex hib it ing well-pre -
served dis tinc tions be tween sur face, deep-dwell ing, and bot -
tom-dwell ing taxa (Pearson et al., 2001). No ta bly, these in ter -
pre ta tions fo cus on time-or dered datasets where rea son able
SST val ues, along with iden ti fi able trends and cor re lat able
events, are ob served.

While global palaeoceanographic re search has made sub -
stan tial strides, our un der stand ing of past ocean con di tions in
spe cific re gions, par tic u larly the Ara bian Pen in sula, re mains in -
com plete. The strati graphic se quences of the Turayf-Sirhan
Ba sin in north-west Saudi Ara bia rep re sent a sig nif i cant knowl -
edge gap in the fields of sta ble iso tope anal y sis and palaeo -
ceanography for the west ern Tethys dur ing the late Eocene. Al -
though east ern Saudi Ara bia pos sesses thick ma rine Paleo -
gene sed i men tary se quences, diagenetic pro cesses have
largely ob scured the del i cate fea tures of microfossils in car bon -
ates. This study aims to ad dress this knowl edge gap by in ves ti -
gat ing late Eocene foraminiferal as sem blages from the Turayf -
-Sirhan Ba sin. By an a lysing the iso to pic com po si tion of four dif -
fer ent foraminiferal gen era, we aim to re con struct lo cal palaeo -
temperatures and con trib ute to a broader un der stand ing of
Eocene en vi ron men tal con di tions in this un der stud ied re gion.

GEOLOGICAL SETTINGS 
AND STUDY AREA

The Turayf-Sirhan Ba sin, also known as the Azraq-Sirhan
Ba sin, is a sig nif i cant synclinal geo log i cal fea ture lo cated in
north ern Ara bia, ex tend ing through east ern Jor dan and north -
west ern Saudi Ara bia. Bounded by two ma jor transtensional
faults, this NW–SE ori ented ba sin is part of the Neo-Tethyan
frame work and the Syr ian Arc Sys tem (Pow ers et al., 1966;
Bahrawi and Elhag, 2019). Its or i gin dates back to the Late Cre -
ta ceous, in flu enced by ma rine trans gres sion and fault ing, which 
led to the de po si tion of a thick car bon ate and mixed sed i ment
belt. The ba sin con tin ued to de velop dur ing the Early Paleo -
gene, par tic u larly in flu enced by the Al-Jawf rift ing event, un til
the late Eocene to early Oligocene, marked by a de crease in
sea level and tec tonic ac tiv ity be tween the Ara bian and Eur -
asian plates. The ba sin con tains over 6 km of Pa leo zoic to Neo -
gene sed i ments, with Cre ta ceous, Paleogene, and Neo gene
strata pri mar ily out crop ping (Guiraud et al., 1999).

The Rashrashiyah For ma tion, part of this sed i men tary se -
quence, is pres ent in north west ern Saudi Ara bia near the Al
Qurayyat wa ter well (Fig. 1A). It fea tures a thick ness of ~75 m,
pre dom i nantly com posed of grey ish-white chalk, cal car e ous bi -
tu mi nous claystone, and crys tal line lime stone (Meiss ner et al.,
1990). The for ma tion ex hib its a sig nif i cant un con formity at its
up per bound ary with the Sirhan For ma tion (Fig. 1B). Field stud -
ies at Qurayyat vil lage re vealed a 52 metre out crop (Fig. 1C),
with the Rashrashiyah For ma tion mea sur ing 50 m and the
over ly ing Sirhan For ma tion con sist ing of 2 m of sand stone (Fig.

2). The stud ied sec tion is a can di date for the Bartonian and
Priabonian ref er ence sec tions in Saudi Ara bia, ac cord ing to re -
search by Korin et al. (2025) and Kaminski and Korin (2025) on
the same out crop. It rep re sents two plank tonic foraminifera
biozones, E13 and E14 of Berggren and Pearson (2005).
High-res o lu tion sam pling was con ducted at 60 cm in ter vals for
this study.

METHODS AND SAMPLE PREPARATION

A to tal of 50 sam ples, prin ci pally com posed of marly lime -
stone and indurated lime stone, were col lected from the stud ied
out crop. Each sam ple, weigh ing ~500 grams, was ob tained
from the fresh sur face of the out crop trench.

MICROPALAEONTOLOGY 

Microfossils were ex tracted by crush ing 100 grams of each
sam ple and boil ing it with wash ing pow der for 45 min utes. The
sam ples were then washed with fresh wa ter us ing a 63 µm
sieve and dried at 60°C for two hours. An other method was tried 
to clean the foraminifera tests us ing only fresh wa ter, but the
iso to pic re sults were un re li able due to the in tact clay par ti cles
that can’t be re moved us ing only wa ter. Cisneros-Lazaro et al.
(2022) used a sim i lar method, as the sam ples were boiled at
90°C, giv ing a re li able re sult for in ter pre ta tion. The sam ples
were ex am ined un der a stereomicroscope (Olym pus SZX7),
and the de sired gen era for iso to pic anal y sis were se lected
based on the tax on o mies of Pearson et al. (2001) for plank tonic
foraminifera and Loeblich and Tappan (1987) for ben thic
foraminifera. Im ages of se lected gold-coated plank tonic and
ben thic foraminifera were cap tured us ing a Scan ning Elec tron
Mi cro scope (JEOL JCM-7000 Desk top SEM).

STABLE CARBON AND OXYGEN ISOTOPES

While ad vanced palaeotemperature prox ies like clumped
iso topes and fluid in clu sions re quire larger sam ples than avail -
able in this study, sta ble ox y gen iso topes are used as the most
suit able proxy. Car bon and ox y gen iso tope data were ob tained
from well-pre served foraminifera from four gen era: Subbotina
spp., Acarinina spp., Cibicidoides spp., and Uvigerina spp.
Sam ples were care fully se lected to avoid dis so lu tion or sec ond -
ary cal cite. The larg est spec i mens (>125 mi crons) were cho sen
to min i mize size-re lated vari a tions in d18O and d13C, with av er -
age sam ple weights rang ing from 40 to 250 mg of car bon ate.
Be tween one and 30 spec i mens were mea sured per sam ple,
de pend ing on pres er va tion con di tion and ge nus size. A to tal of
168 sam ples were ana lysed, with 10% be ing blind du pli cates
for val i da tion. Sam ples un der went acid di ges tion in a Kiel IV
car bon ate de vice with phos pho ric acid (102–105%) at 70°C for
480 sec onds to re lease CO2, which was cryo gen i cally pu ri fied
and an a lysed us ing a Thermo Finnigan MAT-253+ mass spec -
trom e ter, achiev ing precisions of 0.04‰ for d13C and 0.08‰ for
d18O. Iso tope ra tios are re ported in d no ta tion rel a tive to the
VPDB stan dard, with stan dard con ver sions to the SMOW
scale. In stru men tal drift was mon i tored by us ing an in ter nal lab
work ing stan dard cal i brated to VPDB via in ter na tional ref er ence 
ma te ri als (KIS; KFUPM Ice land Spar) (Herlambang et al.,
2022).
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PALAEOTEMPERATURE EQUATIONS

Palaeotemperature re con struc tion in this study uti lized ox y -
gen iso tope frac tion ation in foraminiferal tests, guided by frame -
works from Pearson (2012). Four key palaeotemperature equa -
tions were em ployed, based on var i ous foraminiferal taxa from
dif fer ent ma rine hab i tats: 

1. Cul tured Globigerinoides sacculifer (plank tonic fora mini -
fera) by Erez and Luz (1983): T(°C) = 17–4.52 (d18Oc– d18Osw) + 
0.03(d18Oc– d18Osw)2. 

2. Cul tured Orbulina universa (high light) (plank tonic fora -
minifera) by Bemis et al. (1998): T(°C) = 14.9–4.80 (d18Oc–
d18Osw). 

3. In situ Cibicidoides and Planulina (ben thic foraminifera)
by Lynch-Stieglitz et al. (1999): T(°C) = 16.1–4.76 (d18Oc–
d18Osw). 

4. Cul tured Globigerinoides sacculifer (high light) (plank -
tonic foraminifera) by Spero et al. (2003): T(°C) = 12.0–5.57
(d18Oc–d18Osw), where d18Oc and d18Osw are the iso to pic val ues
for the foraminiferal cal cite and the sea wa ter, re spec tively. 
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Fig. 1A – palaeogeographic map show ing the study area dur ing the late Eocene; the palaeoclimate zones are af ter Boucot et al.
(2013); B – geo log i cal map of the study area show ing the main stud ied out crops, mod i fied af ter An Nabk quad ran gle map; C –
lithological log of the study area; the black dots rep re sent the sam ple lo ca tions, while the blue boxes in di cate the pris tine sam ples
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For the d18O value of palaeowater, this study adopted
–1.27‰ VSMOW, con sis tent with Kim and O’Neil (1997), align -
ing with Shackle ton’s (1974) ear lier es ti mates for an ice-free
world.

PRESERVATION AND THE EFFECT 
OF DIAGENESIS

The stud ied sam ples are abun dant in well-pre served fora -
minifera, both ben thic and plank tonic, char ac ter ized by pris tine
tests, in di cat ing min i mal ce men ta tion or infill (Fig. 3). Wade et
al. (2021) de scribed the ex cep tional microfossil pres er va tion in
our area as a Konservat-Lagerstätte, which is used to de scribe
the ex cep tion ally well-pre served microfossils in the fos sil re -
cord. The good pres er va tion is at trib uted to sev eral fac tors: 

– rapid burial and high sed i men ta tion rates, re duc ing ex po -
sure to de grad ing bot tom wa ters; 

– low sed i ment per me abil ity due to high clay con tent, lim it ing
dam ag ing fluid cir cu la tion; 

– shal low burial depth, in di cated by low ther mal ma tu rity of or -
ganic mat ter, which min i mizes diagenetic al ter ation (van
Dongen et al., 2006).
Diagenetic is sues, such as cal cite overgrowths, could lower

ap par ent tem per a tures by 1–5°C (Pearson et al., 2001), but this 
does not fully ac count for the ob served tem per a ture dis crep an -
cies. The d13C sig na ture of diagenetic cal cite, typ i cally around
+3‰, sug gests min i mal al ter ation of the orig i nal iso to pic sig nal
(Pearson et al., 2001). Mi cro scopic ex am i na tions re vealed het -
er o ge ne ity; while some sam ples were ex cep tion ally pre served,
which are col lected from the claystone dom i nated in ter val, oth -
ers showed sig nif i cant diagenetic al ter ation, in clud ing cal cite
overgrowths and signs of dis so lu tion, which are col lected from
the cal car e ous lime stone in ter vals. SEM anal y sis con firmed
that well-pre served spec i mens re tained pris tine fea tures, while
al tered sam ples ex hib ited rhombohedral cal cite crys tals.

Our sta ble iso tope anal y sis in di cated that al tered fora -
minifera dis played more neg a tive d13C and d18O val ues com -
pared to well-pre served spec i mens. We uti lized SEM anal y sis
to es tab lish the thresh old for pris tine foraminifera (Fig. 3). Pris -
tine d13C and d18O val ues were de fined as rang ing from –2 to
+3‰ and –4 to 0‰, re spec tively (see Fig. 4). This sup ports
�bilioÈlu and KöroÈlu’s (2024) find ings that plank tonic fora -
minifera are more sus cep ti ble to diagenetic al ter ation than ben -
thic spe cies.

RESULTS

PRISTINE AND THE ALTERED ISOTOPIC VALUES

Our anal y sis en com passed four dis tinct foraminiferal gen -
era. Two of these gen era are plank tonic, in hab it ing dif fer ent wa -
ter col umn depths. The re main ing two gen era are ben thic; one
dwells on the seafloor (epifaunal), and the other lives within the
sed i ment (infaunal). 

The first foraminiferal ge nus we ex am ined, Acarinina spp.,
in hab its the mixed-layer zone of the wa ter col umn (Aze et al.,
2011). A to tal num ber of 45 sam ples were ana lysed. This ge nus 
ex hib ited a range of d13C val ues from –5.9 to 2.4‰, with a mean 
value of –2.5‰. Sim i larly, the d18O val ues spanned a range of
–9.5 to –2.3‰, with an av er age a mean value of –7.3‰. The
next foraminiferal ge nus, Subbotina spp., oc cu pies a deeper
hab i tat within the wa ter col umn, spe cif i cally the thermocline
zone (Aze et al., 2011). There were 48 sam ples an a lysed in all.
This ge nus dis played d13C val ues rang ing from –6.7‰ to
+1.7‰, with a mean value of –3.6‰. Like wise, its d18O val ues
spanned a range of –9.7 to –2.0‰, with a mean value of –7.5‰.

Among the ben thic foraminifera, we first fo cus on the epi -
faunal ge nus Cibicidoides spp. This ge nus dwells on the sea -
floor, of ten pre fer ring an el e vated hab i tat (Linke and Lutze,
1993). In to tal, 25 sam ples were ana lysed. Cibicidoides spp. ex -
hib ited d13C val ues rang ing from –4.9 to +0.1‰, with a mean
value of –2.1‰. Sim i larly, its d18O val ues spanned a range of
–7.9 to –0.9‰, with a mean value of –4.5‰. The sec ond ben -
thic ge nus we an a lysed is the shal low infaunal Uvigerina spp.,
which dwells within the seafloor sed i ment. In to tal, 48 sam ples
were ex am ined. Uvigerina spp. showed d13C val ues rang ing
from –5.9 to 0‰, with a mean value of –2.7‰. Like wise, its 
d18O val ues spanned a range of –8.9 to –0.2‰, with a mean
value of –4.9‰ (Fig. 4).

PRISTINE ISOTOPIC VALUES

Fol low ing the ap pli ca tion of the es tab lished thresh olds for
un al tered iso to pic val ues to the an a lysed sam ples, only 39
sam ples were iden ti fied as pris tine. This im plies that the re -
main ing sam ples ex hib ited iso to pic sig na tures in dic a tive of
diagenetic al ter ation (Fig. 4). Fol low ing the same pat tern of de -
scrib ing the iso to pic re sults, nine sam ples of Acarinina spp.
were an a lysed: the d13C val ues range from 0 to +2.4‰ with a
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Fig. 2A – out crop of the Rashrashiyah For ma tion and its lat eral and ver ti cal ex ten sion;
B – con tact be tween the Rashrashiyah and Sirhan for ma tions
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mean of +1.5‰. Like wise, d18O val ues range from –3.9 to
–2.3‰ with a mean value of –3.1‰. For Subbotina spp., only
eight sam ples were found to be pris tine, with d13C iso to pic val -
ues rang ing from +0.1 to 1.7‰, with a mean value of +0.6‰.
Sim i larly, the d18O val ues spanned a range of –3.3 to –2.0‰,
with a mean value of –2.5‰. Nine sam ples of Cibicidoides spp.
lie within the pris tine range of iso to pic val ues. This ge nus has
d13C iso to pic val ues rang ing from –1.8 to +0.1‰, with a mean
value of –0.7‰. Like wise, d18O val ues range from –2.9 to
–0.9‰, with a mean value of –1.7‰. The most re sil ient ge nus
to diagenesis is Uvigerina spp., with 13 diagenetically un al tered 
sam ples. The d13C iso to pic val ues range from –0.6 to 0‰, with
a mean value of –0.3‰. Sim i larly, the d18O val ues spanned a
range of –1.6 to –0.2‰, with a mean value of –0.8‰ (Fig. 5).

PALAEOTEMPERATURE

The palaeotemperature equa tions were ap plied to the sam -
ples that show un al tered sta ble ox y gen iso to pic val ues. For es -
ti mat ing the SST, three out of four equa tions were ap plied to the 
sur face-dwell ing plank tonic fora mini fera, and the last equa tion
was used for es ti mat ing the bot tom-wa ter tem per a ture us ing
the sta ble ox y gen iso tope val ues of ben thic foraminifera. SST

was re con structed for iso to pi cally un al tered Acarinina spp.
spec i mens us ing three es tab lished palaeotemperature equa -
tions. The Erez and Luz (1983) equa tion yielded a tem per a ture
range of 33.7 to 41.5°C, with a mean SST of 37.5°C. This value
is very sim i lar to the sum mer SST mea sured in the Saudi sec tor 
of the Ara bian Gulf to day (Prayudi et al., 2024). Sim i larly, the
Bemis et al. (1998) equa tion in di cated an SST range of 32.3 to
40.1°C, with an av er age of 36.0°C. Fi nally, the Spero et al.
(2003) equa tion pro duced an SST range of 32.1 to 41.2°C, with
a mean value of 36.5°C. These re sults dem on strate some vari -
a tion among the dif fer ent equa tions, al though they all sug gest a 
sim i lar range of SSTs. Mir ror ing the ap proach used for
Acarinina spp., palaeo temperature equa tions were ap plied to
iso to pi cally un al tered Subbotina spp. spec i mens to re con struct
palaeotemperatures at their re spec tive wa ter depths. The Erez
and Luz (1983) equa tion yielded a tem per a ture range of 32.3 to
38.4°C, with an av er age of 34.3°C. Like wise, the Bemis et al.
(1998) equa tion sug gested a tem per a ture range of 30.8 to
37.0°C, with a mean of 32.9°C. Fi nally, the Spero et al. (2003)
equa tion pro duced a sim i lar range of 30.4 to 37.6°C, with an av -
er age value of 32.8°C. The bot tom wa ter tem per a ture equa tion
of Lynch -Stieglitz et al. (1999) was ap plied for the epifaunal
ben thic ge nus Cibicidoides spp. The bot tom wa ter tem per a ture
in di cated a range of 26.5 to 36°C, with an av er age of 30.2°C.
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Fig. 3. SEM im ages show ing an ex am ple of the pris tine and al tered spec i men of each ge nus

A – pris tine Acarinina sp. shows the muricate struc ture and the micropores; B – al tered Acarinina sp. with sec ond ary cal cite crys -
tal pre cip i tated at the right side of the spec i men; C – pris tine Subbotina sp. shows the cancellate wall tex ture and the micropores;
D – al tered Subbotina sp. shows the rhombohedral crys tals of the sec ond ary cal cite with no pres er va tion of the cancellate wall
tex ture; E – pris tine Cibicidoides sp. show ing the su tures with no ev i dence of sec ond ary cal cite pre cip i ta tion; F – al tered
Cibicidoides sp. with few sec ond ary cal cite crys tals in the mid dle of the spec i men; G – pris tine Uvigerina sp. show ing the phialine
neck and the wall or na men ta tion; H – al tered Uvigerina sp. with dis so lu tion fea tures; the yel low ar rows in di cate the cal cite crys -
tals; scale bars = 100 µm
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Con sis tent with the ap proach used for Cibicidoides spp., the
Lynch -Stieglitz et al. (1999) palaeotemperature equa tion was
ap plied to iso to pi cally un al tered Uvigerina spp. spec i mens.
This equa tion es ti mates the tem per a ture of the porewater a few 
cen ti me tres be low the seafloor sed i ment. The anal y sis yielded
a palaeotemperature range of 23.2 to 29.6°C, with an av er age
tem per a ture of 25.8°C, re flect ing the infaunal hab i tat of this
ben thic ge nus (Ta ble 1).

DISCUSSION

DEPTH ORDERING

Emiliani (1954) pro posed that the depth dis tri bu tion of
foraminifera spe cies could be in ferred from their ox y gen iso to -
pic com po si tions, ex ploit ing the gen eral tem per a ture de crease
with ocean depth. This ap proach has dem on strated ef fi cacy in
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Fig. 4. Sta ble  d13C and d18O data for the stud ied gen era for both pris tine 
and al tered foraminifera

The dashed red box rep re sents the pris tine iso to pic val ues based 

on the thresh olds for d13C be ing –2‰ and d18O be ing –4‰

Fig. 5. Sta ble d13C and d18O data for the stud ied gen era 
for pris tine foraminifera
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mod ern spe cies with known depth hab i tats (Shackle ton, 1974;
Fair banks et al., 1982) and has been widely ap plied to ex tinct
taxa (Berger et al., 1978; Douglas and Savin, 1978). Plank tonic
foraminifera ex hibit re stricted bathymetric dis tri bu tions, oc cu py -
ing spe cific wa ter depths such as the euphotic zone or thermo -
cline, and dem on strate lat i tu di nal vari abil ity, in hab it ing trop i cal,
tem per ate, or cool re gions. Their eco log i cal niches can be in -
ferred through anal y sis of test mor phol ogy and d18O sig na tures
(Boersma and Premoli Silva, 1987). En vi ron men tal prox ies can
be in ferred from plank tonic foraminiferal as sem blages and pop -
u la tion dy nam ics. Spe cies in hab it ing sur face wa ters typ i cally
ex hibit de pleted d18O and en riched d13C val ues, con trast ing
with those dwell ing in deeper thermocline or bathyal zones,
which pos sess heavier d18O and de pleted d13C sig na tures. Ac -
cord ingly, Acarinina spp., char ac ter ized by en riched d13C and
de pleted d18O val ues, are in ter preted as sur face mixed layer
dwell ers. Con versely, Subbotina spp., with de pleted d13C and
en riched d13C val ues, are in ferred to have in hab ited thermo -
cline or deeper depths (Aze et al., 2011). 

Iso to pic anal y sis in our study area in di cates that Acarinina
spp. of d13C and d18O mean val ues of +1.5 and –3.1‰, re spec -
tively, lived at mixed layer (shal low depth) depths, whereas
Subbotina spp. of d13C and d18O mean val ues of +0.6‰ and
–2.5‰, re spec tively, lived near or at the thermocline. The ob -
served iso to pic dis par ity be tween plank tonic foraminifera in -
hab it ing the mixed layer and thermocline can be at trib uted to
the pres ence of photosymbionts. No ta bly, Acarinina sp. is rec -
og nized for its sym bi otic as so ci a tion with min ute or gan isms,
such as dinoflagellates (Giorgioni et al., 2019).

While tem per a ture ex erts a min i mal in flu ence on d13C
(Emrich et al., 1970), other fac tors pre dom i nate. The iso to pic
com po si tion of dis solved in or ganic car bon (SCO2) in the lo cal
sea wa ter, from which foraminiferal tests pre cip i tate, is a crit i cal
de ter mi nant. Pho to syn the sis by sym bi otic or gan isms pref er en -
tially uti lizes the lighter car bon iso tope, thereby en rich ing the re -
sid ual sea wa ter in the heavier iso tope. Con se quently, sur face
wa ters ex hibit en riched d13C val ues due to this photosynthetic
frac tion ation pro cess. Acarinina spp. ex hib its pro nounced off -
sets in both d13C and d18O, in dic a tive of pro nounced ver ti cal mi -
gra tion within the wa ter col umn on a sea sonal ba sis. This phe -
nom e non, of ten termed “sea sonal vari a tions” (Pearson et al.,
1993), is likely driven by warm ing con di tions, po ten tially fol low -
ing iso therms or nu tri ent gra di ents (nutriclines) (Giorgioni et al.,

2019; Fig. 6). While Subbotina spp. also dis plays ev i dence of
sea sonal mi gra tion, Acarinina spp. ver ti cal move ment may be
con strained to the euphotic zone due to its sym bi otic re la tion -
ship with photosynthetic or gan isms (Giorgioni et al., 2019). 

Sea sonal changes in tem per a ture of ~4°C cause about a
1.0‰ change in the ox y gen iso tope val ues of foraminifera tests
liv ing at the sur face of the ocean. How ever, the changes in car -
bon iso tope val ues due to sea sonal changes are much smaller
(Deuser, 1987). Pearson et al. (1993) char ac ter ized sea sonal
vari a tions in en vi ron men tal con di tions as “noise”, which can ob -
scure un der ly ing strati graphic and eco log i cal pat terns within
foraminiferal as sem blages. The ob served vari abil ity in d18O and 
d13C val ues among Subbotina spp. through out the study area
might be at trib uted to eco log i cal flex i bil ity that al lowed these or -
gan isms to in habit a range of wa ter depths. De spite the mi gra -
tion of ver ti cal of Subbotina spp. is lim ited than the Acarinina
spp. due to the lack of sym bi otic re la tion ships and pref er ence
for cooler thermocline hab i tats. Con se quently, a mi gra tion to
warmer, shal lower wa ters seems un likely for this spe cies
(Bralower et al., 1995).

Gen er ally, ben thic foraminifera ex hibit a pos i tive cor re la tion
be tween mean d18O val ues and av er age liv ing depth, whereas
a neg a tive re la tion ship ex ists be tween mean d13C val ues and
depth. Stud ies of stained foraminifera spec i mens from un dis -
turbed sur face sed i ments have re vealed that these or gan isms
oc cupy dis tinct microhabitats within and above the sed i ment
col umn, re spond ing to spe cific food and ox y gen avail abil ity con -
di tions (Fontanier et al., 2002). Com ple men tary to fau nal stud -
ies, pro nounced pore wa ter d13C gra di ents, reach ing mag ni -
tudes of up to –1.0‰ per cen ti me tre, have been doc u mented
within the sed i ment-wa ter in ter face (McCorkle and Em er son,
1988). Con se quently, pre vail ing pore wa ter geo chem is try
stron gly in flu ences the iso to pic com po si tion of ben thic fora -
miniferal tests. Epifaunal taxa, such as Cibicidoides spp. of d13C
mean value of –0.7‰, re sid ing at the sed i ment-wa ter in ter face,
pri mar ily re flect the iso to pic com po si tion of bot tom wa ter dis -
solved in or ganic car bon. In con trast, infaunal taxa, in clud ing
Uvigerina spp. of d13C mean value of –0.3‰, ex hibit a pro -
nounced iso to pic sig na ture de rived from the un der ly ing pore
wa ters (Mackensen et al., 2000). It is note wor thy that the d13C
sig na ture of Cibicidoides spp. may ex hibit de ple tion rel a tive to
the d13C of bot tom wa ter DIC in re gions char ac ter ized by pro -
nounced sea sonal phytodetritus sed i men ta tion. This ob ser va -

Sherif Allam et al. / Geological Quarterly, 2025, 69, 26 7

T a  b l e  1

 The palaeotemperature sum mary sta tis tics es ti mated for each ge nus 
us ing dif fer ent equa tions

Ge nus Erez and Luz 
(1983)

Bemis
et al. (1998)

Lynch-Stieglitz
et al. (1999)

Spero
et al. (2003)

Acarinina

Min 33.7°C 32.3°C 32.1°C

Max 41.5°C 40.1°C 41.2°C

Mean 37.5°C 36.0°C 36.5°C

Subbotina

Min 32.3°C 30.8°C 30.4°C

Max 38.4°C 37.0°C 37.6°C

Mean 34.3°C 32.9°C 32.8°C

Cibicidoides

Min 26.5°C

Max 36.0°C

Mean 30.2°C

Uvigerina

Min 23.2°C

Max 29.6°C

Mean 25.8°C
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tion sug gests the po ten tial in cor po ra tion of CO2 re leased dur ing 
the de com po si tion of re cently de pos ited or ganic mat ter at the
sed i ment-wa ter in ter face into the foraminiferal cal cite (Macken -
sen et al., 1993).

PALAEOTEMPERATURE RECONSTRUCTION

Palaeotemperature re con struc tions based on d18O anal y -
ses within the Turayf-Sirhan Ba sin in di cate a con sis tently
warmer cli mate dur ing the mid dle-late Eocene com pared to
mod ern con di tions. The max i mum SST of 41.5°C with an av er -
age of 38.7°C de rived from Acarinina spp. and the max i mum
bot tom wa ter tem per a ture of 36°C with an av er age of 30.2°C
de rived from Cibicidoides spp. sig nif i cantly ex ceed the palaeo -
temperature es ti mated for the late Eocene (Cramer et al., 2009; 
Fig. 5). Other palaeotemperature stud ies es ti mate that the SST
dur ing the Eocene ex ceeded 30°C at 55° South in trop i cal con -
di tions (Zachos et al., 2006). Fur ther more, re vised cal i bra tions
for the TEX86 proxy (Kim et al., 2008) give SSTs rang ing from
35 to 40°C within the equa to rial In dian Ocean dur ing the

Eocene, as in di cated by Pearson et al. (2007). Given the arid
con di tions pre vail ing over the Ara bian Plate since the
Paleocene (Fig. 1A; Boucot et al., 2013), we an tic i pate that our
study area will re veal higher SSTs com pared to other re gions of
the world. In deed, our cal cu lated tem per a tures are within the
range of tem per a tures ob served to day in the shal low Saudi sec -
tor of the Ara bian Gulf, where the SST may reach 39–40°C in
sum mer (Prayudi et al., 2024). An ad di tional ex pla na tion for the
el e vated SSTs ob served in our study com pared to their global
coun ter parts is the me rid i o nal heat trans port model pro posed
by Huber and Sloan (2001). This model shows that the Earth’s
equa to rial re gion, re ceiv ing the most in tense so lar ra di a tion,
acts as a heat source for the planet. Con se quently, re gions sit u -
ated be tween 10° and 40° East ex pe ri ence the great est in flux of 
me ridi on ally trans ported heat, po ten tially con trib ut ing to the
high SSTs re corded in our study area. A palaeo temperature off -
set of ~7–8°C is ev i dent across all ana lysed gen era ex cept for
the Cibicidoides spp., con sis tent with re cent ob ser va tion of
~8°C an nual tem per a ture vari a tion in mid-lat i tude mid-ocean
re gions.
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_ _

Fig. 6. Sche matic model di a gram show ing the liv ing depth hab i tat (not to scale) for each ge nus

 cor re spond ing to the sta ble ox y gen iso tope val ues 

A – a warm cli mate sce nario where plank tonic foraminifera dwell at deeper depths for adapt able tem per a tures;

the small yel low stars on the sea floor rep re sent the or ganic mat ter re spon si ble for re leas ing CO2; B – a cool cli -
mate sce nario where the plank tonic foraminifera changed their dwell ing depths; tem per a ture gra di ent based on
mean val ues; the colour gra di ent rep re sents the tem per a ture, where the light blue is the warm est sea wa ter and
the dark blue is the cool est sea wa ter
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Un like their plank tonic coun ter parts, ben thic gen era ex hibit
a more re stricted depth hab i tat, with min i mal flex i bil ity for ver ti -
cal mi gra tion. While infaunal taxa such as Uvigerina sp. may
ex hibit lim ited depth pen e tra tion within the sed i ment col umn
(Schmiedl et al., 2004), this depth range is in suf fi cient to in duce
sig nif i cant tem per a ture vari a tions, so the vari a tion in tem per a -
ture is a re sult of change in bot tom-wa ter tem per a ture. While
epifaunal Cibicidoides spp. and Nuttallides spp. have been ex -
ten sively uti lized for palaeotemperature re con struc tion, as ex -
em pli fied by the work of Zachos et al. (2001), their po ten tial
con tam i na tion by iso to pi cally al tered car bon and ox y gen de -
rived from de com pos ing or ganic mat ter may com pro mise their
ac cu racy in re flect ing true bot tom wa ter con di tions. In con trast,
infaunal Uvigerina spp., re sid ing deeper within the sed i ment,
are less sus cep ti ble to this in flu ence. Our study cor rob o rates
this no tion, as the palaeotemperature es ti mate de rived from
Uvigerina sp. (av er aged 25.8°C) aligns more plau si bly with ex -
pected bot tom wa ter con di tions com pared to the an oma lously
high tem per a ture (av er aged 30.2°C) cal cu lated for Cibicidoides
spp.

STABLE ISOTOPES 
AND THE GLOBAL TRENDS

The Bartonian/Priabonian bound ary is still a sub ject of de -
bate, as there is a lack of com pre hen sive out crop can di dates to
pre cisely de fine it. Stud ies con ducted in It aly have de fined the
bound ary us ing micropalaeontological and geo chem i cal anal y -
ses (Agnini et al., 2021). De spite ex ten sive re search, pre vi ous
stud ies have re lied on bulk d13C and d18O anal y ses, which were
not able to cap ture the short-lived warm ing event at the
Bartonian/Priabonian bound ary doc u mented by Bohaty and

Zachos (2003) and Cramer et al. (2009). In our data, the mea -
sured d13C and d18O for the study area re vealed that the lower
part of the out crop is show ing pris tine foraminiferal cal cite (Fig.
7), which rep re sents the Up per Bartonian and the Lower
Priabonian de fined by cor re la tion with global iso to pic curve by
Cramer et al. (2009). In or der to re veal the d13C and d18O
trends, we re moved the al tered sig na tures (Fig. 8). Start ing
from the el e va tion of ~1 m, all gen era ex hib ited an in crease in
d18O val ues, in dic a tive of cool ing tem per a tures, which co in -
cided with an in crease in d13C val ues. This cool ing trend per -
sisted at an el e va tion of ~5 m, as ev i denced by Acarinina spp.,
with d18O val ues reach ing –2.35‰, cor re spond ing to SST of
33.7°C. At an el e va tion of ~6 m, a de crease in d18O val ues, re -
corded by Uvigerina spp., in di cated a cool ing of bot tom wa ter
tem per a tures to 29.2°C. Due to the poor pres er va tion of plank -
tonic foraminifera, sea sur face tem per a tures could not be de ter -
mined. The bot tom wa ter tem per a tures showed a slight in -
crease in tem per a ture at an el e va tion of ~10 m, where the d18O
for the Cibicidoides spp. and Uvigerina spp. reached –1.52 and
–0.73‰, re spec tively. For the SST, the Acarinina spp. showed
de ple tion in d18O and a de crease in tem per a ture, which is un ex -
pected and may be due to vi tal ac tiv ity or move ment through the 
wa ter col umn. At an el e va tion of ~15 m, all gen era in di cated an
in crease in both SST and bot tom wa ter tem per a ture. Acarinina
spp. re corded an SST of 41.1°C, while Cibicidoides spp. in di -
cated a bot tom wa ter tem per a ture of 35.9°C. We hy poth e size
that this rapid de crease in both SST and bot tom wa ter tem per a -
ture marks the on set of the short-lived warm ing event as so ci -
ated with the tran si tion from the Bartonian to the Priabonian
stages, as doc u mented by Bohaty and Zachos (2003), Cramer
et al. (2009), and Scher et al. (2014). From that el e va tion up to
~20 m, all gen era re corded an in crease in tem per a ture for both
SST and bot tom wa ter tem per a ture. Scher et al. (2014) re -
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Fig. 7. Sta ble d13C and d18O data of the stud ied gen era against unit thick ness

The red dashed lines rep re sent the thresh old val ues be tween the pris tine and al tered val ues; sym bols are in Fig ure 1
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ported this cool ing as the PrOM, which is a cool ing event fol low -
ing the mid dle Eocene cli ma tic op ti mum and the Barto -
nian/Pria bonian tran si tion event. In gen eral, the iso to pic curves
in this study can cap ture the gen eral cool ing trend af ter the
MECO (Scher et al., 2014).

CONCLUSIONS

This study in ves ti gates the palaeoclimatic con di tions of the
west ern Tethys within the Turayf-Sirhan Ba sin by an a lysing sta -
ble iso tope com po si tions of four foraminiferal gen era that lived
dur ing the lat est stages of the Eocene ep och. Dif fer en ti at ing
be tween diagenetically al tered and pris tine tests was cru cial for
ac cu rate palaeotemperature re con struc tions. Plank tonic fora -
minifera, par tic u larly Acarinina spp., dis played iso to pic sig na -
tures in dic a tive of a shal low, warm-wa ter hab i tat, likely in flu -
enced by sym bi otic re la tion ships. In con trast, the ben thic ge nus 
Uvigerina spp. pro vided more re li able palaeotemperature es ti -
mates due to its infaunal life style and re duced sus cep ti bil ity to
diagenetic al ter ation. The ob tained palaeotemperature val ues
sug gest a sig nif i cantly warmer cli mate in the Turayf-Sirhan Ba -
sin com pared to global av er ages dur ing the late Eocene, a re -
sult that is sim i lar to the tem per a tures ob served in the mod -
ern-day Saudi sec tor of the Ara bian Gulf. The gen eral iso to pic
trends co in cide with the global trend of gen eral cool ing fol lowed

the MECO and the warm ing in ter val that marks the on set of the
Bartonian/Priabonian. 

Ac knowl edge ments. The Col lege of Pe tro leum En gi neer -
ing and Geosciences (CPG), King Fahd Uni ver sity of Pe tro leum 
and Min er als (KFUPM), and Dean ship of Re search Over sight
KFUPM, are both greatly ap pre ci ated for pro vid ing un lim ited
sup port. We also ex press our great est grat i tude to the Saudi
Geo log i cal Sur vey (Jeddah), for field lo gis tics, or ga niz ing the
field trip and help ing in sam pling strati graphic sec tions and
sam ples stud ied in this re port. We thank D. �bilioÈlu and an
anon y mous re viewer for their con struc tive com ments on the
manu script. 

Data avail abil ity state ment. The orig i nal re search find ings of 
this study are pre sented in full in this ar ti cle. For fur ther de tails
or in qui ries, please con tact the cor re spond ing au thor(s).

Au thor con tri bu tions. SA: Writ ing – re view and ed it ing; Writ -
ing – orig i nal draft, Vi su al iza tion, Meth od ol ogy, For mal anal y -
sis, Data curation. AK: Writ ing – re view and ed it ing, Meth od ol -
ogy. AH: Writ ing – re view and ed it ing, Data curation, Meth od ol -
ogy. JDH: Writ ing – re view and ed it ing, Data curation, Su per vi -
sion. MIN: Writ ing – re view and ed it ing, Pro ject plan ning. AAB:
Writ ing – re view and ed it ing, Pro ject plan ning. AMM: Writ ing –
re view and ed it ing, Pro ject plan ning. ISZ: Writ ing – re view and
ed it ing, Pro ject plan ning. MAK: Writ ing – re view and ed it ing,
Data curation, Meth od ol ogy, Fund ing, Su per vi sion.

REFERENCES 

Agnini, C., Backman, J., Boscolo-Galazzo, F., Con don, D.J.,
Fornaciari, E., Galeotti, S., Giusberti, L., Grandesso, P.,
Lanci, L., Luciani, V., Monechi, S., Muttoni, G., Pälike, H.,
Pampaloni, M.L., Papazzoni, C.A., Pearson, P.N., Pignatti,
J., Premoli Silva, I., Raffi, I., Rio, D., Rook, L., Sahy, D.,
Spofforth, D., Stefani, C., Wade, B.S., 2021. Pro posal for the
Global Bound ary Stratotype Sec tion and Point (GSSP) for the
Priabonian Stage (Eocene) at the Alano sec tion (It aly). Ep i -
sodes, 44: 151–173;
https://doi.org/10.18814/epiiugs/2020/020074

Aze, T., Ezard, T.H.G., Purvis, A., Coxall, H.K., Stew art, D.R.M.,
Wade, B.S., Pearson, P.N., 2011. A phy log eny of Ce no zoic
macroperforate plank tonic foraminifera from fos sil data. Bi o log i -
cal Re views, 86: 900–927;
https://doi.org/10.1111/j.1469-185X.2011.00178.x

Bahrawi, J., Elhag, M., 2019. Con sid er ation of sea sonal vari a tions
of wa ter ra dio met ric in di ces for the es ti ma tion of soil mois ture
con tent in arid en vi ron ment in Saudi Ara bia. Ap plied Ecol ogy
and En vi ron men tal Re search, 17: 285–303;
https://doi.org/10.15666/aeer/1701_285303

10 Sherif Allam et al. / Geological Quarterly, 2025, 69, 26

Fig. 8. Sta ble d13C and d18O data of the pris tine foraminifera against unit thick ness

The tran si tion be tween the Bartonian/Priabonian is shaded with grey colour; sym bols are in Fig ure 1

https://doi.org/10.15666/aeer/1701_285303
https://doi.org/10.1002/2014PA002648
https://doi.org/10.18814/epiiugs/2020/020074
https://doi.org/10.1111/j.1469-185X.2011.00178.x


Bemis, B.E., Spero, H.J., Bijma, J., Lea, D.W., 1998. Re eval u a tion 
of the ox y gen iso to pic com po si tion of plank tonic foraminifera:
ex per i men tal re sults and re vised paleotemperature equa tions.
Paleoceanography, 13: 150–160;
https://doi.org/10.1029/98PA00070

Berger, W., Killingley, J., Vin cent, E., 1978. Sa ble iso topes in
deep-sea car bon ates – Box core ERDC-92, west equa to rial pa -
cific. Oceanologica Acta, 1: 203–216.

Berggren, W.A., Pearson, P.N., 2005. A re vised trop i cal to sub trop -
i cal Paleogene plank tonic foraminiferal zonation. Jour nal of
Foraminiferal Re search, 35: 279–298;
https://doi.org/10.2113/35.4.279

Bijl, P.K., Houben, A.J.P., Schouten, S., Bohaty, S.M., Sluijs, A.,
Reichart, G.-J., Sinninghe Damsté, J.S., Brinkhuis, H., 2010.
Tran sient Mid dle Eocene At mo spheric CO2 and Tem per a ture
Vari a tions. Sci ence, 330: 819–821; https://doi.org/10.1126/sci -
ence.1193654

Boersma, A., Premoli Silva, I., 1987. Bound ary con di tions of At lan -
tic Eocene ox y gen min i mum zones. Rivista Italiana di Paleonto -
logia e Stratigrafia, 93: 479–506;
https://doi.org/10.54103/2039-4942/13186

Bohaty, S.M., Zachos, J.C., 2003. Sig nif i cant South ern Ocean
warm ing event in the late mid dle Eocene. Ge ol ogy, 31:
1017–1020; https://doi.org/10.1130/G19800.1

Boucot, A., Xu, C., Scotese, C., 2013. Phanerozoic Paleoclimate:
An At las of Lith o logic In di ca tors of Cli mate. SEPM Con cepts in
Sedimentology and Pa le on tol ogy, 11.

Bralower, T.J., Zachos, J.C., Thomas, E., Parrow, M., Paull, C.K., 
Kelly, D.C., Premoli Silva, I., Sliter, W.V., Lohmann, K.C.,
1995. Late Paleocene to Eocene paleoceanography of the
equa to rial Pa cific Ocean: sta ble iso topes re corded at Ocean
Drill ing Pro gram Site 865, Allison Guyot. Paleoceanography,
10: 841–865; https://doi.org/10.1029/95PA01143

Cisneros-Lazaro, D., Ad ams, A., Guo, J., Ber nard, S.P., Baum -
gartner, L., Daval, D., Baronnet, A., Grauby, O., Vennemann,
T., Stolarski, J., Escrig, S., Meibom, A., 2022. Fast and per va -
sive diagenetic iso tope ex change in foraminifera tests is spe -
cies-de pend ent. Na ture Com mu ni ca tions, 13, 113;
 https://doi.org/10.1038/s41467-021-27782-8

Cramer, B.S., Toggweiler, J.R., Wright, J.D., Katz, M.E., Miller,
K.G., 2009. Ocean over turn ing since the Late Cre ta ceous: in fer -
ences from a new ben thic foraminiferal iso tope com pi la tion.
Paleoceanography, 24. https://doi.org/10.1029/2008PA001683

Deuser, W.G., 1987. Sea sonal vari a tions in iso to pic com po si tion
and deep-wa ter fluxes of the tests of pe ren ni ally abun dant
plank tonic foraminifera of the Sargasso Sea; re sults from sed i -
ment-trap col lec tions and their paleoceanographic sig nif i cance. 
Jour nal of Foraminiferal Re search, 17: 14–27;
 https://doi.org/10.2113/gsjfr.17.1.14

Douglas, R.G., Savin, S.M., 1978. Ox y gen iso to pic ev i dence for the 
depth strat i fi ca tion of Ter tiary and Cre ta ceous planktic fora -
minifera. Ma rine Micropaleontology, 3: 175–196;
 https://doi.org/10.1016/0377-8398(78)90004-X

Emiliani, C., 1954. Depth hab i tats of some spe cies of pe lagic
foraminifera as in di cated by ox y gen iso tope ra tios. Amer i can
Jour nal of Sci ence, 252: 149–158;
 https://doi.org/10.2475/ajs.252.3.149

Emrich, K., Ehhalt, D.H., Vogel, J.C., 1970. Car bon iso tope frac -
tion ation dur ing the pre cip i ta tion of cal cium car bon ate. Earth
and Plan e tary Sci ence Let ters, 8: 363–371;
 https://doi.org/10.1016/0012-821X(70)90109-3

Erez, J., Luz, B., 1983. Ex per i men tal paleotemperature equa tion
for plank tonic foraminifera. Geochimica et Cosmochimica Acta,
47: 1025–1031; https://doi.org/10.1016/0016-7037(83)90232-6

Fair banks, R.G., Sverdlove, M., Free, R., Wiebe, P.H., Bé, A.W.H., 
1982. Ver ti cal dis tri bu tion and iso to pic frac tion ation of liv ing
plank tonic foraminifera from the Pan ama Ba sin. Na ture, 298:
841–844; https://doi.org/10.1038/298841a0

Fontanier, C., Jorissen, F.J., Licari, L., Alexandre, A., Anschutz,
P., Carbonel, P., 2002. Live ben thic foraminiferal fau nas from
the Bay of Biscay: fau nal den sity, com po si tion, and micro -

habitats. Deep Sea Re search Part I: Ocean o graphic Re search
Pa pers, 49: 751–785;
https://doi.org/10.1016/S0967-0637(01)00078-4

Giorgioni, M., Jovane, L., Rego, E.S., Rodelli, D., Frontalini, F.,
Coccioni, R., Catanzariti, R., Özcan, E., 2019. Car bon cy cle
in sta bil ity and or bital forc ing dur ing the Mid dle Eocene Cli ma tic
Op ti mum. Sci en tific Re ports, 9, 9357;
 https://doi.org/10.1038/s41598-019-45763-2

Guiraud, R., Issawi, B., Bosworth, W., 1999. Phanerozoic his tory
of Egypt and its sur round ings. Mémoires du Muséum Na tional
d’Histoire Naturelle, 186: 469–509.

Herlambang, A., Koeshidayatullah, A., Amao, A., Bello, A., Al-
 Ghamdi, F., Malik, M., Al-Ramadan, K., 2022. Struc tural
diagenesis and dolomitization of Ce no zoic post-rift car bon ates
in the Red Sea rift ba sin: a multiproxy ap proach. Fron tiers in
Earth Sci ence, 10, 1037126.
 https://doi.org/10.3389/feart.2022.1037126

Huber, M., Sloan, L.C., 2001. Heat trans port, deep wa ters, and
ther mal gra di ents: cou pled sim u la tion of an Eocene green house 
cli mate. Geo phys i cal Re search Let ters, 28: 3481–3484;
https://doi.org/10.1029/2001GL012943

�bilioÈlu, D., KöroÈlu, F., 2024. Mid dle Eocene Cli ma tic Op ti mum
(MECO): the first re cord based on plank tonic foraminifera and
sta ble iso topes from SW Anatolia/Turkiye. Stra tig ra phy, 21:
17–50; https://doi.org/10.29041/strat.21.1.02

Kaminski, M.A., Korin, A., 2025. Flabellogaudryina n.gen., a new
ag glu ti nated foraminiferal ge nus from the Eocene of Saudi Ara -
bia. Micropaleontology, 71: 91–100;
 https://doi.org/10.47894/mpal.71.1.04

Kim, J.-H., Schouten, S., Hopmans, E.C., Donner, B., Sinninghe
Damsté, J.S., 2008. Global sed i ment core-top cal i bra tion of the
TEX86 paleothermometer in the ocean. Geochimica et Cosmo -
chimica Acta, 72: 1154–1173;
https://doi.org/10.1016/j.gca.2007.12.010

Kim, S.-T., O’Neil, J.R., 1997. Equi lib rium and nonequilibrium ox y -
gen iso tope ef fects in syn thetic car bon ates. Geochimica et
Cosmo chimica Acta, 61: 3461–3475;
 https://doi.org/10.1016/S0016-7037(97)00169-5

Korin, A., Allam, S., Humphrey, J.D., Amao, A.O., Ayranci, K.,
Najjar, M.I., Bahameem, A.A., Zalmout, I.S., Memesh, A.M.,
Kaminski, M.A., 2025. The ge nus Hantkenina in Saudi Ara bia:
Im pli ca tions for biostratigraphy and paleoecology across the
Bartonian–Priabonian tran si tion. Re vue de Micropaléontologie,
87, 100844.

Linke, P., Lutze, G.F., 1993. Microhabitat pref er ences of ben thic
foraminifera – a static con cept or a dy namic ad ap ta tion to op ti -
mize food ac qui si tion? Ma rine Micropaleontology, 20: 215–234;
https://doi.org/10.1016/0377-8398(93)90034-U

Loeblich, A.R., Tappan, H., 1987. Foraminiferal Gen era and Their
Clas si fi ca tion. Springer;
 https://doi.org/10.1007/978-1-4899-5760-3

Lynch-Stieglitz, J., Curry, W.B., Slowey, N., 1999. A geostrophic
trans port es ti mate for the Florida Cur rent from the ox y gen iso -
tope com po si tion of ben thic foraminifera. Paleoceanography,
14: 360–373; https://doi.org/10.1029/1999PA900001

Mackensen, A., Hubberten, H.-W., Bickert, T., Fischer, G.,
Fütterer, D.K., 1993. The d13C in ben thic foraminiferal tests of
Fontbotia wuellerstorfi (Schwager) rel a tive to the d13C of dis -
solved in or ganic car bon in South ern Ocean Deep Wa ter: im pli -
ca tions for gla cial ocean cir cu la tion mod els. Paleoceanography, 
8: 587–610; https://doi.org/10.1029/93PA01291

Mackensen, A., Schumacher, S., Radke, J., Schmidt, D.N., 2000.
Microhabitat pref er ences and sta ble car bon iso topes of endo -
benthic foraminifera: Clue to quan ti ta tive re con struc tion of oce -
anic new pro duc tion? Ma rine Micropaleontology, 40: 233–258;
https://doi.org/10.1016/S0377-8398(00)00040-2

McCorkle, D.C., Em er son, S.R., 1988. The re la tion ship be tween
pore wa ter car bon iso to pic com po si tion and bot tom wa ter ox y -
gen con cen tra tion. Geochimica et Cosmochimica Acta, 52:
1169–1178; https://doi.org/10.1016/0016-7037(88)90270-0

Sherif Allam et al. / Geological Quarterly, 2025, 69, 26 11

https://doi.org/10.1016/0016-7037(88)90270-0
https://doi.org/10.1016/S0377-8398(00)00040-2
https://doi.org/10.1007/978-1-4899-5760-3
https://doi.org/10.1029/1999PA900001
https://doi.org/10.1029/93PA01291
https://doi.org/10.1016/j.gca.2007.12.010
https://doi.org/10.1016/S0016-7037(97)00169-5
https://doi.org/10.1016/0377-8398(93)90034-U
https://doi.org/10.47894/mpal.71.1.04
https://doi.org/10.1029/2001GL012943
https://doi.org/10.3389/feart.2022.1037126
https://doi.org/10.1016/S0967-0637(01)00078-4
https://doi.org/10.1038/s41598-019-45763-2
https://doi.org/10.29041/strat.21.1.02
https://doi.org/10.1038/298841a0
https://doi.org/10.1016/0016-7037(83)90232-6
https://doi.org/10.2475/ajs.252.3.149
https://doi.org/10.1016/0012-821X(70)90109-3
https://doi.org/10.1016/0377-8398(78)90004-X
https://doi.org/10.2113/gsjfr.17.1.14
https://doi.org/10.1029/2008PA001683
https://doi.org/10.1038/s41467-021-27782-8
https://doi.org/10.1130/G19800.1
https://doi.org/10.1029/95PA01143
https://doi.org/10.54103/2039-4942/13186
https://doi.org/10.1126/science.1193654
https://doi.org/10.1029/98PA00070
https://doi.org/10.2113/35.4.279


Meiss ner, C.R., Dini, S.M., Farasani, A.M., Riddler, G.P., Smith,
G.H., Grif fin, M.B., Eck, M.V., 1990. Pre lim i nary geo logic map
of the Thaniyat Turayf Quad ran gle, sheet 29C, King dom of
Saudi Ara bia. U.S. Geo log i cal Sur vey Open-File Re port,
90–259; https://doi.org/10.3133/ofr90259

Pearson, P., 2012. Ox y gen Iso topes in Foraminifera: Over view and
His tor i cal Re view. The Paleontological So ci ety Pa pers, 18:
1–38; https://doi.org/10.1017/S1089332600002539

Pearson, P.N., Shackle ton, N.J., Hall, M.A., 1993. Sta ble iso tope
paleoecology of mid dle Eocene plank tonic foraminifera and
multi-spe cies iso tope stra tig ra phy, DSDP Site 523, South At lan -
tic. Jour nal of Foraminiferal Re search, 23: 123–140;
 https://doi.org/10.2113/gsjfr.23.2.123

Pearson, P.N., Ditchfield, P.W., Singano, J., Har court-Brown,
K.G., Nich o las, C.J., Olsson, R.K., Shackle ton, N.J., Hall,
M.A., 2001. Warm trop i cal sea sur face tem per a tures in the Late
Cre ta ceous and Eocene ep ochs. Na ture, 413: 481–487;
https://doi.org/10.1038/35097000

Pearson, P.N., van Dongan, B.E., Nich o las, C.J., Pancost, R.D.,
Schouten, S., Singano, J.M., Wade, B.S., 2007. Sta ble warm
trop i cal cli mate through the Eocene Ep och. Ge ol ogy, 35:
211–214; https://doi.org/10.1130/G23175A.1

Pow ers, R.W., Ramirez, L.F., Redmond, C.D., Elberg, Jr., 1966.
Ge ol ogy of the Ara bian Pen in sula: sed i men tary ge ol ogy of
Saudi Ara bia. U.S. Geo log i cal Sur vey, 560-D; 
https://doi.org/10.3133/pp560D

Prayudi, S.D., Tawabini, B.S., Amao, A.O., Korin, A., Gull, H.M.,
Arrofi, D., Kaminski, M.A., 2024. Sur vival of biocalcifying shal -
low-ma rine ben thic or gan isms in the coastal ar eas of the Ara -
bian Gulf un der con di tions of global warm ing: Is there a limit to
their re sil ience? Palaeo ge ogra phy, Palaeoclimatology, Palaeo -
ec ol ogy, 653, 112423;
https://doi.org/10.1016/j.palaeo.2024.112423

Scher, H.D., Bohaty, S.M., Smith, B.W., Munn, G.H., 2014. Iso to -
pic in ter ro ga tion of a sus pected late Eocene gla ci ation.
Paleoceanography, 29: 628–644;
https://doi.org/10.1002/2014PA002648

Schmiedl, G., Pfeilsticker, M., Hemleben, C., Mackensen, A.,
2004. En vi ron men tal and bi o log i cal ef fects on the sta ble iso tope 

com po si tion of re cent deep-sea ben thic foraminifera from the
west ern Med i ter ra nean Sea. Ma rine Micropaleontology, 51:
129–152; https://doi.org/10.1016/j.marmicro.2003.10.001

Shackle ton, N., 1974. At tain ment of iso to pic equi lib rium be tween
ocean wa ter and the benthonic foraminifera ge nus Uvigerina:
iso to pic changes in the ocean dur ing the last gla cial. Les
Methodes Quantitatives d’Étude, 219: 203–209.

Spero, H.J., Mielke, K.M., Kalve, E.M., Lea, D.W., Pak, D.K., 2003.
Multispecies ap proach to re con struct ing east ern equa to rial Pa -
cific thermocline hydrography dur ing the past 360 kyr.
Paleoceanography, 18: 22–38;
 https://doi.org/10.1029/2002PA000814

van Dongen, B.E., Tal bot, H.M., Schouten, S., Pearson, P.N.,
Pancost, R.D., 2006. Well pre served Palaeogene and Cre ta -
ceous biomarkers from the Kilwa area, Tan za nia. Or ganic Geo -
chem is try, 37: 539–557;
 https://doi.org/10.1016/j.orggeochem.2006.01.003

Villa, G., Fioroni, C., Persico, D., Rob erts, A.P., Florindo, F.,
2014. Mid dle Eocene to Late Oligocene Ant arc tic gla ci ation/de -
gla ciation and South ern Ocean pro duc tiv ity. Paleoceanography, 
29: 223–237; https://doi.org/10.1002/2013PA002518

Wade, B.S., Aljahdali, M.H., Mufrreh, Y.A., Memesh, A.M.,
AlSoubhi, S.A., Zalmout, I.S., 2021. Up per Eocene plank tonic
foraminifera from north ern Saudi Ara bia: im pli ca tions for strati -
graphic ranges. Jour nal of Micropalaeontology, 40: 145–161;
https://doi.org/10.5194/jm-40-145-2021

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001.
Trends, Rhythms, and Ab er ra tions in Global Cli mate 65 Ma to
Pres ent. Sci ence, 292: 686–693; https://doi.org/10.1126/sci -
ence.1059412

Zachos, J.C., Schouten, S., Bohaty, S., Quattlebaum, T., Sluijs,
A., Brinkhuis, H., Gibbs, S.J. and Bralower, T.J., 2006. Ex -
treme warm ing of mid-lat i tude coastal ocean dur ing the Paleo -
cene- Eocene Ther mal Max i mum: In fer ences from TEX86 and
iso tope data. Ge ol ogy, 34 (9): 737–740.

Zachos, J.C., Dick ens, G.R., Zeebe, R.E., 2008. An early Ce no zoic 
per spec tive on green house warm ing and car bon-cy cle dy nam -
ics. Na ture, 451: 279–283; https://doi.org/10.1038/nature06588

12 Sherif Allam et al. / Geological Quarterly, 2025, 69, 26

https://doi.org/10.1038/nature06588
https://doi.org/10.1126/science.1059412
https://doi.org/10.5194/jm-40-145-2021
https://doi.org/10.1002/2013PA002518
https://doi.org/10.1016/j.orggeochem.2006.01.003
https://doi.org/10.1029/2002PA000814
https://doi.org/10.1016/j.marmicro.2003.10.001
https://doi.org/10.1002/2014PA002648
https://doi.org/10.3133/pp560D
https://doi.org/10.1016/j.palaeo.2024.112423
https://doi.org/10.1130/G23175A.1
https://doi.org/10.1038/35097000
https://doi.org/10.1017/S1089332600002539
https://doi.org/10.2113/gsjfr.23.2.123
https://doi.org/10.3133/ofr90259

