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A num ber of re cent stud ies deal ing with palaeoclimate and en vi ron men tal re con struc tion in clude the mea sure ment of ox y -
gen iso tope com po si tion of mam ma lian teeth. Some of them ana lyse a tem po ral se quence of the changes re corded in
bioapatite from enamel lay ers rep re sent ing the whole pe riod of tooth de vel op ment. Enamel sam ples dis play large intra-tooth
d18O vari a tions that may re flect a sea sonal fluc tu a tion in the d18O of lo cal palaeoclimate pa ram e ters. The pres ent pa per pro -
vides an ef fec tive an a lyt i cal pro to col for se quen tial d18O anal y sis of hu man teeth us ing SHRIMP IIe/MC ion microprobe. It is
pos si ble to fol low the in ner enamel layer along enamel-dentine junc tion on a high spa tial scale in a range about 0.02 mm of
spot di am e ter and 0.12–0.14 mm of the dis tance be tween spots. Us ing the meth od ol ogy de scribed herein, we can achieve
an ex ter nal pre ci sion for d18O anal y sis <0.2‰ (1s). The num ber of 60 to 90 sin gle anal y ses cov er ing the enamel layer be -
tween the incisal and api cal ends is enough to ob tain tem po ral res o lu tion of less than one month and to doc u ment pre cisely
sea sonal fluc tu a tion caused by lo cal en vi ron men tal and cli mate fac tors. The meth od ol ogy of d18O in situ mea sure ments has
been tested on hu man teeth from Tell Majnuna, a 4th mil len nium BCE cem e tery in North ern Mes o po ta mia, which is a rel a -
tively arid area with high sea sonal dif fer ences in pre cip i ta tion and tem per a ture. Ob served pat tern of d18O vari a tions is con -
sis tent with ex pected sea sonal fluc tu a tions, al though the over all ef fect is blurred by some in er tia in the enamel mat u ra tion. 

Key words: palaeoclimate, bioapatite, hu man teeth, se quen tial microsampling, Mid dle East, Mes o po ta mia.

INTRODUCTION

Ox y gen iso tope anal y sis of den tal enamel is a pow er ful tool
for palaeo bio logi cal and ar chae o log i cal stud ies as an in di ca tor
of the pa ram e ters of phys i ol ogy, nat u ral en vi ron ment and hab i -
tat pref er ences. A par tic u larly prom is ing ap proach is to mea -
sure intra-tooth vari a tion (Ballase, 2003; Blaise and Balasse,
2011; Stevens et al., 2011), be cause teeth ac cu mu late a se -
quence of sig nif i cant iso to pic in for ma tion cov er ing the short
time of enamel bioapatite pro gres sive for ma tion. 

The ox y gen iso tope in ves ti ga tions of mam ma lian den tal
enamel are based on a few gen eral as sump tions that: 

– the tis sues of or gan ism iso to pi cally equil i brated with
their en vi ron ment will re flect the lo cal en vi ron men tal ox -
y gen ra tio; 

– iso to pic sig na ture of skel e tal tis sues is di rectly re lated to
that of the lo cal drink ing wa ter; 

– bioapatite, the main com po nent of teeth, is rel a tively
most re sis tant to diagenetic pro cesses and pre serves its 
biogenic iso to pic sig na ture.

Un der a con stant tem per a ture of 37°C of mam ma lian body,
the ox y gen iso tope ra tio within den tal enamel es sen tially de -
pends on the ox y gen iso tope com po si tion of wa ter in gested by
the or gan ism. Be tween the wa ter and bioapatite, ox y gen iso -
tope is frac tion ated in two steps, i.e. be tween en vi ron men tal
and body wa ter and be tween body wa ter and bioapatite in teeth
and bones (Bryant and Froelich, 1995). More over, the ox y gen
iso tope com po si tion of enamel re mains fixed (i.e. enamel is no
lon ger me tab o lized by the body), pro vid ing a nearly con tin u ous
sta ble iso tope re cord that may cover a pe riod from months to
years and that can be re tained for thou sands of years af ter fos -
sil iza tion (Kohn and Cerling, 2002). 

The iso to pic anal y sis of enamel has been used to study
sea sonal di etary hab its of both mod ern and ar chae o log i cal
fauna (Fricke and O’Neil, 1996; Stu art-Wil liams and Schwarcz,
1997; Fricke et al., 1998; Balasse, 2003; Blaise and Balasse,
2011; Stevens et al., 2011), how ever, se quen tial intra-tooth iso -
to pic vari a tion has re ceived lit tle at ten tion in the stud ies of ar -
chae o log i cal hu man re mains.

The ox y gen iso to pic com po si tion of hu man bioapatite is re -
lated to the iso to pic com po si tion of lo cal drink ing wa ter (Longi -
nelli, 1984; Luz et al., 1984). In most lo ca tions, avail abil ity of po -
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ta ble wa ter de pends mainly on the rain fall (Babu et al., 2011).
Dur ing pre his tor i cal and his tor i cal times, drink ing wa ter was
taken mainly from sur face sources. There fore, the ox y gen iso -
to pic re cord from an cient sam ples pre dom i nantly re flects lo cal
pre cip i ta tion, al though in some lo ca tions the use of wells may
make this re la tion less straight for ward. 

Hu man teeth re cord iso to pic in for ma tion dur ing the pe riod
of enamel growth. It de pends on the lo cal en vi ron ment, in clud -
ing wa ter pre cip i ta tion, amount of rain fall (or at mo spheric hu -
mid ity), the dis tance from the coast, am bi ent tem per a ture, lat i -
tude and al ti tude, as well as diet and mi gra tion events (Fricke
and O’Neil, 1996; Gregoricka, 2011). Pos i tive cor re la tion be -
tween iso to pic com po si tion of enamel and past me te or itic wa ter 
is ex ten sively used to de duce cli mate anom a lies of mean an -
nual air tem per a tures (Pflug et al., 1979; Luz and Kolodny,
1985; Fricke et al., 1995, 1998; Amiot et al., 2006; Aubert et al.,
2012; Blumenthal et al., 2014). Sub-an nual time se ries of iso to -
pic vari a tion of en vi ron men tal wa ter com po si tion are en coded
as an iso to pic zon ing across in cre men tal enamel lay ers. Se rial
sam pling in microscale (microsampling) to ex tract these vari a -
tions has be come a ba sic meth od ol ogy (Trayler and Kohn,
2017) to in ves ti gate sea sonal fluc tu a tions of cli mate fac tors. 

The pro cess of mea sure ments of ox y gen iso tope com po si -
tion ex pressed as 18O/16O ra tios (d18O) is typ i cally con ducted by 
con ven tional gas iso tope-ra tio mass-spec trom e try IRMS tech -
nique. This meth od ol ogy, how ever, is com plex and de struc tive.
About 20 mi cro grams of enamel bioapatite must be chem i cally
pu ri fied from other ox y gen sources in the enamel min eral ma -
trix, mainly hydroxyl and car bon ate ions, and trace quan ti ties of
organics. Then, chem i cal ox i da tion of bioapatite by so dium
hypochlorite leads to re moval of re sid ual or ganic con stit u ents
af ter re ac tion of sil ver phos phate (Ag3PO4) with pre cise pro por -
tions of graph ite to form CO2 (O’Neil et al., 1994; Lécuyer et al.,
1998). Both the phos phate and car bon ate com po nents of bio -
apatite are avail able for anal y sis. Some parts of stud ies have
pri mar ily uti lized the phos phate be cause the P-O bond of the
PO4 mol e cule is stron ger than the C-O and more diagenetically
re sis tant (Sponheimer and Lee-Thorp, 1999), but ox y gen ex -
trac tion from the car bon ate mol e cule is a much more easy pro -
ce dure (Iacumin et al., 1996; Sponheimer and Lee-Thorp,
1999), thus, for such rea son, is also com monly used.

The mea sure ments of d18O in enamel mi cro-in cre men tal
growth lay ers, which may pre serve a sea sonal changes (Kohn 
et al., 1998), re quire a tech nique that pro vides an ac cess to
dis crete re gions of in ter est within those ma te ri als, and which
al lows min i miz ing de struc tion of ir re place able ma te ri als of ar -
che o log i cal sam ples (Dol phin et al., 2016). These re quire -
ments can be filled by ap pli ca tion of thee sec ond ary ion mass
spec trom e try (SIMS) tech nique on ion microprobe. In com par -
i son to con ven tional IRMS, a SIMS does not in clude chem i cal
prep a ra tion and sam ple ho mog e ni za tion. Fur ther more, it en -
ables in situ anal y ses on sub-nanogram do mains within the
pol ished sur face of a tar get on spots sized in the range of
10–20 µm and 2–3 mm depth, reach ing an a lyt i cal pre ci sion
sim i lar to gas source IRMS. Thus, SIMS is an al ter na tive tool
for microscale sam pling of den tal bioapatite within in cre men tal 
zones that are too nar row for con ven tional microdrilling. SIMS
rep re sents in situ mea sure ments that pro vide a bulk anal y sis.
In case of bioapatite, it in cludes all ox y gen com po nents, in -
clud ing OH and CO3. In an other words, the d18O iso tope sig na -
ture ob served on SIMS will be that of the ox y gen pres ent at
three sites in ap a tite (CO3

2 -, PO4
3 -, H2O), pro vid ing a more com -

plete and re al is tic doc u men ta tion of iso to pic com po si tion than
con ven tional IRMS anal y ses (Wheeley et al., 2012; Wil liams
et al., 2013).

SIMS tech nique for d18O anal y sis of bioapatite has been
suc cess fully ap plied on sin gle cono donts dur ing the last few
years (Trot ter et al., 2008, 2015; Wheeley et al., 2012), yield ing
tem per a tures of the palaeo-sea sur face at crit i cal pe ri ods of bi -
otic cri sis and en vi ron men tal change in Pa leo zoic and Early
Me so zoic time. There are only a few ex am ples of d18O bio -
apatite mea sure ments on mam ma lian den tal tis sues, which
only dem on strate the po ten tial of SIMS to pro vide in situ pre cise 
anal y sis of the ox y gen iso to pic com po si tions of biogenic ma te ri -
als with a spa tial res o lu tion of a few mi crons (Aubert et al., 2012; 
Blumenthal et al., 2014; Krzemiñska and Czupyt, 2015). These
au thors ex plored the fea si bil ity of SIMS microanalysis in tooth
enamel of mod ern ro dents (Blumenthal et al., 2014), fos sil her -
bi vores (deer and bi son) and a Neandertal from Payre, France
(Aubert et al., 2012), as well as a rein deer and bear den tal
enamel from Stajnia Cave (¯arski et al., 2017), con firm ing the
sig nif i cant use ful ness of this tech nique to palaeo eco logi cal
stud ies. 

The ex plo ra tion of ox y gen iso tope vari a tion within hu man
enamel is more dif fi cult to in ter pret due to com plex ity of cul tural
be hav iour, e.g. un pre dict able wa ter sources, more com plex
diet, and mi gra tion, which can pro vide an ad di tional vari able
ver sus con stant fac tors into the iso to pic re sults. There fore, the
tech nique that of fers a high spa tial res o lu tion of microsampling
with sen si tive de tec tion of iso tope com po si tion within in ner lay -
ers of enamel can ef fec tively sup port the in ter pre ta tion of d18O
vari abil ity.

The aims of this study were to pre pare and then to test the
op ti mal an a lyt i cal pro ce dure for ox y gen sta ble iso tope in situ
mea sure ments within the in ner most enamel layer by SHRIMP
IIe/MC (en hanced Sen si tive High Res o lu tion Ion MicroProbe
with multicollector), and to de ci pher the d18O iso to pic re cord
within hu man tooth enamel, and fi nally to eval u ate the ef fects of
intra-tooth vari abil ity in d18O ra tios for palaeoclimate stud ies. 

Hu man teeth were sam pled from Tell Majnuna in North
Mes o po ta mia (Fig. 1), near Tell Brak that rep re sented one of
the most sig nif i cant an cient sites in the re gion, with re corded oc -
cu pa tion from the 7th to 2nd mil len nia BCE. The area of pres -
ent-day north east ern Syria is char ac ter ized by long hot and dry
sum mers and rel a tively cool and hu mid win ters with short tran -
si tion sea sons be tween. In case of spe cific lo ca tions where the
an nual am pli tude of hu mid ity and tem per a ture is high, we can
ex pect that changes in d18O val ues should fit to the sum -
mer/win ter sea sonal vari a tion pat tern. We checked whether
any ef fect of high an nual am pli tude of hu mid ity or/and tem per a -
ture may be ob served in teeth of two in di vid u als from Tell
Majnuna, bur ied at the cem e tery dated to the 4th mil len nium
BCE.

HUMAN ENAMEL AS THE POTENTIAL SOURCE 
OF INFORMATION ABOUT PAST CLIMATIC

VARIABILITY

Enamel is the hard est tis sue of a hu man or gan ism and it in -
cludes only <1% of or ganic mat ter (Rob in son et al., 1971;
Nanci, 2013). Once formed, enamel does not re model and is
rel a tively sta ble, only with pos si ble ion ex change and me chan i -
cal wear af fect ing ex posed sur faces. The deeper part of enamel 
is well-iso lated from the en vi ron ment and its chem i cal com po si -
tion is al most ex clu sively de ter mined by the pro cesses of
enamel se cre tion and mat u ra tion dur ing fe tal growth, in fancy
and child hood (Nanci, 2013). The dom i nant min eral com po nent 
of tooth enamel is biogenic ap a tite, i.e. a crys tal line form of cal -
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cium phos phate (Eanes, 1979). Ap a tite is ex pressed by the
gen eral for mula Ca10(PO4)6X2, where X may be rep re sented by
ei ther F, Cl or OH, or a com bi na tion of these. There fore mem -
bers of min eral ap a tite-group are re mark ably di verse in their
ma jor and trace el e ment com po si tions be cause nu mer ous sub -
sti tu tions that can oc cur with out sub stan tial chang ing of the ba -
sic lat tice struc ture (e.g., Pan and Fleet, 2002). Biogenic apa -
tites gen er ally have a cal cium hydroxyl-fluorapatite frame work
with com mon sub sti tu tions of Sr2+ re plac ing Ca2+ and CO3

2 - oc -
cu py ing PO4

3 - and OH– po si tions (LeGeros et al., 1969; Eanes,
1979; SÝnju Clasen and Ruyter, 1997). Nat u ral po ros ity of
bioapatite, that pro vides the pore space for diaganetic flu ids,
de creases from ~40 to ~1% from bone to dentine to enamel.
More over, enamel is com posed of tightly packed crys tal lites of
bioapatite, which are ~50–100 nm in di am e ter (Hillson, 1996;
Enax et al., 2012), and has a lower wa ter and or ganic mat ter
con tent in con trast to dentine (Fig. 2). In con se quence, den tal
enamel is prac ti cally in ert to iso to pic ex change with wa ter in
low-tem per a ture in or ganic chem i cal sys tems and more re sis -
tant to al ter ation com pared to dentine or bone (Lee-Thorp and
van der Merwe, 1991; Ayliffe et al., 1994; Shahack- Gross et al., 
1999). 

The pro cess of enamel for ma tion may be gen er ally di vided
into three stages: 

– se cre tion of an or ganic ma trix by ameloblasts; 
– early for ma tion of min eral crys tals and re moval of the or -

ganic ma trix; 
– enamel mat u ra tion. 
In the early stage, the or ganic ma trix pro motes the de vel op -

ment of octacalcium phos phate crys tals that are sub se quently
hy dro lyzed to fi nal hydro xyapatite. At one time, the whole plane
of enamel prisms mea sur ing 3–8 mm (Fig. 2) is be ing formed,
and when they are ini tially min er al ized af ter a few days, the
layer of new enamel en ters into the mat u ra tion phase and the
ameloblasts start form ing a new layer (Sim mer and Fincham,

1995). At the end of the ini tial phase of enamel for ma tion, about
30% of min eral mass is al ready em bed ded into the enamel
prism. The mat u ra tion phase is much lon ger and the for ma tion
of enamel may last for sev eral years, even af ter erup tion of a
tooth. How ever, the in ten sity of this pro cess de creases with
time, and there fore it is pos si ble to as sume that most of the
hydroxyapatite in a sin gle prism is al ready min er al ized dur ing
sev eral weeks af ter the end of the ini tial for ma tion phase
(Nanci, 2013). The pro cess of enamel for ma tion in per ma nent
teeth con tin ues for 4–5 years from the top of the crown down to
the cemento-enamel junc tion. Af ter com plete min er ali sa tion,
sin gle enamel lay ers may be still rec og nized, as they are di -
vided by striae of Retzius ex tend ing from the junc tion of enamel
and dentin to the sur face of the enamel (Fig. 3). Spaces be -
tween suc ces sive striae rep re sent 6–11 days of ini tial enamel
for ma tion (Nanci, 2013).

The chem i cal com po si tion of ev ery enamel layer is de ter -
mined not only dur ing a few days of ini tial for ma tion, but also
dur ing an un known pe riod of mat u ra tion, yet the set of high res -
o lu tion d18O mea sure ments in sin gle (or neigh bour ing) lay ers
re tains the cor rect chro no log i cal pat tern dur ing the pe riod of
enamel for ma tion and mat u ra tion. On the ba sis pre vi ous stud -
ies (Tafforeau et al., 2007; Blumenthal et al., 2014), the
aprismatic in ner most bulk of enamel is rec om mended for iso to -
pic anal y ses. This zone of den tal enamel ex tend ing <20 µm
from the enamel-dentine junc tion was min er al ized early in
enamel mat u ra tion, and there fore may pre serve an un changed
biogenic ox y gen iso tope sig nal that is less at ten u ated than in
other lay ers, and more closely fol lows the chro nol ogy of in cre -
men tal fea tures. 

The ox y gen iso tope sig na ture of mam ma lian bioapatite, in -
clud ing tooth enamel, is de ter mined by many vari ables that con -
trol ox y gen frac tion ation. A spe cies-spe cific diet (e.g., con -
sump tion of solid food, par tic u larly veg e ta bles), phys i o log i cal
ef fects, and the en vi ron ment may in flu ence the ox y gen iso tope

Fig. 1. Map of Syria show ing the lo ca tion of Tell Majnuna
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en rich ment be tween in gested wa ter and enamel. De spite the
com bined ef fects of these fac tors on the iso to pic com po si tion of 
mam ma lian teeth (Ta ble 1), the ox y gen iso tope com po si tion of
hu man bioapatite mainly re flects the d18O value of lo cal source
wa ter (Longinelli, 1984; Luz et al., 1984; Luz and Kolodny,
1985; Dupras and Schwarcz, 2001). The d18O wa ter value var -
ies sea son ally due to a range of cli ma tic vari ables in clud ing the
amount of pre cip i ta tion and air tem per a ture at mid dle to high
lat i tudes; it tends to be more pos i tive in sum mer (e.g., Ró¿añski 
et al., 1993; Gregoricka, 2011).

Re search on sta ble ox y gen iso topes has been adopted to
bioarchaeology from ge ol ogy more than 20 year ago (e.g.,
Schoeninger, 1995; White et al., 1998). How ever, while ge ol o -
gists use d18O val ues mainly to trace for cli ma tic changes in the
past, in re search on ar chae o log i cal hu man re mains this method 
was ap plied to search for past mi gra tions be tween zones of dif -
fer ent al ti tude, pre cip i ta tion and/or sources of wa ter (Lightfoot
and O’Connell, 2016; Pellegrini et al., 2016; Tomczyk et al.,
2016), or to es ti mate the tim ing of the wean ing pro cess (Jay,
2009; Tsutaya and Yoneda, 2015; Britton et al., 2015). The is -

sue of short-term weather and cli ma tic fluc tu a tions af fect ing
d18O val ues in hu man tis sues was so far rather ne glected in
bioarchaeological lit er a ture.

STUDY AREA: THE MARGINAL DRY FARMING
ZONE OF NORTH MESOPOTAMIA

Tell Majnuna, a sat el lite site near Tell Brak, lies at the south -
ern edge of the Up per Khabur drain age sys tem that feeds the
Eu phra tes River in North ern Mes o po ta mia. The Khabur drain -
age in the north east ern part of Syria is char ac ter ized by
semi-arid steppe cli mate (BSh ac cord ing to the Köppen-Gei ger
clas si fi ca tion; Peel et al., 2007). At the east ern end of the Med i -
ter ra nean Ba sin, the cli mate of the Khabur drain age ex hib its hot 
dry sum mers and cool wet win ters. The av er age tem per a ture is
>30°C dur ing the sum mer and <10°C dur ing the win ter. Most of
the cold-sea son pre cip i ta tion is a re sult of mid-lat i tude troughs
that prop a gate from the North At lan tic Ocean and re ac ti vate
over the East ern Med i ter ra nean Sea (Lionello et al., 2006). The
Khabur Plains are char ac ter ized by a steep rain fall gra di ent and 
high inter-an nual cli mate vari abil ity. There is strong an nual fluc -
tu a tion in pre cip i ta tion, with no rain at all dur ing the sum mer and 
quite abun dant rains (40–60 mm on av er age per month) from
De cem ber to April (cli mate-data.org). In the area of Hassake
(Fig. 1), lo cated 313 m above sea level, the mean an nual pre -
cip i ta tion (MAP) and tem per a ture are about 290 mm/y–1 and
18°C, re spec tively (Weiss, 1986). The rainy sea son ex tends
from De cem ber to April (80% of MAP), whereas rain fall in June,
July, and Au gust ac counts for only 0.2% of the an nual to tal. 

Dry farm ing is pos si ble in the ar eas with av er age an nual
pre cip i ta tion >300 mm, but there is high inter-an nual vari abil ity
in rain abun dance that makes farm ing risky.

In such cli ma tic con di tions, tak ing into ac count lower ac cess 
to fresh wa ter and higher evap o ra tion rate dur ing the sum mer,
higher d18O val ues are ex pected for the dry and hot sea son.
The main wa ter sources for the re gion, apart from rain fall, are
the Khabur and its per ma nent or tem po ral trib u tar ies as the
Wadi Jaghjagh and the Wadi Radd at a dis tance of ~3.5 km
from Tell Majnuna; some re li ance of un der ground wa ters is also 
pos si ble, al though there is lim ited ev i dence of ar chae o log i cal 
bore holes in the re gion.

MATERIAL

In the years 2006–2008, the Brit ish-Syr ian ar chae o log i cal
ex pe di tion to Tell Brak, di rected by Joan Oates and Augusta
McMahon (Cam bridge Uni ver sity), ex plored sev eral mass buri -
als at the mound of Tell Majnuna, lo cated a few hun dred metres 
north-west of Tell Brak and ~30 km north-east of Hassake (Fig.
1). There were at least two large and a few smaller clus ters of
hu man bones be long ing to in di vid u als mainly be tween ~15 and
45 years of age (So³tysiak, 2010).

Two teeth for the pres ent anal y sis were se lected from a
small clus ter la belled as EM loc. 25. It may be dated to the
mid-4th mil len nium BCE, i.e. Late Chalcolithic 3/4. Ra dio car -
bon dat ing of ear lier and later strata is avail able, and there fore
the date for EM loc. 25 may be es ti mated as be tween
3763–3519 calBC and 3519–3343 calBC. This bone as sem -
blage re flects one of ep i sodes of in creased mor tal ity that may
have been the con se quence of over pop u la tion and so cial con -
flicts at the site in the pe riod of rapid ur ban growth (So³tysiak,
2010; McMahon et al., 2011). The clus ter EM loc. 25 con -
tained re mains of at least 8 in di vid u als, mainly cra nia; the in di -

Fig. 2. Scan ning elec tron mi cro graph of hu man teeth enamel

A – back scat tered BSE im age of an a lyt i cal spot lo ca tion close to
enamel dentine junc tion, and size of sput tered spot by pri mary ion
beam (in sert). B – com bined BSE and top o graphic im age of tooth
sur face show ing dentine/enamel junc tion, dif fer ent po ros ity and
hard ness of dentine part, and shal low crat ers af ter iso to pic mea -
sure ment. Closer view of prism struc ture of bioapatite from outer
part of enamel. The ar rows in di cate main di rec tion of se quen tial
anal y ses and mat u ra tion
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vid ual 2.1 was likely a young fe male, and the in di vid ual 1.10
was an ad o les cent with no sex de ter mi na tion. Their up per ca -
nines were se lected for the anal y sis, as their enamel is thicker
than on other teeth, and this makes the mea sure ments eas ier.
On av er age, the enamel of per ma nent up per ca nines starts
de vel op ing at the age of 9 months and the crown is com plete
by the age of 5.5 years (Reid and Dean, 2000), al though the
pro cess of mat u ra tion can con tinue later. There fore, if enamel
is com plete, it should be the o ret i cally pos si ble to ob serve four
or five peaks of d18O value re flect ing hot and dry sum mer.

enamel

Fig. 3. Pol ished sec tion of tooth sam ples im aged in re flected light of con ven tional mi cro scope –
show ing a sam ple ver sus ref er ence ma te rial lay out in ep oxy resin, tooth mor phol ogy and state 

of enamel pres er va tion; note two steps of resin em bed ding

A – sam ple EM loc. 25, 2.1; B – sam ple EM loc. 25, 1.10; tracks of spots af ter ox y gen iso tope pro files are vis i ble;
C – top part of EM loc. 25. 2; crown – with histologically iden ti fied enamel struc ture striae of Retzius; thick ness of
suc ces sive lay ers var ies from 0.06 to 0.20 mm; the in ner most enamel layer of the incisal part of lin gual side re -
veals a low de gree of pres er va tion; im ages are a com pos ite stitched to gether from smaller pic tures

T a  b l e  1

Fac tors af fect ing d18O val ues in sur face wa ters 
(sum mary af ter Ró¿añski et al., 1993; Gregoricka, 2011)

Cor re la tion Fac tors

Pos i tive wa ter evap o ra tion; air tem per a ture; arid ity

Neg a tive lat i tude; al ti tude; dis tance from the coast; 
pre cip i ta tion



ANALYTICAL PROCEDURE

An a lyt i cal works were per formed at the Ion Microprobe
Sec tion of the Pol ish Geo log i cal In sti tute – Na tional Re search
In sti tute in War saw us ing SHRIMP IIe/MC in stru ment. All
sam ples for SIMS tech nique, in clud ing an cient bi o log i cal ma -
te rial, must be solid and high-vac uum re sis tant (Ire land et al.,
2008; Ickert et al., 2008; Kita et al., 2009). More over, the tar -
get sur face must be flat, with ex posed ob ject of in ter est, and
elec tri cally con duc tive.

Due to the fre quent pres ence of large cracks within teeth
from ar chae o log i cal sites, ini tial ep oxy im preg na tion was re -
quired be fore mount prep a ra tion. Hu man teeth were em bed ded 
in ep oxy resin to sta bi lize all com po nents, and then pre cisely
sec tioned in the la bial-lin gual plane to ex pose the larg est pos si -
ble part of enamel. Only a half of teeth were cho sen for anal y -
sis. SIMS method re quires re peated cal i bra tion us ing ref er ence 
ma te ri als with a chem i cal com po si tion sim i lar to that of the ana -
lysed tar get sam ples. There fore, sam ple prep a ra tion and an a -
lyt i cal works are con cerned on an enamel bioapatite sample
and apatite reference material.

Nat u ral ap a tite from the Cerrode Mercado Fe-mine, Duran -
go, Mex ico (Frei et al., 2005), so-called “Durango” (d18Oap a tite =
9.8‰), has been used to cal i brate SIMS d18O mea sure ments
on hu man teeth. Al though not per fectly ho mo ge neous (e.g.,
Boyce and Hervig, 2005; Sun et al., 2015), Durango ap a tite is
rou tinely used as a stan dard ref er ence ma te rial (e.g., Aubert et
al., 2012). 

A tooth and ref er ence ap a tite were placed within 5 mm of
the cen tre of the mount (Ickert et al., 2008; Kita et al., 2009) to
min i mize in stru men tal bias as so ci ated with sam ple po si tion.
The sec tioned tooth, in clud ing enamel, was po si tioned upon a
dou ble-sided tape to gether with Durango grains, and at tached
by ep oxy resin (Struers Epofix). For bi o log i cal sam ples, Ar al dite 
resin could be also ac cepted if back scat tered elec tron BSE or
cathodoluminescence elec tron microprobe CL im ag ing is not
nec es sary. The best re sults are ob tained when the sam ples are 
pro duced as “Megamounts” of 35 mm di am e ter (Ickert et al.,
2008).

Hard ened mounts were pol ished us ing 1200 grade SiC pa -
per and 1 µm di a mond paste. Prior to anal y sis, the mounts were 
cleaned in high-pu rity eth a nol us ing an ul tra sonic bath and
dried dur ing a few days in a vac uum heater. No chem i cals or
chem i cal re ac tions were used for sam ple prep a ra tion. Each
mount was coated with a 15 nm high-pu rity gold layer to as sure
an elec tric con duc tiv ity. Mount should en ter the vac uum sys tem 
in ad vance of the an a lyt i cal ses sion. A ba sic in stru men tal con -
fig u ra tion and an a lyt i cal pro ce dures were sim i lar to those de -
tailed by Ickert et al. (2008) and Aubert et al. (2012). The
SHRIMP IIe/MC in PGI was op er ated in a multi-col lec tor, neg a -
tive ion mode. A 15 kV, 10 nA Cs+ pri mary ion beam was fo -
cused to a 20 µm di am e ter spot on the Au-coated tar get, pro -
duc ing 250–300 pA of sec ond ary 16O. The mounts with hu man
tooth were ana lysed dur ing two in de pend ent ses sions in No -
vem ber 2015 (28th and 30th) us ing au to matic run, last ing about 
23 hours and 28 hours, re spec tively. Two masses 16O and 18O
were mea sured si mul ta neously on Far a day cups with a res o lu -
tion of about 1800R. Tar get charg ing was neu tral ized us ing 330 
eV elec trons from an oblique-in ci dence fo cused elec tron gun.
Prior to anal y sis, the tar get area on the sam ple was pre-sput -
tered for 90 s us ing a 20 mm di am e ter area ras ter, thereby lo -
cally re mov ing the gold coat and im plant ing an ini tial Cs dose
prior to the on set of data ac qui si tion. The SHRIMP in stru ment
was op er ated with a mass res o lu tion R (M/DM) ~1800, which is
suf fi cient to re solve mass 18O ver sus 16O, H2 iso baric in ter fer -

ences ex isted within the bioapatitic tar get com po si tion. Enamel
was sam pled by a sin gle spot of 0.02 mm in size at ~0.12–0.15
mm in ter vals (Fig. 2).

Ox y gen iso tope ra tios are re ported re lated to the Vi enna
Stan dard Mean Ocean Wa ter (VSMOW) and ex pressed as
parts per mil. Anal y ses were cor rected for a small amount of
iso to pi cally frac tion ated elec tron-in duced sec ond ary ion emis -
sion EISE (Ickert at al., 2008). The data were pro cessed us ing
POXI in ter nal SHRIMP user soft ware that took ac count of any
long-term drift in base lines and/or iso to pic frac tion ation.

Be fore and af ter ion microprobe anal y sis, sam ple im ag ing
was pre pared us ing a re flected light RL of op ti cal mi cro scope.
The di men sions of the enamel layer were de ter mined by mea -
sur ing the dis tance along the con nec tion be tween dentine
(dark) and enamel us ing NIS El e ments BR soft ware on a Nikon
EclipseLV100NPol op ti cal mi cro scope (Fig. 3). Af ter the an a lyt i -
cal ses sion, a HITACHI SU3500 Scan ning Elec tron Mi cro scope 
(SEM) was used to doc u ment the proper spot lo ca tions within
the in ner most enamel layer by low-mag ni fi ca tion SEM and
back scat tered elec tron (BSE) im ages.

AUTHENTICATION

There are many fac tors that may pro duce er ror in ob served
biogenic d18O val ues, as diagenetic pro cesses, sam ple con -
tam i na tion at the prep a ra tion stage, in stru men tal drift or dis tor -
tion. To as sure that real biogenic sig nal is de tected, two dif fer -
ent au then ti ca tion pro to cols were ap plied: 

– mea sure ment con trol with use of the Durango ref er ence
ma te rial;

– com par i son be tween la bial and lin gual side.
The d18O value of Durango ref er ence ap a tite rel a tive to

VSMOW was taken as 9.82‰ (com pa ra ble with Durango 3)
com po si tion of 9.81 ±0.25‰ mea sured by Lécuyer et al. (1998)
and 9.80 ±0.25‰, in de pend ently de ter mined by C. Lécuyer us -
ing the GIRMS method (Rigo et al., 2012). Durango was ana -
lysed first, then again af ter ev ery three spots of stud ied sam -
ples. Care fully cho sen, trans par ent and in clu sion-free chips of
gem qual ity Durango usu ally yield proper in ter nal con sis tency of 
d18O with stan dard de vi a tion (s.d.) ~0.3 cal cu lated from n = 30
to 40 anal y ses of each ses sion, and pre ci sion of each de ter mi -
na tion <0.2‰, that has to be al ways con trolled.

In ev ery tooth, two lines of mea sure ments were de signed,
one on the la bial and one on the lin gual side. It is pos si ble to
iden tify spots on both sides that cor re spond to roughly the same 
for ma tion time and – if we deal with biogenic sig nal – their ex -
pected d18O val ues should dif fer no more than the in stru men tal
mea sure ment er ror. We cal cu late the dif fer ence be tween
means and dis tri bu tions of d18O val ues on the la bial and lin gual
sides. In this pa per, as no count ing of enamel lay ers was avail -
able, low dif fer ence be tween mean val ues and lack of sig nif i -
cance of the Kruskal-Wallis test be tween the la bial and lin gual
sides of the same tooth com pared to sig nif i cant dif fer ences be -
tween dif fer ent teeth were taken as the ev i dence of mainly
biogenic or i gin of ob served pat tern.

RESULTS

The thick ness of tooth enamel ex posed by the sec tion grad -
u ally in creases to the max i mum of 1.38–1.40 mm, and the pre -
served length of enamel var ies be tween 6.66 and 11.57 mm
(Ta ble 2). The di men sions of the enamel layer be tween the la -
bial and lin gual sides and be tween in di vid u als are vari able. Typ -
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i cally, the anal y sis cov ered >95% of ex posed length of enamel,
omit ting cracked or dam aged parts. The in ner layer was iden ti -
fied vi su ally as a thin aprismatic layer ad ja cent to the enamel -
-dentine junc tion EDJ (Figs. 2 and 3). 

The sin gle spots were placed within the in ner ma tured
enamel layer along EDJ ac cord ing to in cre men tal chro nol ogy
along the axis of growth, from the incisal (older) to api cal
(newer) enamel. The dis tance be tween neigh bor ing spots var -
ies from 0.10 to 0.12 mm, be ing matched to the thick ness of
each in cre men tal layer of both sides (Fig. 3C). Lon ger and var i -
ous dis tances (tooth 1.10) from 0.12 to 0.15 mm were also
tested.

The stan dard er ror of any one from 144 (EM 25, 2.1) and
177 (EM 25, 1.10) sin gle spot enamel anal y sis was usu ally
better than 0.2‰ (1d ±0.05–0.2‰), ex cept ini tial 20 points on
the la bial side of sam ple 25, 2.1 along the zone of vis i ble de -
fects of enamel (Fig. 3C). The ref er ence Durango ap a tite
yielded a mean d18O value of 9.83 ±0.10‰ (1s) and of 9.82
±0.05‰ (1s). The pre ci sion of each de ter mi na tion was usu ally
0.1–0.2‰. The stan dard de vi a tion for re peated anal y ses of
Durango for each ses sion was 0.67 (n = 58) and 0.42‰ (n =
66). The iso to pic d18O ra tio along the enamel dentine junc tion
var ies from 16.22 ±0.09‰ to 21.23 ±0.08‰ in EM 25, 2.1, and
from 15.58 ±0.10‰ to 19.24 ±0.10‰ in EM 25, 1.10 (Ta ble 3). 

The min i mum and max i mum val ues on both sides of tooth
are not al ways iden ti cal and do not al ways cor re spond to the
same dis tances from the apex. The mean av er age val ues for
each side within one tooth are rather sim i lar. In con sis tency be -
tween EM 25, 2.1 and EM 25, 1.10 does not ex ceed 1‰.
Intra-tooth vari a tion in the ox y gen iso to pic com po si tion (up to

5‰) was ob served in the enamel of in di vid ual EM 25, 2.1. A
smaller am pli tude of vari a tions up to 3.5‰ was doc u mented in
the case of sam ple EM 25, 1.10. These mi nor fluc tu a tions in
sam ple 25, 1.10 are em pha sized by lower stan dard de vi a tion
s.d. of 0.61–0.66 cal cu lated for the mean d18O value.

The graph i cal form of sta ble ox y gen iso tope com po si tion
with stan dard er rors is pre sented on the di a grams for each side
and tooth sep a rately (Figs. 4 and 5). To doc u ment a lay out of
ana lysed points and con ti nu ity of the pro file, ad di tional plots us -
ing SHRIMP in stru men tal co or di nates of the sam ple stage po si -
tion are also shown. 

Lack of the ini tial part of enamel from the occlusal side of
EM 25, 1.10 on both sides causes some prob lems with syn -
chro ni za tion be tween the lin gual vs la bial re cord (Fig. 5). The
se quen tial anal y ses form a pro file line along the enamel -
-dentine junc tion. The non-uni form dis tance be tween spots ap -
plied to the la bial and lin gual sides re sulted in dif fer ences in the
pro files ob tained from each side of enamel, but reg u lar re peat -
abil ity of d18O fluc tu a tions is vis i ble. Pro files for EM 25. 2.1 and
EM 25, 1.10 re veal 4 and 3 peaks, re spec tively, with an al most
sim i lar pat tern for both sides. The iso to pic re cord is com plete
only for sam ple EM 25, 2.1 and the pat tern of d18O pro file of the
la bial side has an equiv a lent in the lin gual side (Fig. 4). The
zone on the top of the la bial side, where mi cro-cracks are vis i -
ble, yielded qual ity val ues of d18O with poorer in ter nal pre ci sion
(larger stan dard er rors).

For au then ti ca tion of the re sults, the non-para met ric
Kruskal -Wallis test has been ap plied. For all four datasets H =
36.79, and p = 0.0000. The pair-wise com par i sons are shown in 
Ta ble 4. It is clear that the vari ance be tween the teeth (bold val -
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T a  b l e  3

Sum mary of ox y gen d18O iso tope re sults from two hu man teeth from Tell Majnuna

Sam ple ID
Num ber
of spots

d18O max
[‰]

s.e
[‰]

d18O min.
[‰]VSMOW

s.e
[‰]

Range
[‰]VSMOW

d18O 
Av er age

[‰]VSMO

s.e
[‰]

s.d

EM loc. 25, 2.1 la bial

(A) (HT27)
85 21.23 0.08 16.24 0.10 4.99 18.63 0.12 1.11

EM loc. 25, 2.1 lin gual

(B) (HT27)
58 20.38 0.07 16.22 0.09 4.16 18.55 0.3 1.97

EM loc. 25, 1.10 la bial 

(A) (HT38)
79 19.02 0.10 16.52 0.06 2.51 17.84 0.06 0.61

EM loc. 25, 1.10 lin gual

(B) (HT38)
98 19.24 0.10 15.58 0.10 3.66 18.08 0.07 0.66

T a  b l e  2

Ba sic pa ram e ters of stud ied enamel lay ers of hu man teeth from Tel Majnuna, and taken mea sure ments

Sam ple ID
Max width 

[mm]
Length
mm]

Pro file length
[mm]

Num ber of
spots [n]

Av er age dis tance
be tween spots

[mm]

Pro file re cord
[%]

EM loc. 25, 2.1 la bial (A)
(HT27) 1.38 9.93 9.86 85 0.116 99.29

EM loc. 25, 2.1 lin gual (B)
(HT27) 1.22 6.66 6.46 58 0.111 96.99

EM loc. 25, 1.10 la bial (A)
(HT38) 1.40 11.95 11.70 79 0.148 97.91

EM loc. 25, 1.10 lin gual (B) 
(HT38) 1.18 11.57 11.50 98 0.116 99.39



ues of p <0.05) are sig nif i cantly higher than the vari ance be -
tween the lin gual and la bial sides on the same tooth. First tooth
(25, 2.1) shows greater com pat i bil ity be tween the sides than
the other (25, 1.10), which re sults from the fact that the sec ond
one is more heavily worn and the start ing points were formed at
dif fer ent times.

The tooth EM 25, 10.1 has an ir reg u lar area of enamel loss 
on the top, thus the se quen tial pro files are not syn chro nous,
with re cords start ing not at the same mo ments of enamel for -
ma tion. More over, non-uni form dis tances be tween spots have 
been ap plied in this study. On the lin gual side, spots are lo -

cated ev ery 0.116 mm, but on the la bial side –
ev ery 0.148 mm. A lon ger step (dis tance) be -
tween spots leads to vi sual in con sis ten cies of
the d18O pat tern, caused by omit ting some peaks 
or troughs, but the gen eral sea sonal fluc tu a tions
are still de tect able. There fore, it is rec om men -
ded to ap ply a uni form dis tance as dense as pos -
si ble.

DISCUSSION

The ap pli ca tion of ox y gen iso tope anal y ses
and their ad van tage for palaeoclimatic study was 
dem on strated more than thirty years ago (Lon -
ginelli, 1984; Luz et al., 1984; Luz and Kolodny,
1985), al though most of early in ves ti ga tions
were based on mea sure ments made by IRMS
tech nique with its spe cific pro ce dure and lim i ta -
tions. The ox y gen iso tope data ex ist ing in lit er a -
ture mostly re flect an av er aged com po si tion of
den tal tis sue pre sented as a mean value of d18O.
Among many ex am ples, we can quote a case of
ox y gen iso tope in ves ti ga tions of hu man tooth
enamel sam pled from Me di eval Green land be -
tween 1400 and 1700 A.D, which pro vided only
an av er aged value for a sin gle tooth (Fricke and
O’Neil, 1996). It was con cluded that for time in -
ter val over lap ping the Lit tle Ice Age, de creas ing
d18O val ues from 18.1 ±0.86‰ to 11.6 ±0.60‰
VSMOW may ex press a rapid cool ing in north ern 
Eu rope dur ing the well-known pe riod of cli mate
cool ness. Sim i larly av er aged val ues of
d18Ophosphete for each in di vid u als in the range of
23.8–26.0‰ VSMOW form a re cord from in di vid -
ual teeth of Nilotic Nubian mum mies dat ing from 
350–550 to 500–1400 A.D. (White et al., 2004).
Col lected data were dis cussed in terms of re la -
tion ship be tween cli mate, level of the Nil River
and diet. The au thors con cluded that intra-tooth
microsampling is nec es sary to de ter mine the
real vari abil ity, which “would al low a finer res o lu -
tion of the ef fects of sea son al ity”.

Tra di tional microsampling by microdrilling of
mam ma lian tooth enamel al lowed pre par ing 3 to
10 microsamples (Wiedemann-Bidlack et al.,
2008; Britton et al., 2009; Tian et al., 2013; Wright, 
2013, Zazzo et al., 2012), that means an av er age
dis tance be tween pits in the range of about
1.2–2.0 mm. In con se quence, con ven tional
micro sampling of enamel pro vides an iso to pic av -
er age of dif fer ent in cre men tal lay ers. The ion
microprobe in situ method of fers a spa tial res o lu -
tion range about 10 times better than con ven -

tional microsampling. The ad van tage of SIMS is also the shal -
low an a lyt i cal pit, only 1.5–2 µm deep; hence SIMS is rec og -
nized as the most sen si tive sur face anal y sis tech nique.

Un al tered area (BSE im age – Fig. 2), along to the ena -
mel/dentine junc tion EDJ se lected for ion microprobe tests, re -
tains an un changed biogenic ox y gen iso tope sig nal that closely
fol lows the chro nol ogy of in cre men tal lay ers of per ma nent up -
per ca nines, that starts de vel op ing in the age of ~9 months, and
com pletes by the age of 5.5 years (cov er ing about 57–60
months).
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Fig. 4. The ox y gen iso tope com po si tion from the in ner most enamel layer 
of EM loc. 25, 2.1 tooth (HT027)

Sin gle spot pro file mea sured along: A – la bial side, and B – lin gual side; er ror bars

are 2s; C – di a gram on the sam ple-stage co or di nates Y ver sus Z (num ber of
steps), that doc u ment the po si tions of each sin gle spot; note strong cor re la tion be -
tween re sults with lower pre ci sion (er ror bars) and a lower de gree of pres er va tion
on the top lin gual part of enamel/dentine junc tion 



As an ef fect of SHRIMP IIe/MC ion microprobe anal y ses,
~60 to 100 d18O val ues from sin gle spots lo cated ev ery
0.12–0.14 mm can be ob tained from each side of hu man tooth,
from incisal to api cal ends, ac cord ing to chro nol ogy of enamel
min er ali sa tion, that is enough to ob tain tem po ral res o lu tion of
less than one month. The rou tine of two-side in ves ti ga tion in

case of hu man tooth anal y sis can also com plete
iso to pic dataset if enamel is not fully pre served or
if con tains any de fects (Figs. 3 and 4). In case of
sam ple EM 25, 2.1, a lin gual se quen tial pro file im -
proves the re cord of the de fected la bial side, but
in case sam ple EM 25, 10.1, a lin gual pro file
slightly com pletes the re cord of la bial apex.

The av er age d18O val ues for two enamel sam -
ples, rep re sent ing two in di vid u als, dif fer only by
1‰. The vari abil ity a range of ~2–2.4‰ was re -
ported for hu mans from one ar che o log i cal sites
as an ex am ple of vari a tion of sta tion ary pop u la -
tion (White et al., 2004 and ref er ences therein).

There is no doubt that the ox y gen enamel
com po si tion is a com plex func tion of phys i ol ogy,
cli mate and diet. In con se quence, a high spa tial
res o lu tion d18O multi-year re cord is in flu enced by
var i ous fac tors (Ta ble 1), but cli ma tic pa ram e ters, 
such as lo cal tem per a ture and mois ture avail abil -
ity, seem to be dom i nated and widely used for
palaeoclimate re con struc tions. There is one ex -
cep tion: if d18O anal y ses are per formed on mam -
ma lian teeth af fected by bac te rial or mi cro bial al -
ter ation the re con struc tion could be in valid
(Zazzo et al., 2004).

 In case of hu man teeth from Tel Majnuna the
sin gle spot d18O re sults from the mostly un al tered
in ner layer along EDJ form an ap prox i mately si -
nu soi dal pat tern (Figs. 4 and 5), and the lo ca tions
of ma jor peaks and troughs co in cide for each side 
(Fig. 6A, B). Such reg u lar d18O vari a tions re flect
reg u lar re cur ring fluc tu a tions of ox y gen com po si -
tion of in gested wa ter. It likely cor re sponds to
sea sonal fluc tu a tions of me te oric wa ter, with a
higher ra tio of heavy ox y gen (18O) to light ox y gen
(16O) formed in re sponse warm sea sons, and a
lower d18O ra tio dur ing cold and hu mid sea sons.
The d18O val ues of me te oric wa ter (and river,
lake, or ground wa ter with rain fall wa ter in puts) in
most con ti nen tal lo ca tions are higher in sum mer
and lower in win ter. The d18O of enamel bioapatite 
and hu mid ity or rain wa ter cor re late neg a tively be -
cause d18O val ues of sur face wa ters in crease in
dry set tings (Kohn et al., 2002). A pos i tive cor re la -
tion is doc u mented be tween d18O and tem per a -
ture. There is no doubt that vari a tions in the ox y -
gen iso tope com po si tion of me te oric wa ter are
caused by sea sonal cli ma tic pa ram e ters, e.g.
warm/cold months at high and mid lat i tudes (e.g.,
Ró¿anski et al., 1993; Gregoricka, 2011). The al ti -
tude ef fect is weaker. Kattan (1997) found an ox y -
gen d18O al ti tude ef fect of – 0.23‰ per 100 m.

For an ar chae o log i cal site at de fined lat i tude
and al ti tude (Tell Brak: 36°44’42”N, 41°03’30”E),
con sid ered as a “lo cal” to the place of hu man
teeth re cov er ing, the an nual cli mate graph for the
near est city of Hassake (http://www.hassakah.cli -
ma temps.com/) has been shown to il lus trate
max i mal, min i mal tem per a tures  and pre cip i ta tion 
val ues (Fig. 6C). Hassake is lo cated in the con ti -

nen tal part of Syria close to Tell Brak in the Khabur River drain -
age with the sim i lar long dis tance from the coast line and the
same fea tures of semi-arid steppe cli mate. In the north east ern
part of Syria, a hot sea son (sum mer) is from May to Sep tem ber. 
Most rain fall is seen in Jan u ary, and most dry pe ri ods are in
June, July and Au gust (http://weather-and-cli mate.com). In
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Fig. 5. The ox y gen iso tope com po si tion from the in ner most enamel layer 
of EM loc. 25, 1.10. tooth (HT038)

Sin gle spot pro file mea sured along: A – la bial side, and B – lin gual side;

er ror bars are 2s; C – sam ple-stage co or di nates Y ver sus Z, 
that doc u ment the po si tions of each sin gle spot mea sure ment



such cli ma tic con di tions, tak ing into ac count the lower ac cess to 
fresh wa ter and the higher evap o ra tion rate dur ing the sum mer,
higher d18O val ues are very typ i cal for the dry and warm sea son
(Fig. 6A, B), that is con firmed by sev eral en vi ron men tal stud ies
of at mo spheric pre cip i ta tion in Syria dur ing 1989/1990 (Kattan,
1997) and cur rently (Zakhem and Hafes, 2010). From these
data be tween suc ces sive troughs we can readily es ti mate the
yearly range of iso tope com po si tions. The max i mum am pli tude
of d18O ~4–5‰ for one cy cle sea son de ci phered from the 2.1
pat tern clearly cor re sponds to the strong an nual fluc tu a tion in
pre cip i ta tion, with quite abun dant rains of 40–60 mm in av er age 
per month from Jan u ary to April, and no rain at all dur ing
June–Au gust sum mer (cli mate-data.org). The an nual com pi la -
tion of mod ern tem per a ture and pre cip i ta tion val ues and ox y -
gen d18O fre quency pres ents a pat tern of typ i cal vari a tion (Fig.
6C). The graph from the con ti nen tal area of Tell Majnuna points 
to a high gra di ent of two ba sic cli ma tic pa ram e ters and their
sea sonal fluc tu a tions.

En vi ron men tal mon i tor ing of the at mo spheric pre cip i ta tion
in Syria dur ing 1989/1990 and 1991/1993 (Kattan, 1997;
Zakhem and Hafes, 2010) con firmed that a higher sea sonal
tem per a ture and sta ble iso topes vari a tions are ob served at
con ti nen tal sta tions in com par i son to coastal sta tions. Fur ther -
more, the re la tion be tween monthly av er age d18O val ues and
the monthly amount of pre cip i ta tion in Syria shows high fluc tu a -
tions at low rain fall val ues. The ox y gen d18O fre quency dis tri bu -
tion in the con ti nen tal area man i fests two peaks: the higher one
dur ing the rainy sea son in win ter is at about –8‰ (Jan u ary), and 
the lower one dur ing the lower rain fall is at –2‰ (Au gust)
(Zakhem and Hafes, 2010), that de fines sea sonal fluc tu a tions
in the range of ±6‰ or more www.waterisotopes.org (Fig. 6C).

Past in hab it ants (4th mil len nium BCE) of this geo graphic re -
gion prob a bly ex pe ri enced a sim i lar style of sea son al ity, but
with var i ous am pli tudes of fluc tu a tion from 4 to 5‰ (Fig. 6),
which is com pa ra ble to the pres ent-day am pli tude of 6‰ (Zak -
hem and Hafes, 2010). More over, the long-term (1919–2008)
vari a tions of pre cip i ta tion in Syria show high ir reg u lar ity that al -
lows for rec og ni tion of the cli mate anom a lies, e.g. some trends
to wards drought be tween a reg u lar pat tern (Zakhem and
Hafes, 2010). Ir reg u lar re cord of d18O vari a tion in time for 3–4
sea sons is pre sented on Fig ure 6 (lo cally weighted scat ter plot
smooth ing, LOWESS). Ac cord ing to the rain fall amounts cal cu -
lated from the ox y gen iso to pic re cord of Soreq cave speleo -
therms (Is rael), sev eral rapid and short-lived rain fall de ple tion
pe ri ods have been rec og nized (KuzucuoÈlu, 2007 and ref er -
ences therein) in an cient Mid dle East be tween 5300 and 2150
BC. It is known as the Late Ho lo cene cli mate de te ri o ra tion pe -
riod of ir reg u lar ity (af ter the Mid-Ho lo cene cli ma tic op ti mum) ex -
pressed by an ex tremely vari able but lower rain fall amount, de -

creas ing pre cip i ta tion, and tem per a ture in creas ing
from 4000 to 3000 BC.

The in ter pre ta tion of data on cli mate mon i tor ing
needs much more com ple men tary, in te grated in for -
ma tion. Histological tech nique has listed also other
fac tors, such as stress or ill ness that can pro duce
dis rup tions in enamel de vel op ment (DiGangi and
Moore, 2013). More over, enamel for ma tion con sists 
of mul ti ple dis con tin u ous stages of min er ali sa tion,
thus the re cord is rather damped rel a tive to the vari -
a tion in iso to pic com po si tion (Passey and Cerling,
2002). The re sults ob tained from tooth 10.1 un der -
line such diffi cultness in in ter pre ta tion of the d18O
hu man enamel re cord due to com plex ity of cul tural
be hav iour. It is nec es sary to con sider a more com -
plex di etary that can pro vide an ad di tional vari able

ver sus con stant fac tors into the iso to pic re sults, e.g. the prob lem
of d18O pre formed wa ter and met a bolic ox y gen in food (Bryant
and Froelich, 1996), or mixed sur face wa ter col lects, which
dampen the iso to pic vari a tion (Kohn and Cerling, 2002; Balasse,
2003). The hu man enamel does not per fectly fol low the “time -
-line” of bioapatite min er ali sa tion. The over all ef fect is prob a bly
blurred by some in er tia in the enamel mat u ra tion. 

How ever, the pat tern of d18O de tected in EM 25, 2.1 and 10.1 
teeth from Tell Majnuna is roughly con sis tent with de fined sea -
sonal fluc tu a tions ex pected in the area of semi-arid steppe cli -
mate in north east ern Syria (Hassaka), where strong an nual fluc -
tu a tions in pre cip i ta tion are typ i cal (Bowen et al., 2005; Bowen,
2015), but ad di tional ir reg u lar i ties of the pat tern have also been
rec og nized. It dem on strates a va lid ity of SIMS meth od ol ogy of
ox y gen data col lec tion. There is >12 spots be tween ev ery peak
or trough (Fig. 6A, B), which is enough to ob tain a tem po ral res o -
lu tion of less than one month. Ox y gen iso topes in hu man in ner
den tal enamel pro vides a short-term qual i ta tive re cord of an cient
cli mate de vi a tions, but the sta tis ti cal con fir ma tion by test ing a
larger num ber of in di vid u als from one ar che o log i cal site is nec es -
sary. A se quen tial pat tern of d18O pro vides a base line that is use -
ful for fu ture com par i son with out the need to un der take com plex
con ver sions of the data from enamel to wa ter d18O val ues, a pro -
cess known to be prob lem atic. More over, the sea sonal fluc tu a -
tion in d18O from hu man enamel may also po ten tially lead to the
iden ti fi ca tion of lo cal in di vid u als vs. mi grants or mi gra tion ep i -
sode, which opens new av e nues for in ves ti ga tion of ar chae o log i -
cal ma te rial (e.g., Pellegrini et al., 2016).

CONCLUSIONS

This study has shown that 18O/16O iso tope com po si tion of
hu man enamel can be de ter mined in situ by SHRIMP IIe/MC
ion microprobe with spa tial res o lu tion that is un ob tain able by
con ven tional microsampling meth ods. We es tab lished an ef fec -
tive an a lyt i cal pro to col for se quen tial ana lys ing of d18O di rectly
within the well-pre served in ner enamel layer, along the enamel -
-dentine junc tion zone, that form a chro no log i cal pat tern of d18O
fluc tu a tion for time of min er al iza tion cov er ing about 3–4 years.

We achieved an ex ter nal pre ci sion of bioapatite d18O anal y -
sis be low 0.2‰ [d18O ±0.15‰ (1s)]. In situ d18O pro fil ing of an
enamel layer is ex e cuted se quen tially with high spa tial res o lu tion
de fined by 0.11–0.12 mm of the max i mum dis tance be tween
each spots and the ana lysed area not ex ceed ing 0.02 mm in di -
am e ter, that cor re spond to tem po ral res o lu tion less than a
month. The best re sults are ob tained us ing an un dam aged in ner
thin enamel zone along the dentine junc tion ac cord ing to ge om e -
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T a  b l e  4

Kruskal-Wallis test re sults, pair-wise com par i sons: z’ – val ues above
the di ag o nal and p – val ues be low the di ag o nal; 

p <0.05 marked in bold

25, 2.1 la bial 25, 2.1 lin gual 25, 1.10 la bial 25, 1.10 lin gual

25, 2.1 la bial 0.01 5.27 3.20

25, 2.1 lin gual 1.000000 4.77 2.87

25, 1.10 la bial 0.000001 0.000011 2.31

25, 1.10 lin gual 0.008387 0.024517 0.124847



try of mat u ra tion, with ap pli ca tion of a two-side an a lyt i cal pro ce -
dure for pre par ing a la bial ver sus lin gual pro file. Ob tain ing at
least 60–100 pre cise d18O mea sure ments on each side, holds
par tic u lar prom ise for ef forts di rected at re con struct ing sea sonal
shifts in hu mid ity and tem per a ture and other anom a lies. A pat -
tern of d18O iso to pic pro file cor re sponds to the con di tions of rel a -
tively arid Mid dle East cli mate, with high sea sonal dif fer ences in

rain fall and tem per a ture on a multi-year scale, and doc u ments a
nat u ral sea son al ity of the semi-arid steppe cli mate.

There fore, the ox y gen iso tope com po si tion col lected from
hu man teeth of two in di vid u als from Tell Majnuna, a 4th mil len -
nium BCE cem e tery in North ern Mes o po ta mia, have im pli ca -
tions for meth od ol ogy as well as for in ter pre ta tion of d18O
intra-tooth vari a tion. These teeth re corded the en vi ron men tal
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6. Di a grams of d18O vari a tion in time (us ing LOWESS), 
show ing cy cli cal but ir reg u lar na ture 

of iso to pic fluc tu a tion

A – the d18O pat tern re flects the re cord of four sea sonal (EM 25, 2.1); B – the 

d18O pat tern re flects three sea sonal cy cles (EM 25, 1.10); the scale bar of
ver ti cal axis is fit ted, but X-axis re flects only the num ber of spots; the max -
ima on both sides of the tooth are in di cated with an ar row and one an nual re -
cord is marked by square; C – graph show ing an av er age monthly
tem per a tures and pre cip i ta tion in the area of NE Syria; http://www.hassa -
kah.climate mps.com/ and http://weather-and-cli mate.com and the ox y gen

d18O fre quency dis tri bu tion graph show ing av er aged monthly val ues for Tell
Majnuna and War saw (data: www.waterisotopes.org)



in put over a multi-year pe riod of 4–5 years, thus rep re sent im -
por tant prox ies for re con struct ing en vi ron men tal vari a tion in
d18O across dif fer ent sea sons of the few years with a res o lu tion
of less than one month.
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