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We have stud ied the d13C sig na ture in late wood a-cel lu lose of an an cient oak (Quercus robur L.) from a Cisterian Ab bey bel fry in
Jêdrzejów (South ern Po land). The time scale for the d13C re cord dur ing 1631–1765 AD was built on the ba sis of de tailed
dendrochronology stud ies. Tech niques avail able for ex trac tion of a-cel lu lose from small sam ples have been used, the mean value of
a-cel lu lose ex trac tion ef fi ciency be ing ca. 35%. In the d13C re cord of a-cel lu lose the cool ing be tween 1650–1700 AD is clearly vis i ble
as a de crease of about 1.5‰. This pe riod is con sis tent with the in ter val of the low est so lar ac tiv ity be tween 1645 and 1715 AD, which is
known as the Maun der Min i mum. Anti-cor re la tion be tween d13C and D14C dur ing the Maun der Min i mum was ob served but D14C re cord
is de layed by about 30 years with re spect to the Maun der Min i mum.
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INTRODUCTION

Re con struct ing palaeoclimate us ing trees of fers dis tinct ad -
van tages over ice cores, lam i nated sed i ments or speleothems.
An nual tree rings rep re sent valuable ar chives of car bon in the
at mo sphere, as well as re flect ing the hy dro gen and ox y gen iso -
to pic com po si tion of wa ter dur ing the time of tree growth (Ep -
stein et al., 1976). In Cen tral Eu rope the best wood ma te rial for
palaeoclimatic stud ies are oak and pine as they have well de -
fined an nual rings. In for ma tion on cli ma tic con di tions from
tree rings can be ob tained via sta ble iso tope com po si tion mea -
sure ments (Schleser et al., 1999). 

Sta ble iso tope anal y ses of oak and pine tree rings, com -
bined with tra di tional dendrochronological re search, give pos -
si bil i ties for pro vid ing in for ma tion about tem per a ture and pre -
cip i ta tion in the past with an nual time res o lu tion (Kr¹piec et al.,
1998). Such in ves ti ga tions have been per formed in south-west
Ger many to re con struct a tem per a ture re cord  for the last mil -
len nium (Lipp et al., 1991) in East ern Eng land and in southern -

west Fin land (Rob ert son et al., 1997a, b). The sta ble iso topes
of hy dro gen, car bon and ox y gen are used in such en vi ron men -
tal stud ies, be cause their rel a tive abun dance is high and their
nat u ral cy cle is well known (Griffiths, 1998). 

The dendrochronological pine time scale for North ern Eu -
rope  ex tends to 7000 years BP and the oak time scale for Ire -
land, Eng land and Cen tral Eu rope ranges back to 8000 years
BP. These can be used as time scales for proxy-data in
palaeoclimate stud ies (McCarroll and Loader, 2003).

Stud ies of tem per a ture re con struc tion in the past are car -

ried out by us ing, for ex am ple, a-cel lu lose in pine and oak
tree rings from the tem per ate cli mate zone. The rel a tive con -
cen tra tions of heavy sta ble iso topes are mea sured in this wood 
com po nent by mass spec trom e try tech niques as de vi a tions in
per mil of the iso tope con cen tra tions from in ter na tional stan -

dards: PDB for car bon (d13C) and SMOW for hy dro gen and

ox y gen (d2H and d18O). 

The de pend ence be tween d13C mea sured in a-cel lu lose
from oak tree rings and air tem per a ture and hu mid ity has been
doc u mented for east ern Eng land by Rob ert son et al. (1997b).



Com par i son of the d13C tem per a ture re cord with me te o ro log i -

cal data in di cates a high cor re la tion be tween d13C and tem per a -
ture for the pe riod 1945–1994. A sim i lar pos i tive cor re la tion

be tween d13C in pine tree rings a-cel lu lose and mean July–Au -
gust tem per a ture was found by Pawe³czyk et al. (2004) for
north-east Po land over the 1899–1968 pe riod. For a more gen -
eral re la tion ship be tween air tem per a ture, rel a tive hu mid ity,

CO2 con cen tra tion in the air and d13C in tree ma te rial see
Farquhar et al. (1982). 

The source of hy dro gen and ox y gen iso topes for cel lu lose
pro duc tion is me te oric wa ter. Tran spi ra tion and bi o log i cal
frac tion ation pro cesses change the iso to pic com po si tion of me -
te oric wa ter, and the re la tion be tween deu te rium and 18O iso -
topes in lo cal pre cip i ta tion and cel lu lose has been in ves ti gated
by var i ous au thors (Yapp and Ep stein, 1982; Switsur and Wa -

ter house, 1998). In these stud ies the tem po ral re cord of d2H in
1894–1994 shows a pos i tive cor re la tion with the tem per a ture

re cord in di cated by d13C changes. 
For palaeoclimatic iso to pic stud ies both liv ing trees and an -

cient wood from his tor i cal build ings can be used. In this study

the a-cel lu lose from an an cient oak (Quercus robur L.) from the
Cisterian Ab bey bel fry at Jêdrzejów (South ern Po land) was used 

for d13C de ter mi na tion. Dendrochronology stud ies and d13C
mea sure ments were car ried out as pre lim i nary stud ies of:

— a-cel lu lose ef fi ciency in our lab o ra tory ex trac tion method,

— changes of d13C in tree rings of oak late wood in duced by cli -
ma tic con di tions in a very well known and de fined time pe riod,
namely the Maun der Min i mum. The tech niques avail able for ex -
trac tion of small sam ples have been de scribed by Loader et al.
(1997) and ap plied in Gliwice Ra dio car bon Lab o ra tory. 

SITE

Jêdrzejów (20°18’E, 50°39’N) is lo cated in south-east Po -
land on the Jêdrzejów ta ble land (Fig. 1). This town is sit u ated

37 km from Kielce and 78 km from KrakÙw and the Jêdrzejów
com mune cov er ing 228 km2, and is one of the larg est in the

Œwiêtokrzyski prov ince. The most im por tant mon u ment in
Jêdrzejów is the Cistercian Ab bey, founded in 1149. 

The wood sam ple used for re search, shown in Fig ure 2, co -
mes from the bell-sup ports in the free-stand ing Ba roque bel fry
which is sit u ated near the Ab bey. At the be gin ning of the
1990s, dur ing ren o va tion, this oak struc ture was re placed with
a me tal lic one. From the oak beams pre served, five slices were
taken for dendrochronological anal y sis.

The wood used to build the bel fry prob a bly co mes from trees 
(Quercus robur L.), which grew in the neigh bour ing for ests. 

DENDROCHRONOLOGY

An cient wood sam ples from Jêdrzejów, af ter suit able prep -
a ra tion con sist ing of cut ting the out er most wood layer and re -
veal ing the tree-ring anat omy de tails in cross-sec tion, were
sub jected to mea sure ments of the an nual ring widths with
0.01 mm ac cu racy in the Tree-Ring Lab o ra tory of AGH–Uni -

ver sity of Sci ence and Tech nol ogy in KrakÙw. The se quences
of an nual growths dis played high sim i lar ity with the dendro -
chronological curves ob tained (t value of ca. 6) in di cat ing that
they came from trees grow ing at the same time. The t value is
cal cu lated on the ba sis of a sta tis ti cal method called the Stu dent
method (Baillie and Pilcher, 1973; Zielski and Kr¹piec, 2004)
and usu ally this value is higher than 4 for highly cor re lated se -
quences of an nual growth. The lo cal chro nol ogy pro duced
from these curves was 146 years long. It was ab so lutely dated
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Fig. 1. Lo cal ity of the Jêdrzejów site

Fig. 2. The Cistercian Ab bey and the tree ma te rial in ves ti gated 
from the Ab bey bel fry



to 1622–1767 AD against the Ma³opolska re gional chro nol ogy
cov er ing the pe riod 910–1997 AD (Kr¹piec, 1998). The fact
that the youn gest ring of the chro nol ogy is en tirely de vel oped
and sit u ated di rectly be neath the bark in di cates that the trees
were cut down in win ter of 1767 AD. There fore, the bel fry was
most prob a bly con structed in the next year, i.e. 1768 AD be -
cause the cut trees then were left for one or two years to dry be -
fore be ing used for con struc tion. Among five
dendrochronologically an a lyzed sam ples, the slice la beled as
JDJ3, com pris ing the wood in cre ments from 1631–1765 AD,
was se lected for iso tope anal y ses. This sam ple showed a good
state of wood pres er va tion and reg u lar an nual in cre ments,
with out an a tom i cal anom a lies. Tree ring widths and ring width
in di ces of sam ple JDJ3 in the pe riod in ves ti gated,
1631–1765 AD, are shown in Fig ure 3. 

METHODS

a-cel lu lose ex trac tion. Dendrochronologically dated
wood was cut to one-year late wood growth sam ples, packed 

and la beled. The ex trac tion of a-cel lu lose was made on the
ba sis of a mod i fi ca tion of Green (1963) method with use of
ul tra sonic baths to ac cel er ate the sep a ra tion of sin gle cel lu -
lose fi bers from wood sam ples and to in crease the pen e tra -

tion of re agents (Loader et al., 1997). The scheme of a-cel -
lu lose ex trac tion used in Gliwice Ra dio car bon Lab o ra tory is
shown in Fig ure 4.

The dried and weighted wood sam ples were cut into small
pieces and placed into the glass tubes. 175 ml of dis tilled wa ter,
2.5 g of so dium chlorite and 1.7 ml of ace tic acid was added per 
1g of each sam ple. The glass tubes were put into an ul tra sonic
bath kept at 70°C for one hour.  2.5 g of so dium chlorite and
1.7 ml of ace tic acid was then  added per 1 g of sam ple. This
pro cess was re peated five times. In the next step the so lu tion
was re moved by de cant ing and sam ples were rinsed with hot
dis tilled wa ter and then with cold dis tilled wa ter up to neu tral
pH. The re sult of this part of ex trac tion is holocellulose. This
treat ment re moves most of the lignin by ox i da tive deg ra da tion.
In each tube (75 ml) of 10% NaOH so lu tion was added to the
holocellulose, put into an ul tra sonic bath and kept at 70°C for
45 min utes. Af ter wards the so lu tion was re moved and sam ples
were rinsed with (50 ml) of cold dis tilled wa ter. Then (67 ml) of 
17% NaOH so lu tion was added and sam ples were put into ul -
tra sonic bath at room tem per a ture for 45 min utes. Then the so -
lu tion was re moved from the tubes and sam ples were bathed
with 50 ml of dis tilled wa ter. This treat ment re moves
hemicelluloses and the re main ing lignin. At the end of the ex -
trac tion pro cess the sam ples were treated with ca. (20 ml) of
1% HCl so lu tion and rinsed up to neu tral pH. Fi nally the ob -
tained a-cel lu lose was dried on a hot plate at 70°C for 4 hours.

a-cel lu lose ex trac tion ef fi ciency. The “a-cel lu lose ef fi -
ciency” in ex trac tion pro ce dure is de fined as the ra tio of the
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Fig. 3. Oak tree-ring widths and ring width in di ces over the time
 pe riod in ves ti gated, 1631–1765 AD

Fig. 4. The a-cel lu lose ex trac tion pro ce dure used 
in Gliwice Ra dio car bon Lab o ra tory



mass of a-cel lu lose ob tained to the mass of wood sam ple
taken for ex trac tion. The dis tri bu tion of ex per i men tal val ues

of a-cel lu lose ef fi ciency is shown in Fig ure 5. The ef fi ciency
var ies from ca. 20 to 50%, with a mean value of 34.9

± 5.6% which is con sis tent with the value ob tained
in ex per i men tal pro ce dures and pre dicted on the ba -
sis of tree phys i ol ogy (Rob ert son and Wa ter house,
1998). Com par i son of ex per i men tal and nor mal dis -
tri bu tion shown by a Gaussi an curve in di cates some
dif fer ence be tween ex per i men tal and pre dicted val -
ues. For 24 sam ples of 117 the ef fi ciency is equal to
30–32%. De vi a tion can be ex pected be cause of dif -
fer ences in cel lu lose con tents in in di vid ual tree
rings. The vari a tions of ef fi ciency for sin gle oak late
wood rings are given in Fig ure 6. Fluc tu a tion of the
ef fi ciency value with a rel a tively high am pli tude on
a trend that de creases with the grow ing age of the
rings can be ob served. The high est and low est val ues 
of ef fi ciency can be caused by lab o ra tory er rors in

the ex trac tion pro ce dure: higher val ues can be ob served for

a-cel lu lose in suf fi ciently dried af ter ex trac tion, and lower
val ues by loss in the ex trac tion pro ce dure. 

A weak pos i tive cor re la tion of a-cel lu lose ef fi ciency and
tree ring width is shown in Ta ble 1. For 117 ex per i men tal
points the cor re la tion co ef fi cient is 0.23. 

a-cel lu lose com bus tion for d13C mea sure ments. 10 mg

of the a-cel lu lose ob tained was put into a glass tube with cop -
per ox ide, high pu rity cop per and sil ver wool and evac u ated in
a vac uum line to a pres sure of ca. 10–3hPa. The cop per ox ide

ox i dizes a-cel lu lose to CO2. The sil ver wool is used for pu ri fi -
ca tion of CO2 mainly from sul fur com pounds. Af ter evac u a tion 
the tubes were sealed off by a torch and then put into lab o ra tory

oven at 450°C for 12 hours. Af ter that the tubes were kept in an

oven at 100°C prior to fur ther pro cess ing in a vac uum line.
Dur ing the next step the re leased CO2 was pu ri fied from wa ter
in traps cooled by a dry ice and al co hol mix ture at a tem per a ture 

of –70°C and fi nally CO2 was frozen in new glass tubes. These
tubes were sent to the Mass Spec trom e try Lab o ra tory in Lublin

for d13C anal y sis. Fig ure 7 shows the vac uum line used in the
Gliwice Ra dio car bon Lab o ra tory for CO2 pu ri fi ca tion and
prep a ra tion for mass spec trom e try mea sure ments.
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Fig. 5. His to gram of a-cel lu lose ex trac tion ef fi ciency from
 oak late wood

 The Gaussi an dis tri bu tion is given by the solid line

T a  b l e  1

Cor re la tion co ef fi cients for three re la tion ships of in ves ti gated
wood sam ple 

Re la tion ship

Num ber of
mea sure ment

points
n

Cor re la tion
co ef fi cient

R

a-cel lu lose ef fi ciency [%]
(tree rings width, mm)

117 0.23

d13C in a-cel lu lose [‰]
(tree rings width, mm)

103 0.10

d13C in a-cel lu lose [‰]
(tree rings width in di ces, mm)

103 0.07

The co ef fi cients were ob tained on the ba sis of lin ear re gres sion; names in
brack ets in di cate vari ables and names with out brackets are val ues — f(x)

 

Fig. 6. The a-cel lu lose ex trac tion ef fi ciency for oak late wood over the
time pe riod in ves ti gated, 1631–1765 AD

Fig. 7. The vac uum line for CO2 pu ri fi ca tion and prep a ra tion of sam ples

 for d13C mea sure ments in Gliwice Ra dio car bon Lab o ra tory



d13C mea sure ments. The mea sure -
ments were made on a dual in let and tri ple
col lec tor mass spec trom e ter (sig nif i cantly
mod i fied MI-1305 type), which gave fast

and re pro duc ible d13C de ter mi na tions. The 

stan dard de vi a tion (1s) of d13C is 0.07‰.

d13C was cal cu lated from the mea sured 45
and 46 mass sig nals val ues us ing the ap -
pro pri ate for mula (Craig, 1957; Santrock
et al., 1985). The stan dard gas is cal i brated
to V-PDB by us ing NBS-19 and NBS-22
stan dards. The sam ples, mea sured to the
stan dard gas, are thus fi nally ex pressed on
the V-PDB scale. In ad di tion a ho mo ge -
neous cel lu lose stan dard (cel lu lose pow der 
from spruce; Stan dard ISONET) was run
ev ery 10 sam ples. This stan dard is very
con ve nient in anal y sis of tree-ring cel lu -

lose, be cause its d13C is –24.5‰, which is
close to those mea sured for our sam ples.

d13C MEASUREMENT RESULTS
AND PALAEOCLIMATIC IMPLICATIONS

d13C time re cord and palaeoclimate. The d13C time re cord
in oak late wood á-cel lu lose with an nual res o lu tion over the

1631–1765 AD in ter val is shown in Fig ure 8. The smoothed
curve pres ents 5-year run ning av er age time re cord. Within the
pe riod in ves ti gated a rapid cool ing cli ma tic event is well known
and has been cor re lated with ex tremely low sun spot num bers.
The pe riod of low so lar ac tiv ity be tween 1645 and 1715 is com -
monly known as the Maun der Min i mum (Fagan, 2000;
Wei-Hock Soon and Yaskell, 2004). Dur ing this pe riod sun spots 
were in fre quent and, as a re sult, it was as sumed that so lar ac tiv ity 
and the so lar wind was ei ther weak or switched off. 

In the d13C re cord of the a-cel lu lose time re cord the cool -
ing be tween ca. 1650–1700 AD is clearly vis i ble. The lower

val ues of d13C in this pe riod cor re late very well with ex -
tremely low sun spot num bers (when sun spots al most dis ap -
peared). Dur ing the Lit tle Ice Age (1300–1850) the Earth’s

tem per a ture was lower by 1 to 2°C with re spect to mod ern
tem per a ture (Fagan, 2000). Lo cal tem per a ture changes dur ing 
the Maun der Min i mum, re corded in 13C car bon con tent in oak
tree rings, can be higher or lower of course. This tem per a ture

de crease is vis i ble as changes of av er age d13C val ues from
–22.7 to –24.3‰, i.e. by about 1.5‰. The value of the tem per -

a ture gra di ent of d13C for NE Po land (Augustów Wil der ness)
on the ba sis of pine tree rings (Pinus sylvestris L.) in ves ti ga -

tions was es ti mated as chang ing from 0.36 to 0.51‰/°C in
dif fer ent time pe ri ods (Pawe³czyk et al., 2004). Us ing these
tem per a ture gra di ent val ues, the de crease in tem per a ture dur -
ing the Maun der Min i mum can be es ti mated as rang ing from

3 to 4°C for South ern Po land. 

The cor re la tion co ef fi cients (Ta ble 1) be tween d13C and
ring width and in di ces are in deed low; there fore there is no
sig nif i cant cor re la tion be tween them. How ever, that does not
nec es sar ily mean that the cor re la tion be tween ring widths and
tem per a tures are as low. 

13C and 14C iso topes con tent in tree rings and the Maun -
der Min i mum. So lar ac tiv ity can be re con structed us ing the
14C iso tope (Stuiver and Braziunas, 1993). Ra dio car bon as a
cosmogenic nu clide is pro duced by ga lac tic cos mic rays,
mainly pro tons. The stream of pro tons is mod u lated by the in -
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Fig. 8. Com par i son of the d13C time re cord in a-cel lu lose from oak
late wood and sun spot num bers (Hoyt and Schatten, 1998) over the
1631–1765 AD pe riod

In the up per fig ure the 5-year run ning av er age is shown as a thicher line

 

Fig. 9. Com par i son of 10-year av er ages of d13C in a-cel lu lose and D14C in tree rings, 
over the 1631–1765 AD pe riod

The D14C time re cord as a frag ment of the cal i bra tion curve was taken (Intcal 98 curve, Stuiver et
al., 1998); the Maun der Min i mum (1645–1715 AD) is in di cated by ver ti cal lines



ter plan e tary mag netic field and the so lar wind. In the pe ri ods
with lower sun spots (lower Sun ac tiv ity) the pro duc tion rate of
14C is higher and the rel a tive con cen tra tion (D14C) of this iso -
tope in at mo spheric CO2 and af ter that in tree rings in creases.

Such events are ob served in the D14C time re cord used for con -
struc tion of a cal i bra tion curve (Stuiver et al., 1998). Vari a tion
of the ra dio car bon con tent in 711-yr-old ce dar tree rings grow -
ing in Ja pan, dur ing the Spoerer Min i mum (1415–1537 AD)
was ob served re cently by Miyahara et al. (2004). 

Fig ures 9 and 10 shows the d13C val ues of a-cel lu lose taken 
from Fig ures 8 and 9 with points rep re sent ing 10-year av er -

ages. Also shown are the 10-year av er aged D14C val ues taken
from cal i bra tion data (Stuiver et al., 1998). It can be seen that

the max i mum in the D14C re cord falls 30–40 years af ter the

min i mum in the d13C re cord. The high est anti-cor re la tion be -
tween these re cords is ob tained with a cor re la tion co ef fi cient of 

R =  –0.51 af ter the D14C val ues were shifted ca. 30 years to -
wards lower ages, see Fig ure 10. The rea son of this shift may be 
a fi nite “re sponse time” due to car bon cy cling through out geo -
chem i cal res er voirs.  

CONCLUDING REMARKS 

Dendrochronologically dated wood, an cient late wood of
Quercus robour L. over the in ter val 1631–1767 AD, from the
Cistercian Ab bey at Jêdrzejów, South ern Po land, was used for
13C car bon iso tope anal y sis. The ex trac tion of a-cel lu lose made 
on the ba sis of mod i fi ca tion of Green’s method, with the use of
ul tra sonic baths to ac cel er ate sep a ra tion of in di vid ual cel lu lose
fi bers from wood sam ples and in crease the pen e tra tion of re -
agents, pro vided very suit able ma te rial for iso tope palaeo -

climatic stud ies. The a-cel lu lose ex trac tion ef fi ciency in this

study was high. Rel a tively small changes of d13C (de crease of
ca. 1.5‰) in the Maun der Min i mum cor re late with cool ing at
this time and can be com pared with the car bon 14C con tent in
wood us ing a frag ment of the cal i bra tion curve. Anti-cor re la -
tion of both re cords is clearly vis i ble. 
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Fig. 10. Cor re la tion be tween ä13C in late wood a-cel lu lose and Ä14C

The cor re la tion co ef fi cient was cal cu lated af ter dis place ment of Ä14C val -
ues of 30 years to wards lower val ues and the re moval of four points; num -
ber of points n = 10, neg a tive cor re la tion is shown and the cor re la tion
co ef fi cient R =  –0.51.
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