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The Earth’s ther mal field, par tic u larly the heat flow den sity (HFD), is a valu able source of in for ma tion on geodynamic pro cesses within
the Earth’s crust, con di tions for hy dro car bon gen er a tion and on ar eas and for ma tions prom is ing for geo ther mal en ergy. Lithospheric
ther mal and rhe o log i cal mod el ling is crit i cally de pend ent on high-qual ity sur face heat flow val ues. The avail able maps of heat flow den -
sity, not only for the area of Po land, are not re li able from the point of view of the cur rent state of knowl edge. The main crit i cal fac tor in
de ter min ing  heat flow den sity is the knowl edge of depth dis tri bu tion of ther mal con duc tiv ity. We used a new method of es ti mat ing the
ther mal con duc tiv ity from well log ging data in ter pre ta tion with con trol cal i bra tion based on lab o ra tory de ter mined ther mal pa ram e ters.
We con sider that the ob served ver ti cal vari a tions of HFD in the shal low part of pro files (<2000 m) are mainly due to a Ho lo cene warm -
ing. We have pro posed a new orig i nal method of de ter mi na tion of HFD based on mod el ling of palaeoclimatic ef fect. Us ing this method,
we have cal cu lated new HFD val ues for 308 deep bore holes and com pleted a new map of this pa ram e ter for Po land, which is the first of
this type. We pro pose to un der take a crit i cal anal y sis of all the ex ist ing heat flow data not only for Eu rope that may change the pres ent un -
der stand ing of global heat flow.
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INTRODUCTION

Ther mal field in the up per por tions of the Earth’s crust, in
par tic u lar the near-sur face heat flow den sity (HFD), can be a
source of im por tant in for ma tion on the subsurface geo log i cal
struc ture, con di tions for hy dro car bon gen er a tion as well as on
ar eas and for ma tions prom is ing for geo ther mal en ergy. HFD
data are ex tremely use ful for con sid er ation litho sphere me -
chan ics and evo lu tion of crustal struc ture. It was re cently found 
out (e.g., Šafanda and Rajver, 2001; Szewczyk, 2002a, b;
Szewczyk and Gientka, 2003; Kukkonen and Joeleht, 2003)
that changes in the heat flow den sity with depth can also be a
sig nif i cant source of in for ma tion on palaeoclimate in the past.  

Heat flow den sity de ter mines the amount of ther mal en ergy 
pass ing through an area unit per time unit from a hot to a colder
rock body. Of the three ma jor phys i cal pro cesses re spon si ble
for ther mal en ergy trans fer i.e. con duc tiv ity, con vec tion and ra -
di a tion, con duc tiv ity is com monly be lieved to play the dom i -
nant role in en ergy trans port within the Earth’s crust (Stenz and 
Mackiewicz., 1964; Haenel et al., 1988). 

The ba sis for heat flow den sity de ter mi na tion is depth-re -
lated tem per a ture vari a tion ob served in bore holes. Such anal y -
ses are com monly made along with in ves ti ga tions of ther mal
con duc tiv ity of rocks. Both Earth’s man tle heat (so-called rem -
nant heat) and ra dio genic heat, be ing per ma nently pro duced as
a re sult of nat u ral de cay of long-lived ra dio ac tive iso topes of
U-235, U-238, Th-232 and K-40, are the sources of ther mal en -
ergy in the Earth’s crust (Ad ams and Gasparini, 1973). The av -
er age con ti nen tal heat flow value is es ti mated at 67 mWm–2

(Pol lack et al., 1993). Heat flow den sity mea sure ments were
made at over 22000 sites across the globe (Gosnold et al.,
2005). Many of them are sit u ated in off shore ar eas.

Heat flow val ues from geo ther mal data of Po land have been 
mea sured over many years by a num ber of au thors us ing var i -
ous, some times their own de vel oped, meth ods (e.g., Plewa,
1994; Plewa et al., 1995). Re cently, the val ues be came the ba sis 
for the con struc tion of three heat flow den sity maps cov er ing
the whole area of Po land (Plewa, 1994; Gordienko and
Zavgorodnyaya, 1996; Karwasiecka and Bruszewska, 1997),
which were later crit i cally ana lysed by Majorowicz et al.
(2002). The maps ex hibit con sid er able (in some ar eas very dis -
tinct) dif fer ences sug gest ing sig nif i cant dis crep an cies in de ter -



mined heat flow val ues. Such dif fer ences can not be ex plained
solely by poor qual ity of source data be cause the maps’ au thors
uti lized sim i lar geo ther mal data sets. There fore, it is ob vi ous
that the ba sic rea son for the dif fer ences could be dif fer ent
meth ods used for cal cu lat ing the heat flow val ues. 

In 2001, this sit u a tion prompted us to an at tempt, pro moted
and sup ported by Jacek Majorowicz from the Uni ver sity of North
Da kota, USA, to both make a re vi sion of the method used in de -
ter min ing heat flow val ues and de velop a new heat flow den sity
map, ini tially for the Pol ish Low lands and cur rently for the whole
ter ri tory of Po land. It should be stressed that some doubts as to the
cor rect ness of the ex ist ing maps have re cently arisen not only in
Po land. Sim i lar crit i cal opin ions, both ques tion ing the cor rect ness
of the heat flow mea sure ment meth ods be ing cur rently in use and
point ing to low re li abil ity of the maps pre vi ously con structed for
ar eas cov er ing other re gions of Eu rope, were set forth in a num ber
of pub li ca tions (Ball ing, 2002, 2004; Kukkonen and Joeleht,
2002; Lotz and Forster, 2002; Majorowicz , 2004).

The con struc tion of geo phys i cal and geo log i cal da ta bases
for most of ex plor atory bore holes in Po land in the last years,
and the de vel op ment of data in ter pre ta tion meth ods (in clud ing
de vel op ment of the GEOFLOG sys tem at the Pol ish Geo log i -
cal In sti tute; Szewczyk, 1994, 1998) have cre ated a good op -
por tu nity to in tro duce a mod i fied meth od ol ogy of heat flow
den sity mea sure ment. It is based pri mar ily on geo phys i cal data
de rived from bore holes (Szewczyk, 2001).

GEOTHERMAL DATA FROM POLAND

In Po land, tem per a ture mea sure ments were made in a few
hun dreds of wells un der con di tions for mally con sid ered an
equi lib rium state (Karwasiecka, 2001). Many of the mea sure -
ments were made in rel a tively shal low bore holes (<2000 m
deep) of coal ba sin ar eas. Due to both the large costs of geo -
ther mal re searches and de creas ing num ber of drill ing ex per i -
ments, no in crease in the vol ume of mea sure ment data on the
spa tial dis tri bu tion of subsurface tem per a tures in Po land can be 
cur rently ex pected. The ex ist ing data are and will be in the fu -
ture the ba sic source of in for ma tion on the geo ther mal field. In
this sit u a tion, anal y sis of the ex ist ing data seems to be the only
way for gain ing new in for ma tion, de spite some ob jec tions as to 
the data qual ity. 

There fore, a ver i fi ca tion of all geo ther mal data, sup ported
by a thor ough anal y sis of the whole of geo phys i cal in ves ti ga -
tions and hydrogeological tests in wells, can be the chance for
cor rect re in ter pre ta tion of the data.

PREVIOUS METHODS OF HEAT FLOW
DETERMINATION

The clas si cal method of heat flow den sity (Q) de ter mi na -
tion, com monly in use  for over a few de cades both in Po land
and else where, is based on both tem per a ture mea sure ments in
wells in an equi lib rium state (Tu) and lab o ra tory anal y ses of
ther mal con duc tiv ity (K) of drill cores. It is usu ally as sumed
that the ver ti cal com po nent of the heat flow is con stant

(Q = const), and the con duc tive strata show a hor i zon tal and
par al lel pat tern with the con duc tive com po nent of the heat flow 
be ing the only one pres ent. The Q/K re la tion ship for any depth
along the “z” axis of the well fol lows the Fou rier’s law (Haenel
et al., 1988):

Q K dT dz= - ´ / [1]

where: dT/dz  — tem per a ture gra di ent.

Sig nif i cant er rors that may arise while es ti mat ing the two
val ues in the for mula [1] re sult in dif fi cul ties in de ter mi na tion
of heat flow den sity val ues (Plewa et al., 1995; Karwasiecka
and Bruszewska, 1997; Szewczyk, 2001; Lotz et al., 2002;
Majorowicz et al., 2002; Szewczyk and Gientka, 2004).

The cru cial el e ment in the method of es ti mat ing heat flow
den sity val ues (Q) is the con duc tiv ity (K) of rocks com pos ing
the bore hole sec tion. Val ues of the con duc tiv ity pa ram e ter used 
to be de ter mined from lab o ra tory anal y ses of drill cores. The
most im por tant prob lem in this re search method is in suf fi cient
rep re sen ta tive ness of the re search re sults. Due to the com monly 
small num ber of drill ing runs in deep bore holes, de ter mi na tions 
of the K pa ram e ter for low-vol ume (sev eral cu bic centi metres)
sam ples col lected from drill cores are weakly char ac ter is tic of
lon ger in ter vals of the bore hole sec tions for which the tem per a -
ture gra di ent was es ti mated (Griffiths et al., 1992). In Po land,
most of pre vi ous mea sure ments of the K pa ram e ter were made
in bore holes from min ing ar eas, not ex ceed ing 2000 metres in
depth (Karwasiecka and Bruszewska, 1997; Karwasiecka,
2001; Szewczyk and Gientka, 2004). There are very few data
de rived from greater depths. 

There are also some doubts about re li abil ity of many of lab -
o ra tory anal y ses of the K pa ram e ter. The an a lyt i cal re sults sug -
gest that the mea sure ments may have been made un der in ap -
pro pri ate phys i cal con di tions i.e. at in com plete sam ple sat u ra -
tion. It may sig nif i cantly raise the er ror of con duc tiv ity de ter -
mi na tions es pe cially in sam ples taken from highly po rous sed i -
men tary rocks (>10%) com monly ob served in depositional se -
quences down to a depth of 3000 metres (Fig. 1). In con se -
quence, the method is highly lim ited in terms of its prac ti cal use 
for heat flow mea sure ments. Fig ure 2 shows the re sults of mod -
el ling of the ef fect of po ros ity changes on ther mal con duc tiv ity
for var i ous types of pore space fill (wa ter, air). The mod el ling
were car ried out on sand stones and claystones us ing a geo met -
ric model of the re la tion ship be tween rock com po nents and ef -
fec tive ther mal con duc tiv ity (Brigaud and Chap man, 1990).
Due to large, al most 20-fold dif fer ences in the ther mal con duc -
tiv ity of wa ter rel a tive to the air (0.59 and 0.03 W/m°K, re spec -
tively), in com plete sat u ra tion of rock sam ples re sults in a con -
sid er able un der es ti ma tion of the mea sured val ues of ther mal
con duc tiv ity in re la tion to the real value.  

The re sults of the mod el ling in di cate a very strong ef fect of
the pore space on ther mal con duc tiv ity val ues (es pe cially when
filled with the air). It has a very se ri ous con se quence for the re -
sults of lab o ra tory anal y ses of the pa ram e ter. The re sults of lab -
o ra tory anal y ses per formed on dry or partly sat u rated po rous
sam ples should be treated with much cau tion. It must be
stressed that this short com ing in the re search is ob served not
only in Poland (Lotz and Foester, 2002).
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THE STATE OF GEOTHERMAL EQUILIBRIUM

In pre vi ous anal y ses of sources of er rors in de ter min ing
heat flow den sity val ues, low ac cu racy of tem per a ture mea -
sure ments due to a dis turbed state of geo ther mal equi lib rium
was con sid ered the main rea son for such errors (Plewa, 1994).

A dif fi culty in ex per i men tal stud ies re sults from the fact
that the well-drill ing pro cess alone (and even an in di vid ual
mea sure ment) dis turbs the geo ther mal environment. 

A pro longed drill mud cir cu la tion (months or years in du ra -
tion) dur ing drill ing op er a tions causes a dis tur bance to the ther mal
equi lib rium. The up per part of the bore hole sec tion gets warmer,
while its lower part be comes cooler. This pro cess is sche mat i cally
shown in Fig ure 3. The lack of ther mal equi lib rium is best man i -
fested by a de vi a tion of the cur rent ground sur face tem per a ture
from the long-term an nual mean tem per a ture (so-called ground
sur face tem per a ture — GST). The re turn to ther mal equi lib rium is
a rel a tively slow pro cess, or even the dis tur bance can be a per ma -
nent state (due to convectional move ment of the drill mud within
the drill string), as cur rently claimed. The rel a tively least dis turbed
tem per a ture is ob served at the bore hole bot tom (BHT — bot tom
hole tem per a ture; see Fig. 4B). 

Fig ure 4A pres ents the re sults of tem per a ture mea sure -
ments made in Po land (af ter a 10–14-day drill ing break) at
near-equi lib rium con di tions. For com par i son, GST vari abil ity
is also shown. Most of the tem per a ture mea sure ments in Po land 
(and not only) ex hibit a clear de vi a tion from the ther mal equi -
lib rium state. 

In con trast to data on the en vi ron ment tem per a ture, which is 
“pas sive” in for ma tion, ther mal con duc tiv ity (K) is the main el -
e ment nec es sary for in ter pre ta tions. It can be ap prox i mated by
an it er a tion ap proach as a re sult of a num ber of anal y ses. The
re sults of heat flow mea sure ments pre sented in this pa per are
based on both a geo phys i cal method of ther mal con duc tiv ity
de ter mi na tions and a newly de vel oped method of heat flow
value cal cu la tion. 
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Fig. 1. The re la tion ship be tween lab o ra tory de ter mined to tal 
po ros ity and depth for sed i men tary rocks from the Pol ish Low lands

(af ter Szewczyk, 2000); it was shown av er aged value 
of po ros ity cal cu lated af ter square method

Fig. 2. Re sults of ther mal con duc tiv ity mod el ling ver sus po ros ity for
dry and wa ter sat u rated sand stone and shale; for de ter min ing of

ther mal con duc tiv ity it was used geo met ric mean model

Fig. 3. Sche matic a time chang ing of tem per a ture ob served 
in bore holes due to per turbed of the un der ground ther mal re gime 

af ter mud cir cu la tion pro cesses

GST — ground surface temperature



The start ing point for the use of the method was the con -
struc tion of lithological-po ros ity mod els for many deep bore -
holes drilled by the Pol ish Geo log i cal In sti tute (Szewczyk,
1998, 2000), based on many years’ me thod i cal work. It has ap -
peared that the data can also be use ful in both ther mal con duc -
tiv ity and ter res trial heat flow den sity de ter mi na tions
(Szewczyk, 2001, 2002a).

THERMAL CONDUCTIVITY DETERMINATION

The ther mal con duc tiv ity co ef fi cient is a func tion of min -
eral com po si tion of rocks, their in ter nal struc ture, tex ture, tem -
per a ture and pres sure (Brigaud and Chap man, 1990; Vasseur et 
al., 1995; Waples and Tirsgaard, 2002; Popov et al., 2003). The 
main fac tor af fect ing the amount of ther mal con duc tiv ity is the
to tal po ros ity F. The high po ros ity of sed i men tary rocks oc cur -
ring down to a depth of 3000 m is the ma jor fac tor dif fer en ti at -
ing the value of the ther mal con duc tiv ity co ef fi cient of sed i -
men tary rocks across the Pol ish Low lands (Szewczyk, 2000,
2001). Em pir i cal and the o ret i cal re searches of the re la tion ship
be tween the min eral com po si tion of rocks, their struc ture, size
and spa tial dis tri bu tion of in di vid ual con stit u ents en abled the
de vel op ment of a num ber of math e mat i cal mod els. They al -
lowed de ter mi na tion of ther mal con duc tiv ity of rocks based on
their lithological-vol u met ric model (Brigaud and Chapman,
1990; Griffiths and Brereton, 1992; Joeleht et al., 2002; Popov
et al., 2002). It has been as sumed that the so-called geo met ric
model is a suf fi ciently ac cu rate ap prox i ma tion of the ther mal
con duc tiv ity pa ram e ter (K) of sed i men tary rocks:

K k i
V

i

n
i=

=

Õ
1

[2]

where:  n — num ber of rock com po nents; ki  — ther mal con duc tiv ity of
com po nent “i”; Vi   — vol ume of com po nent “i”.

Ther mal pa ram e ters of min er als, re ferred to in the for mula
[2], are com monly de fined with a suf fi cient ac cu racy. More -
over, ther mal con duc tiv ity of the main macro com po nents of
sed i men tary rocks (rock frame work, clay con tent, pore space)
is gen er ally very varied (Szewczyk, 2001). 

Ther mal con duc tiv ity val ues, cal cu lated from the for mula
[2] over the en tire bore hole sec tion, rep re sent a rock vol ume
that is sev eral times greater than the vol ume of rock sam ples an -
a lyzed in the lab o ra tory. In for ma tion about the pa ram e ter K,
ob tained from geo phys i cal data, cor re sponds in terms of its rep -
re sen ta tive ness (sim i lar ob ser va tion scales) with tem per a ture
val ues re corded in the bore hole. 

A gen er al ized im age of li thol ogy, re flect ing only the main
rock-form ing min er als and to tal po ros ity val ues, has ap peared
to be suf fi cient for ac quir ing in for ma tion on ther mal con duc tiv -
ity of rocks en coun tered in the sec tion. Fig ures 5A and 5B il lus -
trate a com par i son of ther mal con duc tiv ity co ef fi cient val ues
de ter mined by the dis cussed geo phys i cal method with the re -
sults of lab o ra tory anal y ses of drill cores. The pa per pres ents
the re sults of data from two deep bore holes (the only ones
drilled in the Pol ish Low lands with well-de fined ther mal con -
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Fig. 4A — steady-state tem per a ture logs in Po land; it was shown the
subsurface tem per a ture (GST) range for Po land (af ter Szewczyk,

2005); B — bot tom hole tem per a ture (BHT) for Pol ish Low lands af -
ter GEOFLOG data base: A —  Fore-Sudectic Monocline 

and south part of Szczecin Trough, B — Pre cam brian 
East Eu ro pean Plat form



duc tiv ity pro files). Fig ure 5C shows his to grams for the bore -
holes and cor re spond ing nor mal dis tri bu tions. 

Tak ing into ac count both the com plex na ture of the com -
par ing pro ce dure, re sult ing from dif fer ent ob ser va tion scales
(the com pared data re fer to inhomogeneous ob jects dif fer ing in 
their vol umes by 3–4 or ders of mag ni tude!), and the con sid er -
able dif fer ences be tween log ger’s and driller’s depths, the pres -
ence of cor re la tive re la tion has been un am big u ously proved
(Griffihs and Brereton, 1992).

A di rect ap pli ca tion of the method of ther mal con duc tiv ity
de ter mi na tion of rocks in the lithological-vol u met ric pro files of 
sed i men tary rocks from the Pol ish Low lands has ap peared to

be an ef fec tive way for de ter min ing this pa ram e ter (Szewczyk,
2001, 2002a; Szewczyk and Gientka, 2004). The re sults of
con tin u ous in ter pre ta tion re search con ducted at the Pol ish Geo -
log i cal In sti tute, which aimed at de ter mi na tion of phys i cal
prop er ties of rocks com pos ing the bore hole sec tions from the
Pol ish Low lands, are very use ful for a di rect ef fec tive ap pli ca -
tion of the above-de scribed re search method. The com piled
(and be ing con tin u ously de vel oped) set of geo phys i cal-geo log -
i cal data can be a start ing point for both the on go ing and
planned re search pro jects con cerned with the pre dic tion of
petrophysical prop er ties of rocks oc cur ring in these bore hole
sec tions (Szewczyk and Gientka, 2004). 
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Fig. 5. Ex am ples of com par i son of the geo phys i cal 
and lab o ra tory of ther mal con duc tiv ity data for Terebin IG 5 

A — Opoczno PIG 2; B — wells; C — his to grams of ther mal 
con duc tiv ity de ter mined by geo phys i cal and lab o ra tory meth ods; 

VOL — cal cu lated bulk lith o logic pro file



HEAT FLOW DETERMINATION METHOD

The tem per a ture dis tri bu tion vs. depth is, as seen from the
for mula [1], a func tion of the amount of heat flow Q and the
value of ther mal con duc tiv ity co ef fi cient  K(z) of rocks.  If a ho -
mo ge neous hor i zon tally lay ered rock body con tains ra dio genic 
heat sources, and there is cli ma tic dis tur bance at the Earth sur -
face, then the tem per a ture is a func tion of depth z and time t,
and is de fined by the fol low ing for mula (Clauser, 1999):

T z t T h Q
dz

K z
M z Tp z t

z

( , ) ( )
( )

( ) ( , )= + - +ò
0

[3]

where: T(h) — ini tial tem per a ture at depth h; dz — thick ness of an el e men -
tary bed of con stant ther mal prop er ties; K(z) — ther mal con duc tiv ity co ef -
fi cient value at depth z; M(z) — ra dio genic com po nent of heat flow; Tp(z, t) 
— cli ma tic dis tur bance; Q — the heat flow at depth h.

It is as sumed that the “subsurface” com po nent of heat flow
(Q) is the sum of the rem nant com po nent (subcrustal heat) and
the ra dio genic com po nent as so ci ated with ra dio ac tive el e ments 
pres ent mainly in the up per crust. 

De ter mi na tion of the dis tri bu tion of K(z) val ues along the
en tire bore hole sec tion al lows the cal cu la tion of the co-called
“syn thetic tem per a ture” at any depth, as sum ing a con stant
value of the ver ti cal com po nent Q. By as sum ing, as it is usu ally 
the case while us ing the for mula [1] in heat flow de ter mi na tion, 
the lack of both ra dio genic heat sources (or their small con tri -
bu tion pos si ble to be ne glected) and ther mal dis tur bance within 
the bore hole sec tion, we have a pos si bil ity to cal cu late the syn -
thetic tem per a ture de fined by the first two com po nents of the
for mula [3]. If there is re li able in for ma tion about tem per a ture
val ues at least at any two points of the sec tion and about
depth-re lated vari abil ity of the co ef fi cient K at these points,
then it is pos si ble to de ter mine sta tion ary heat flow val ues (Q). 

THE EFFECT OF PALAEOCLIMATIC FACTOR 
ON HEAT FLOW DENSITY

Al ready the first ap pli ca tions of the above-dis cussed re -
search method of ther mal re gime de ter mi na tion in deep bore -
holes (>2.5–3.0 km) re vealed the pres ence of dis tinct de vi a -
tions of tem per a tures cal cu lated us ing the for mula [3] from the
real tem per a tures. The de vi a tions were re corded in the up per
parts of the sec tions down to a depth of <2 km. Malbork IG 1
and Prabuty IG 1 were the first his tor i cal bore holes where the
phe nom e non was ob served and con sid ered to have been the ef -
fect of a palaeoclimatic fac tor. Fig ure 6 il lus trates this sit u a tion
in the Malbork IG 1 bore hole, not cor rected (up per por tion) and 
cor rected (lower por tion) for the palaeoclimatic ef fect. The re -
mark able dif fer ence be tween the cal cu lated ther mal pro fil ing
(Ts) and the pro fil ing re corded in the bore hole (T), ob served in
the up per part of the sec tion, can be as so ci ated nei ther with
ther mal bal ance dis tur bance nor with lit tle prob a ble an oma -
lously large in crease in ther mal con duc tiv ity of rocks com pos -
ing this part of the sec tion.
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Fig. 6. First sig nal about palaeoclimate de tected 
in Malbork IG 1 bore hole

The top part of tem per a ture pro file (<2000 m) is a su per po si tion of
palaeoeffect and (party) un steady-state ther mal con di tion. Cli ma tic ef fect
is vis i ble in the char ac ter is tic bend ing of tem per a ture logs at a depth shal -
lower than 2000 m. There is a  good agree ment be tween the cal cu lated (Ts)
and ob served tem per a tures (T) for the deeper part of pro file



Later re search re vealed that this phe nom e non is com monly
ob served. Fig ure 7 shows the re sults of ob ser va tions made on
the phe nom e non in the Czaplinek IG 1 bore hole, one of the
deep est wells in Po land with ther mal mea sure ments re corded
un der steady-state con di tions. 

It has long been known that cli ma tic fluc tu a tions in the his tory
of the Earth, con trolled by gla cial cy cles, might have an in flu ence
on the pres ent-day subsurface ther mal re gime (Stenz and
Mackiewicz, 1964; Èermak, 1976). How ever, much time had
passed un til the phe nom e non was un am big u ously recognized.
Only quite re cently, the ef fect was no ticed in ther mal pro files of
some deep wells. In Cen tral Eu rope, it was re ported from the
super-deep bore hole KTB drilled in Ger many (Clauser, 1999), in
bore holes drilled in east ern Karelia (Kukkonen et al., 1998;

Kukkonen and Joeleht, 2003), in the Czech Re pub lic and Slovenia 
(Šafanda and Rajver, 2001), the North Sea (Ball ing, 2002, 2004).

The re search re sults made by Majorowicz (1976) re con -
sider the or i gin of the geo ther mal anom aly in the Suwa³ki An -
or tho site Mas sif, dis cov ered al ready in the 1970’s. That au thor
claimed then that the depth-re lated tem per a ture in ver sion, ob -
served within the sed i men tary cover of the mas sif and unique
on a Eu ro pean scale, was an ef fect of deep in fil tra tion of cooled 
postglacial wa ters. The pres ent mod el ling of ther mal re gime
has proved that the anom aly is the ef fect of per ma frost that oc -
curred in this area dur ing the last gla ci ation. The per ma frost
might have orig i nally reached a depth of over 550 m (Šafanda
et al., 2004). It was also es ti mated that the ef fec tive mean an -
nual sur face tem per a tures were of –10°C dur ing that pe riod.
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Fig. 7. Com par i son of geo phys i cal and lab o ra tory de ter mined ther mal con duc tiv ity data in Czaplinek IG 1 well based on clas si cal (points) 
and Popov’s ther mal scan ning (cir cle) meth ods

Ob served (T) and cal cu lated (Ts) palaeotemperature, the heat flow value and the palaeoground sur face tem per a ture (GSTP) have been show;
 other ex pla na tions as in Fig ures 1 and 5



The mod el ling has shown that ther mal re gime of the shal -
low crust has been in flu enced mainly by the last two cli mate
pe ri ods of the Vistulian Gla ci ation and Ho lo cene (Szewczyk,
2005). Be cause of the pre dom i nance of gla cial times over the
last 420 000 years, the ther mal re gime was con trolled by cool
cli mate pe ri ods down to a depth of sev eral kilo metres. Warmer

inter gla cial pe ri ods dis turbed that sta ble re gime only for short
times. The sit u a tion is il lus trated in Fig ure 8.

The mod el ling have also shown (Fig. 9) that the ef fect of
the warm Ho lo cene cli mate (about 14 300 years long) has
reached a depth of 1500–2000 metres till now. Be neath that
depth, the geo ther mal con di tions are still dom i nated by low
tem per a tures of the last gla ci ation.

A periglacial cli mate dom i nated in Po land dur ing the
Vistulian Gla ci ation. The only ar eas pe ri od i cally oc cu pied by a
thin ice-sheet cover (100–300 metres thick) were the very
north ern ends (Marks, 2007, pers. comm.). 

The re sults of both in ter pre ta tions and the mod el ling en abled
in tro duc ing a new method of heat flow cal i bra tion by com par ing
it to the val ues cor re spond ing with the con di tions typ i cal of late
Pleis to cene gla cial pe ri ods and best co in cid ing with nat u ral con -
di tions of ther mal sta bil ity (Szewczyk and Gientka, 2004). It is
easy to find out that the pre vi ously ap plied method of heat flow
cal i bra tion by com par ing it to inter gla cial pe ri ods is much less
ac cu rate. A dis tur bance of ther mal con di tions and the re sult ing
ne ces sity for in tro duc ing cli ma tic cor rec tions to the cal cu lated
heat flow val ues oc curs here prac ti cally at all depths. The sit u a -
tion is sche mat i cally il lus trated in Fig ure 10. 

The pre vi ously used method of heat flow cal i bra tion, de vel -
oped in a pa per by Èermãk (1976), was a re sult of then ac cepted 
er ro ne ous as sump tion that inter gla cial pe ri ods dom i nated in the 
Pleis to cene cli mate his tory. The re sults of re cent in ves ti ga tions
on an cient cli mate, based largely on ice core stud ies from the
Earth’s po lar ar eas, un am big u ously in di cate the def i nite dom i -
nance of gla cial pe ri ods (Pe tit et al., 1999). The need of ob tain -
ing in for ma tion about the heat flow value con trolled pri mar ily
by geo log i cal fac tors re sulted in a pro posal of us ing a dif fer ent
method of heat flow cal i bra tion. Be cause the zone ex tend ing
down to a depth of 1500–2000 m re mains un der an un sta ble
ther mal re gime, heat flow cal i bra tion to the gla cial pe riod cli -
mate is the best way to meet the con di tion. In gen eral, the heat
flow value in this case is a su per po si tion of two in de pend ent
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Fig. 8A — palaeoclimate for the last 160 000 years based on Vostok sta tions data on Antarctica (Pe tit et al., 1999); B — re sults of the o ret i cal
mod el ling of subsurface tem per a ture anom aly chang ing af ter typ i cal inter gla cial ep i sode as func tion of depth and time

Du ra tion of as sumed warm inter gla cial ep i sode Dt = 15 000 years , tem per a ture de crease DGST = 16°C has been as sumed

Fig.  9. Re sult of the o ret i cal mod el ling of the subsurface tem per a ture 
chang ing for ho mo ge neous space for the Pleistocene–Holocene

warm ing of the fig ure has been shown

Tem per a ture jump for Pleis to cene–Ho lo cene (DGST = 16°C), co ef fi cient
of ther mal dif fu sion A = 0.01 cm2 s–1, and, gra di ent of 40 mKm–1 has been
as sumed; GSTP — ground sur face tem per a ture for Pleis to cene; GSTH —
ground sur face tem per a ture for Ho lo cene



phe nom ena: subsurface sta tion ary heat flow run ning from the
Earth in te rior to wards the sur face, and changes in cli ma tic tem -
per a ture dur ing gla cial pe ri ods (in clud ing pri mar ily the
Vistulian Gla ci ation). Tem per a ture of the Earth’s sur face was
con trolled in the past by cli ma tic changes of much lon ger du ra -
tion than those from the last four gla cial cy cles i.e. about 100 ka 
years (Pe tit et al., 1999). For ear lier time the pe riod cy cles was
41 ka. Ther mal re gime at greater depths would have had a
slow-chang ing quasi-sta tion ary char ac ter.

By cal i brat ing heat flow val ues with ref er ence to a gla cial
pe riod we elim i nate the ef fect of cli ma tic dis tur bances to ex -
tract in for ma tion re lated mainly to geo log i cal fac tors con trol -
ling the heat flow value (see formula 3).

The idea of this method and the re sults of mod el ling of tem -
per a ture changes for a ho mo ge neous me dium (stepwise tem -
per a ture change is as sumed be tween gla cial and inter gla cial pe -
ri ods) are il lus trated in Fig ure 11.

If we take any one of the points from the drill log (whose
tem per a ture is rel a tively weakly dis turbed i.e. sit u ated at sec -
tion BC) as the first point, and a point rep re sent ing the
palaeotemperature (GSTP) at the Earth’s sur face (point A cor -
re spond ing to cli ma tic con di tions from the Late Pleis to cene) as
the sec ond point, then we can cal cu late a heat flow value and
cre ate a palaeotemperature pro file for the gla cial pe riod. This
tem per a ture is a spe cial case of the syn thetic tem per a ture Ts cal -

i brated in the up per, near-sur face part of the sec tion with ref er -
ence to the cli ma tic palaeotemperature of this pe riod (GSTP).

It is worth not ing that this method can sub stan tially ex tend
the range of geo ther mal data pos si ble to be used in de ter mi na -
tion of heat flow den sity. Bore holes with even sin gle tem per a -
ture mea sure ments (bot tom hole tem per a ture) can be used for
this purpose. 

Two meth ods can be used in es ti mat ing the heat flow value: 
(1) a “global” it er a tion method of fit ting the cal cu lated tem per -
a tures to real tem per a tures for in di vid ual sec tions of the tem -
per a ture pro file in ar eas that re main be yond the in flu ence of the
Ho lo cene warm ing (sec tion BC >1500–2000 m), and (2) the
afore-men tioned two-point method (sec tion AB). The re sults of 
both these meth ods for steady-state tem per a ture pro fil ing
within the depth zone sit u ated be yond the range of the Ho lo -
cene warm ing are equiv a lent.  

By mak ing such a cal i bra tion along the sec tion BC we can
cal cu late the mean palaeotemperature value in the near-sur face
zone (GSTP) for the Vistulian Gla ci ation. Such cal cu la tions
have been made for 66 deep bore holes with suf fi ciently long
ther mal mea sure ment in ter vals re main ing be yond the range of
cli ma tic fluc tu a tions. Fig ure 12 pres ents a his to gram of GSTP

val ues — the av er age value is –7.0°C at stan dard de vi a tion

SD = ±4.0°C. The rel a tively high stan dard de vi a tion value is
due to er rors in both tem per a ture mea sure ments and ther mal
con duc tiv ity de ter mi na tions. It can also re sult from a spa tial
vari abil ity in the mean cli ma tic tem per a ture for the Vistulian
Gla ci ation in Po land, im pos si ble to be de ter mined at the pres ent 
stage of re search. 
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Fig. 10A — gla cial ver sus inter gla cial steady-state 
and their in flu ence on heat flow den sity de ter mi na tion (B)

Fig. 11. Pro posed new  method of the de ter mi na tion 
of the heat flow den sity

Ex pla na tions as in Fig ure 9



HEAT FLOW DENSITY MAP

In ter pre ta tion work has re sulted in cal cu la tion of heat flow
den sity val ues for 308 deep bore holes drilled in Po land and south -
ern Bal tic Sea. The cal cu la tion of heat flow value for all 308 bore -
holes was based on a two-point method with the mean sur face
palaeotemperature at 7°C (point A, Fig. 11).  Fig ure 13 pres ents a
re sul tant map show ing also lo ca tion of mea sure ment points.

The spa tial im age of heat flow den sity con firms the pres -
ence of high heat flow val ues across the Palaeozoic plat form,
es pe cially in ar eas of Variscan externides. Low val ues are ob -
served in the Pre cam brian plat form; they are ex tremely low in
ar eas where rock mas sifs have low ra dio genic heat pro duc tiv ity 
(Szewczyk, 2005). A dis tinct change is ob served in the range of 
heat flow den sity vari abil ity that falls within the in ter val from
ap prox i mately 38 mWm–2 in the Suwa³ki Mas sif to al most
107 mWm–2 in the Fore-Sudetic Monocline. This is a con se -
quent im age, al though in flu enced by in suf fi cient num ber of
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Fig. 12. His to gram palaeotemperature GST for Weichselian 
Gla ci ation for Po land based on geo phys i cal method

Fig. 13. New map of the heat flow den sity for Po land



mea sure ment points in some ar eas. The ob tained heat flow val -
ues are gen er ally higher rel a tive to the val ues from ad ja cent
coun tries where no palaeoclimatic fac tors have been taken into
consideration for the heat flow map construction.

In gen eral, the pat tern fol lows the pre vi ously rec og nized
im age of heat flow dis tri bu tion: low val ues in the East Eu ro -
pean Plat form and high val ues in the Palaeozoic plat form. Due
to the mul ti ple in crease in the num ber of wells drilled (es pe -
cially in the Pol ish Low lands), the im age of in di vid ual anom a -
lous zones is more de tailed. 

The over all pat tern of heat flow dis tri bu tion re flects the
subsurface geo log i cal struc ture (Fig. 14). The area of old Pre -
cam brian plat forms is char ac ter ized by low heat flow val ues.
The low est fig ures (<40 mWm–2) are re corded in the north-east
part of Po land (Suwa³ki and Kêtrzyn anortosite mas sifs) with

rocks con tain ing a very low amount of ra dio ac tive el e ments re -
sult ing in a low ra dio genic heat pro duc tion. In ad join ing ar eas
where granitoids are dom i nant in the base ment, the mean heat
flow den sity is 55–65 mWm–2. 

The spa tial im age of heat flow pat tern in the Pre cam brian
plat form is un doubt edly highly de ter mined by the dis tri bu tion
of bore holes, in clud ing those pro vid ing ther mal data. Most of
the bore holes were drilled in grav ity-mag netic anom aly ar eas
be cause they were aimed mainly at ex plo ra tion of ores. The
base ment li thol ogy of these zones is prob a bly un typ i cal of the
ar eas surrounding the anomaly zones. 

In the west ern end of the Pom er a nian Trough (£eba El e va -
tion) there is a zone of el e vated heat flow val ues rang ing from
over 70 mWm–2 in the S³upsk re gion to 80 mWm–2 near Jamno. 
It con tin ues into the Bal tic Sea area. Low heat flow zones ob -
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Fig. 14. Geo log i cal re gional sub di vi sion of Fore-Carpathian Po land at sub-Ce no zoic palaeosurface 
(af ter Narkiewicz and Dadlez, 2008, mod i fied) with some el e ments of main tec tonic units and a lo cal iza tion in for ma tion



served near Kamieñ Pomorski also con tinue into the Bal tic
area. A quite new fea ture is a prom i nent zone of el e vated heat
flow ex tend ing to the north of Rozewie within the so-called
£eba Block. This anom aly zone may rep re sent an extention of a 
zone of el e vated heat flow val ues ob served in east ern Swe den
and adjacent Baltic areas. 

The Kujawy–Pom er a nian Swell, with its nu mer ous salt
struc tures, is man i fested as a zone of el e vated heat flow val ues
(65–89 mWm–2) as com pared with the East Eu ro pean Craton.
How ever, the craton bound aries do not co in cide with the ex tent 
of the high heat flow zone. 

The Ma³opolska Mas sif splits into two zones: the west ern
zone of the Miechów Trough show ing el e vated heat flow val ues
of 65–95 mWm–2, and the east ern zone man i fested by low heat
flow val ues in the north ern end of the Carpathian Foredeep.

The Carpathians, in par tic u lar their west ern re gions, are
char ac ter ized by a low heat flow den sity grad u ally in creas ing
eastwards. The cen tral part of the Carpathians shows a dis tinct
in crease in heat flow den sity re corded in the only bore hole
drilled in this area (Siekierczyna IG 1). A well-pro nounced in -
crease in heat flow val ues is also ob served in the east ern part of
the Carpathians. It may be as so ci ated with an ex ten sive zone of

high heat flow re ported from Slovakia and Hun gary (Hurter
and Haenel, 2002).

Gen er ally mod er ate heat flow val ues are ob served in the
Sudetes, very poorly ex plored in terms of ther mal con di tions,
es pe cially in the west ern re gions.

 Up per Silesia is con spic u ous by a zone of high heat flow
val ues that finds its con tin u a tion into the area of Czech Re pub -
lic. A mo saic of heat flow val ues, sug gested in ear lier re ports,
has not been corroborated.

Heat flow val ues rap idly in crease in foldbelt ar eas of
Variscan externides and in the north ern zone of Lower Silesian
internides, reach ing the max i mum level in Po land of over
107 mWm–2. The north east ern bound ary of the Variscan front,
prob a bly iden ti cal with the well-pro nounced limit of the high
heat flow zone is rel a tively clearly ex pressed here. The south -
west ern part of the anom aly zone cor re sponds likely to the
Odra Fault. 

Un clear is the re la tion ship be tween the south east ern end of
the anom aly zone and the tec tonic struc ture of the area (Dadlez
et al., 1994). The anom aly zone has its con tin u a tion into the
North Ger man Ba sin. Fig ure 15 il lus trates a set of ther mal data
from Po land (heat flow map) and Ger many (2000 m depth tem -
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Fig. 15. Com par i son of new heat flow map (Po land) with tem per a ture map for 2000 metres depth for NW Ger many 
(tem per a ture map af ter Schellsmidt, 2006, mod i fied)



per a ture map). The ex ist ing heat flow map for Ger many is con -
sid ered to be poorly re li able (Lotz and Forster, 2002) — the
tem per a ture map for a depth of 2000 m (be yond the range of
cli ma tic in flu ence) is thus a more re li able ap prox i ma tion of the
ther mal field.

As sug gested by Œliwiñski et al. (2006), a deep de pres sion
filled prob a bly with an Up per Car bon if er ous molasse oc curs in
a zone ad join ing the Variscan front un der Perm ian de pos its. It
may re flect a con tact of folded Lower Car bon if er ous rocks
with the Up per Car bon if er ous se quence. It is worth not ing that
the Up per Car bon if er ous suc ces sion is char ac ter ized in Po land
by the high est gamma ray val ues up to 145 API (Szewczyk,
2000). It cor re sponds to ra dio genic heat equal to ap prox i mately 

2.3 mWm–3 (Norden and Foester, 2006). As sum ing that ra dio -
genic heat of sed i men tary rocks out side the anom aly zone is of

about 0.8 mWm–3, the ob served dif fer ence in heat flow val ues
be tween the anom aly zone and the Pre cam brian plat form
(craton) is about 35–40 mWm–2. Such high vari a tions in heat
flow val ues are ac com pa nied by a con sid er able dif fer ence in
pres ent-day tem per a tures in both these ar eas, reach ing over
40–45°C at a depth of 3000 m (Fig. 4B).

Even if the Up per Car bon if er ous suc ces sion is a few kilo -
metres thick (pro duc ing ra dio genic heat), it does not ex plain
the ob served anom aly mag ni tude. Thus, the source of the ther -
mal anom aly should due to huge dif fer ences in litho sphere
thick ness in both ar eas. (Jarosiñski and D¹browski, 2006;
Wilde-Piórko et al., 2006). This prob lem could be solved by
fur ther in ves ti ga tions. The key el e ment, nec es sary to ana lyse
prop erly the re la tion ships, should be rec og ni tion of the depth
dis tri bu tion of ra dio genic heat within the shal low crust (in clud -
ing sed i men tary for ma tions). Both the sig nif i cant prog ress in
in ter pre ta tion of ar chi val geo phys i cal data, in clud ing those
con cern ing cal i bra tion of gamma ray logs (Szewczyk, 2000),
and the in creas ing num ber of drillholes with spec tro met ric
gamma ray log ging cur rently en able un der tak ing a study on the 
es ti mates of ra dio genic heat con tri bu tion to the heat flow den -
sity val ues. 

The re la tion ships be tween the ther mal field and tec tonic
struc ture were sub ject of nu mer ous anal y ses and dis cus sions in
the past. The re gional dis tri bu tion of heat flow might have been 
af fected by var i ous fac tors, such as subcrustal rem nant heat re -
lated to tectonophysic pro cesses and the dis tri bu tion of ra dio -
genic heat sources in the sed i men tary for ma tions and
crystalline basement. 

The is sues of in ter pre ta tion of geo ther mal re search in terms
of re lat ing geo ther mal pa ram e ters to tec tonic units should be
treated with much cau tion (Majorowicz, 1982). Fur ther stud ies
of the re la tion ship be tween the ther mal field im age and the
subsurface geo log i cal struc ture in Po land will un doubt edly
pro vide more detailed information. 

CONCLUSIONS

Geo ther mal data are an im por tant source of in for ma tion for
palaeoclimatic stud ies in the area of Po land due to its spe cific
po si tion through out the Late Pleis to cene glaciations. Dur ing
the Vistulian Gla ci ation, the area was un der mainly a

periglacial cli mate as a re sult of the thick ice sheet in Scan di na -
via. In North ern Po land, pe ri ods of ice sheets (up to ap prox i -
mately 300 m in thick ness) were rel a tively short cli ma tic ep i -
sodes that weakly in flu enced the subsurface ther mal re gime of
the ar eas.  

A spec tac u lar achieve ment, very im por tant in terms of both
geo ther mal and palaeoclimatic prob lems, was a dis cov -
ery of a deeply seated rel ict per ma frost (of orig i nal thick ness
reach ing al most 600 m) near the Suwa³ki an or tho site mas sif
(Szewczyk and Gientka, 2003; Šafanda et al., 2004). The mod -
el ling of this phe nom e non re sulted in, among oth ers, es ti ma tion 
of ef fec tive palaeotemperature dur ing the Vistulian Gla ci ation,
whose value for North ern Po land was de ter mined at –10.3°C
(Šafanda et al., 2004). Al though the phe nom e non of deep per -
ma frost for ma tion was re lated to lo cal geo log i cal con di tions
(Szewczyk, 2007), its pres ence is an ev i dence for a spe cific cli -
mate in Cen tral Eu rope.

The data ob tained have sig nif i cantly mod i fied the knowl -
edge on cli ma tic con di tions dur ing Late Pleis to cene times in
Cen tral Eu rope. They also pointed to a need of a thor ough re vi -
sion of the ex ist ing heat flow de ter mi na tions in other re gions
(Ball ing, 2002; Szewczyk, 2002; Szewczyk and Gientaka, 
2004; Gosnold et al., 2005). 

It should be stressed that in clas si cal method of HFD de ter -
mi na tion which is based on the re la tion [1] and lab o ra tory-de -
ter mined ther mal con duc tiv ity (K), in com plete sat u ra tion of
rock sam ples in lab o ra tory con di tions (es pe cially shale; see
Fig. 2), un sta ble-ther mal re gime in bore hole con di tions
(Fig. 3), and palaeoclimatic in flu ence (Fig. 4A), will be lower
than the ac tual value in all cases of HFD.

Be sides tak ing no ac count of the palaeoclimatic fac tor, the
sec ond main short com ing in the con struc tion of pre vi ous heat
flow maps, not only for Po land but also for other coun tries, was 
inhomogeneous na ture of the meth ods for cal cu lat ing heat flow 
val ues. Those were most of ten com pi la tion maps con structed
based on heat flow de ter mi na tions made at var i ous times and
by dif fer ent au thors usu ally us ing dif fer ent meth ods and not al -
ways com pa ra ble lab o ra tory data employed in heat flow
measurements. 

The very op ti mis tic re sult of the re search was a dem on stra -
tion that most of the data are suf fi ciently re li able for heat flow
de ter mi na tions, de spite many opin ions about their low
reliability.

The most im por tant el e ment of the stud ies was the ap pli ca -
tion of a uni form in ter pre ta tion method for the whole ter ri tory
of Po land at all re search stages, in clud ing a pro ce dure of elim i -
nat ing palaeoclimatic ef fects. It highly en hanced the re li abil ity
of the re sults, ex pos ing pre dom i nantly geo log i cal fac tors in the
observed heat flow variability. 

An un solved di lemma is the prob lem how to cal i brate the
heat flow val ues. For the pres ent au thors, the so lu tion is ob vi -
ous: cal i bra tion should be per formed with ref er ence to cool pe -
ri ods. Long du ra tion of gla cial pe ri ods in the Late Pleis to cene
his tory in di cates that, for depth ex ceed ing 1500–2000 m, the
“cool” gla cial re gime of the Earth (Szewczyk and Gientka,
2003) is a state of ther mal equi lib rium from the point of view of 
prac ti cal geo log i cal knowl edge. 

The method of heat flow de ter mi na tion, ap plied in the con -
struc tion of the pres ent map, will al low easy in cor po ra tion of
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new mea sure ment points. The cur rent state of ther mal field ex -
plo ra tion in Po land pro vides the pos si bil ity of mak ing the im -
age of spa tial vari abil ity of the ter res trial heat flow den sity
more de tailed, mainly by in tro duc ing bot tom hole tem per a ture
(BHT) data. The cre ated da ta base can be used in any geo ther -
mal mod el ling, in clud ing con struc tion of other map ver sions
based on alternative interpretation models. 
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