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Approximate values of the geothermal gradicnt are calculated from
temperature measurcments in thirty onshore exploration wells and
thirteen Danish North Sea exploration wells. A regional contour map
is presented and discussed in relation to thc major geological features
in the area. Estimates of the thermal conductivity and the heat flow
are given. Average values for the geothermal gradient, the thermal
conductivity and the heat flow in the onshore area are determined
to 23.2°C/km, 0.0058 cal cm™s1°C™* and 1.34 ucal cm™%s™' respec-
tively.

With the intention of investigating the regional variation of the geothermal
gradient in Denmark and the Danish North Sca sector, approximate values
of this gradient have been calculated for thirty of the deepest onshore
exploration wells (drilled in the period 1950-1968) and thirtcen Danish
North Sea exploration wells (1966-1970). The area in which the well
Dansk Nordsp B+1 (1967) is located has belonged to the German sector
since the border treaty of 1971.

A few relatively deep wells in the central part of the North Jylland Salt-
dome Province have been omitted. These wells were all terminated in the
rocksalt of salt structures, and were excluded from the regional analysis by
reason of the anomalous temperature ficlds which exist in and around salt-
domes.

The tempcrature data were mainly obtained during runs of electrical logs
by the firm Schlumberger for the Danish American Prospecting Company
and since 1962 for Dansk Undergrunds Consortium.

The temperature data

Single temperature mecasurements in borcholes are usually made with mer-
cury thermometers, which for absolute measurements have an accuracy in
the order of 0.01°C. The temperature data from ‘the wells in question are

bottom hole and/or maximum temperatures, the latter also normally cor-
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responding to the temperature close to the bottom of the borehole. Besides
measurcments at the final depth, data were often available of intermediate
log runs from the most recent welis.

Temperatures measured at the bottom of boreholes a relatively short
time after cessation of the drilling activitics do not represent the temperature
of the undisturbed formation. The circulating drilling mud will have a
cooling effect, whilc the mechanical action of the drilling bit will have a
tendency to increase the temperature. Geothermal gradients calculated from
temperatures which have not been corrected for these factors are probably
lower than the truc gradients by 10-15¢/ (Evans and Coleman 1974).

Only for a minority of the wells under consideration is therc information

Tadle 1. Onshore tenmperatures and temperature gradients.

Vell Depth 2:‘:21:::““ Yem?ﬁrgture Geothg;ngé/g;adient Formation
Asbenraa 1 2342 65.5 25.2 Pre-Zechstein
Arpua 1 1829 §4.5 23.2 Pre-Zechstein
Borglun 1 1516 37.0 19.1 Rhaetic
Fjerritslev 1 907 30.0 24.3 Lower Jurassic
Fjerritslev 2 2059 ) 55.0 22.8 Lower Jurassic
Flyvbjerg 1 1695 40.0 18,9 Keuper
Frederikshavn 2 1026 32.0 23.4 ? Triassic
Frederikshavn 3 1093 . 32.0 23.9 ? Triassic
Gassup 1 3036 115.5 35.4 Bunter
Glansbjerg ! 905 28.0 22.1 Pre-Cambrian
Grindsted 1687 67.0 35.8 Pre-Canbrian
Haldager 1517 .o 41.5 Lower Jurassic
Rorsens 1 1726 43.0 20.9 Kewper

Honning 1 1922 44.0 18.7 Bunter

tavo 1 2438 51.0 17.6 1 Xeuper

Mors 5215 133.0 23.1 Triassic
Hovling 1 3569 95.0 23.1 Silurian

Ringe 1 1435 0.5’ 22.7 Lower Permian or
Rodby 1 1530 43.0 21.6 Bunter

Rodby 2 2720 74.5 26.0 Rotiiegendes
Rodekro 1 1645 39.0 18.9 Pre-Zechstein
Ronde 1 5237 138.0 23.2 Siturtan
Stagetse 1 w2 87.0 26.6 ’ Lower Cemdrian or
Thisted ) 908 38.0 13.0 Triassic

Tonder 1 3085 71.0 21 Zechstein
Tonder 2 3194 93.0 24,1 Rotliegendes
Uglev 1 1240 54.0 35.3 Rock Salt
Ullerslev 1 1038 34.5 25.1 Triassic
Yedsted 1} 2065 53.0 22.3 Rhaetic

Brslev 2564 14.0 25.7 tower Carboniferous
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available about the clapsed time between cessation of circulation and
tempcraturc measurement. The given times lie in the interval 3-30 hours,
with the majority below 10 hours. This distribution can also be assumed to
be representative for the remaining wells.

For the wells where at cach depth of mcasurement a registration has
been made at more than one time after cessation of circulation, e.g. after
3 hrs. 5 hrs. 13 hrs. and 25 hrs,, it has been possiblc to plot the tempera-
tures versus time and draw a smooth curve through the points. The asymp-
totic value of this curve will give a better approximation to the true forma-
tion temperaturc (sce e.g. Hedemann 1967). It has been possible to use
this mcthod for a few of the most recent onshore wells and for nearly all
the North Sca wells. For the remaining wells, the measured temperatures
have been used without any correction.

Another uncertainty factor for the determination of the undisturbed for-
mation temperature is that palacotcmpcratures may be expected in the
underground, stemming from previous periods of glaciation. From models of
the tcmperature variation at the surface it is possible to calculate the re-
sulting decrease in the geothermal gradient. A maximum influcnce of about
10 % can be cxpected for a depth of 1000 m, and the influence can be
neglected for depths exceeding 1500 m (Kappelmeyer and Hacnel 1974,
p. 95). As the decrease in the gradient depends on the local variation in
surface temperature in the past, it is not possible to make a general cor-
rection. Of the wells under consideration, seven have depths of 900-1200
m, and the remaining oncs arc about 1500 m or deeper. For these reasons
no attempt has been made to correct for palacotemperatures.

Table 2. Offshore (in the North Sea ares) temperatures and temperature gradients.

¥ell Depth ?:‘::t::: bottom Tel:s?:rgcture Geothi;mgélggadient Formasion

A-1 1740 §2.5 27.3 Danien

R-2 1965 74.5 33.5 Upper Cretaceous
B-1 3497 113.5 e Rotliegendes

c-1 3142 87.5 25.8 Pre-Zechstein
0-1 . 3477 75.5 22.4 .Ro:liegendes

£-) 4011 129.5 30.6

E-2 2123 ’ 2.0 31.6

F-1 2342 ) 81.0 33.4

G-1 3TN 8.5 30.6

H-1 2079 72.0 31.8

-1 3820 132.0 3.8

J-1 1506 76.5 38.5

k-1 2198 74.0 35.2
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Calculation of the geothermal gradients

For the calculation. of the onshore gradients a, surface temperature of §°C
has been app]zcd representing the average mean annual temperature for the
whole country. Offshore the sea bottom temperatures have been determined
from the temperature versus waterdepth curve .given in Evans and Coleman
1974. - -
The depths have beén corrected to -ground level and sca bottom for
onshore and offshore wells respectively. With the. exception -of Rgnde No. 1
and Ngvling No. 1 (Henriksen in Rdsmusseén et af. 1971 and 1973) thcsc
depths have.not beén corrécted -for the: deviation of the borehole from- thie
vertical. This implics that the, applied .depths are soméewhat too high, but

-as the deviation from the vertical is mostly of a relatively small order, it is
.estimated that the yésulting uncertainty in the gradients is of a loweér order

than the errorstemming from the temperatuies. However, both factors tend
to give too low gradicnts. &

If only one temperature measurement is available ‘from a2 well, the cal-
¢ulated gradient must be regarded as an -average gradient between the
surface (or sea bottom) ‘and the depth of that measurement. If fore: than
one tEmpérdture dcturmmatmn was, available dn average gradxcnt was ¢al-

culated by fitting a regression line to the values with 1he cendition, that it
should have an intercept with the temperature. axis cqual to the surface or

sea bottem tempttaiure- '_1_tht,hc,wc]] location.
Table 1 and.2 show the calculsted geothermal gradient and the value of

the decpest temperature-determination for each well together with the depth

and stratigraphical position of this determination (further information about
the stratigraphy and-lithology of the wells can be found in Sorgenfrei and
Buch 1964, Rasmussen ef al. 1971 and 1973, Rasmissen 1972 and 1974).

A description of the stratigraphy and lithology of the eight most recent.

wells in ‘table 2 is being worked out by the geologists at the. Geological
Survey and will be published by Rasmussen in Danm. 'geol. Unders., III.
reekke, 44 (in preparation),

The calculated gradients together with the position .of the wells dre

shown in fig: 1.

Discussion- of the geothermal gradients

As the geothermal gradient is a function of depth, and the gradicrits have

_been deterinined from wells of different depths, they are not strictly com-

parable. However, if the relatively high values for the wells Gassum No, i,
Grindsted No. 1 and Haldager No. 1 are considered to be caused by local
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Flg 3. A plot of iempcraturc versus depth for. the thlrty onshorg; wells. The regression
Tine: has a :slope of 23.2 *C/kin afd an.intércept of §2 o) Data from the Uglev -1

(+1), Grindsted 1 {+2), Haldager 1.(+3yand Giassum [-well {+4) have been excludcd'

from the analysis, .

features, and if for the onshore area the. main weight is put on the wells.

which have been- drilled 1o depths below the: Zechstein salt, or which have
been drilled where the. salt is thin or absent, it is possible to see a
regional distribution of the values for ithe geothermal gradient. A tentative

contouring is shown in fig. ‘2 together with the main structural elenients in’
the area (niainly from Sorgenfrm 1966 and 1969). The general trend of the -

contours is’ northwest southeast.
Low geothermal gradients offen correspond to. positive structural ele-

‘merits, while high values are found in deep. sedimentary basins. It can be

scen that an elongate minimum zome is situated on the Ringkgbing-Fyn-Fal-
ster High, while the.Danish Embayment and.the East Dogger Bank Graben
represent.areas of maximum values.

Considering the onshore .area the gradient decreases regionally -from
about 25°C/km (o lesser than 20°C/km in the direction southsouthwest-
northéast’ towards the Fennoscandian Shield. The maximum indicated by
the wells Frederikshavn No. 2 and 3 may be relatively local.

Fig. 3 shiows a plot of temperature versus depth from all wells in table 1.
Data from -intermediate Jog runs have ‘alse been included. A standard
program has been uscd to fit a regression line to the p’ointﬁs.(Gassum No. 1,
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Fiz. 4. A plot o"f".,lggr_\ggrature versus depth for the wells Dansk Nordsg F-1, J-1 and
K—1.The regression line has 4 slope of 17.5 *C/km and an intercept of 39.5:°C.

Grindsted No, 1, Haldager No, 1 and Uglev No. 1 have béen excluded as
r»presentmg local anomalies), The line has an intércept with the - tempera-
ture. axis of 8:2°C + 1.9°C and 4 slope of 23. 2°C{km + (,7°C/km, whichr

can be regarded as-a minifium average value, for the: geothermal gradzent in

Denmark. .

The maximum zone of the Danish Embayment continues with increasiiig

values towards the northwest in ‘the North Sea area. The temperatures. for
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Fig. 5. A plotrof temperature versus depth for the eighit wefls in the East Dogger Bank

Graben (Dansk Nordsp A-1, A-2, B-1, E-1, B-2, G-1, H-1 and I-1). The regres-

sion line has a slope of 29.2 °C/km and an infercept of 12: 9 C.
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the three wells Dansk Nordsp F~l, Dansk Nordsg J-1, and Dansk:
Nofdsg K-1 arc plotted versus depth in fig. 4. A regression linc fitted to
the points has dn intercept of 39.5°C + 6.2°C and a slopé of 17.5°C/km +

3.8°C/km; if the line is determined -with thé condition that the intercept

with the femperature axis must be 7.2°C (average sca bottom temperature
at:the three wells) it will have a slope of 35.5°C/km. It is obvious that the
straight line is not an appropriate model for these data. There must be a
high gradient in the upper layers relative to the decper ones. Conceining the
geology of the acea it is known that scveral saltdonies and saltwalls are

present and that the wells Dansk Nordsg F~1 and K-1 are situated on-of

near such structures. The well Dansk Nordsg J-1is located in the area
where tlie Triassic to Lower Cretaceous séguence.reaches it§ maximum value
in the Darnish North Sea arca with vilues cxceeding 6, 'km (Childs and Reéd:
1975, fig. 4).

The minimum of the Ringkghing-Fyn-Falster High coniinucs in a north-
west direction along the. High. From here the geothermal gradient increases
towards the sonthwest ,and‘reaéhcs a maximum of about 3%3?Crkm in the
Fast Dogger Bank Graben: The order of the contour values for this area is
in good accordance with earlier published data for other sectors: in the.
North Seca (l Tatper 1971 and Evansand Coléman 1974)

In fig. 5 is shown a plot of tempcrature versus depth for the eight wells
in the East Dogger Bdnk Graben., The lchflucd to the points has an inter-
cept of 12.9°C * 1.7°C and a slope.of 29.2°C/ki + 0.7°C/km. If the con-
dition-is madc that the intercept must'be 7.3°C (average of the sea bottom
temperatures) then the slope will be 31.2°C/km. This. implies that: the . gra-
dient is highier in the uppermost layers than indicated by the line model.

The East Dogger Bank Graben. as a part of the Central Graben' is an
area characterized by ‘4 very thick sequence of Tértiary sediments (low
thermal conductivity) and by salt piercenient structures. These are probably
thé main reasons for-the high gradient values in this area.

The s, yet sole Didnish productive cil field, the Dan field is located in
‘the area of maximum gradient values. In this connection it is interesting to
fiote: the theorics of Kicmme 1972 (see Evans and Coleman 1974) that
high geothermal gradients enhance petroleum mobility and therefore also
enhance migration to structural tfaps,

Estimation of the. heat flow

No Danish determination exists of thermal conductivities for the scdiments in
the area under consideration. Therefore: an estimate of thermal conduc-
tivities- for ‘the North Sea scdiments (Evans and .Coleman 1974) has been

D.G:U. &rbog 1974 13
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applied. For cach of the onshore and offshore wells the average thermal
conductivity and the heat flow have been estimated.

The estimated values of the thermal conductivitics for the onshore wells
(Gassum, Grindsted, Haldager and Uglev have becen omitted) have an
average of 0.0058 cal cm™s'°C™? and a standard deviation of 0.0007
cal cm™s°C1,

The average of the values for the wells in the East Dogger Bank Graben
is 0.0046 cal cm™'s*°C* with a standard dcviation of 0.0005 cal
cm™s™°C,

The corresponding values for the heat flow are 1.34 pcal cm™s™ + 0.27
wcal cm™s™ for the onshore wells and 1.43 pcal cm™s™ + 0.16 ucal

-0 -

cms™ for the wells in the East Dogger Bank Graben.

It is scen that there is a significant difference between the thermal con-
ductivity for the onshore and the East Dogger Bank Graben area. The
relatively low value for the latter is explained by the fact that the Tertiary
and Crctaccous sediments, which have a low conductivity, constitute the
main part of the stratigraphy in the wells located in this area.

The average values for the heat flow in the two arcas indicate a de-
crease towards the onshore area, but it must be noted that the standard de-
viations arc relatively large and that the temperaturcs from the offshore
wells are to some degree corrected to higher values closer to the true forma-
tion tempcratures while this is only done for a couple of onshore measure-
nients.

Values of 0.90-1.00 pcal cm™s™ are common for the heat flow in
Precambrian arcas; thercfore a decrease towards the Fennoscandian Shield
could be expected.

A trend analysis of 7th order has becn made by Haenel 1974 based on
heat flow data from a large part of Europe (however nonc from the arca
of Denmark and the North Sca). On his map the contours representing
heat flow values of 1.2 and 1.4 ucal ecm™s™ cross Denmark and the North
Sea, thereby showing an agrcement with the figures estimated above.

Conclusions

Despite the uncertainty factors in the data and the calculations it secms
justificd to conclude that the order of the values for the geothermal gradient
and the heat flow in the Danish arca is as could be ecxpected regarding
its Jocation rclative to the Fennoscandian Shield and the North Seca area.

14 D.G.U. &rbog 1974

o r——

PPN

-

Madsen: Geothermal gradients

Dansk sammendrag

For 30 af de dybeste efterforskningsboringer indenfor dansk landomride (perioden
1950-68) samt 13 danske Nordsgboringer (1966-70) er der pa grundlag af tempera-
turer, milt i borchullet, beregnet tilniermede vierdier af den geotermiske gradient.
Tabel 1 og 2 giver for hver boring den beregnede gradient og den dybeste temperatur-
bestemmelse, samt dybden og det stratigrafiske niveau for sidstnmvnte. Pi fig. 1 er
vist placeringen af boringerne sammen med vierdien af den geotermiske gradient.

Et regionalt konturkort over den geotermiske gradient (fig. 2) viser, at en minimums-
zone er beliggende over Ringkgbing-Fyn-Falster Hgjderyggen, mens Det danske Senk-
ningsomride og Pst Dogger Banke Graven udggr omriader med relative maksima.
Indenfor det danske landomride aftager gradicnten regionalt fra omkring 25 °C/km
mod sydsydvest til mindre end 20 °C/km mod nordgst i retning mod Det fennoskan-
diske Skjold. Et plot af temperaturernc mod dybderne for landboringerne er vist pi
fig. 3. En ret linic tilpasset punkternc efter mindste kvadraters metode har en haldning
pd 23,2 °C/km, hvilket kan opfattes som en mindste middelverdi for den geotermiske
gradiant i Danmark. I det veldefinerede maksimum over @st Dogger Banke Graven
antager gradienten vierdier pd mere end 33 °C/km.

Udfra publicerede data for varmeledningsevnen for Nordsgsedimenter er der bestemt
en middelvardi for varmcledningsevren pi 0,0058 cal ecm™is7t°Ct' og 0,0046 cal
cm™s71°C™! for henholdsvis det danske landomride og @st Dogger Banke Graven.
Den relativt lave vrdi i @st Dogger Banke Graven skyldes, at hovedparten af de
gennemborede lag udggres af tertixzre og kretaciske sedimenter, der har en forholdsvis
lav varmeledningsevne. Der er endvidere bestemt en middelvaerdi for varmestrgmningen
PA 1,34 ucal cm™s™! og 1,43 xcal cm*s7t for henholdsvis landomridet og @st Dogger
Banke Graven. Dette indicerer med forbehold for usikkerhed ved bestemmelserne, at
varmestrgmningen aftager i retning mod det danske landomrade. Da verdier i stgrrel-
sesordenen 0,90-1,00 ucal cm2s7! er almindelige for prekambriske omrider, kunne det
forventes, at vardierne for den geotermiske gradient og varmestrgmaingen aftog i ret-
ning mod Det fennoskandiske Skjold.
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Triassic palynology and stratigraphy of
some Danish North Sea boreholes

Finn Bertelsen

Bertclseng Fina: Triassic palfnﬂlbg}r and stratigraphy of someg Dunish
North Sea boreholes, Darim. geol. Unders,, Arbog 1974; pp. 17-32,
‘pl. 1. Kgbenhavn, 1. sepiember 1975;

Palynof]oras ranging- in- age from Anisian o Rbaetian are dcsm ibed
frnm the Danish MNorth Sea sector. Anlsmn Ladinian (Muschelkalk),
-assemblages were, recovered from the Dasal part of the Dunsk Nordss-
A-2 borchole situated in-the: Ceniral Graben. Rhaetian assemblages
occlr in the Dansk MNordsg F-1 and the Dinsk Nordsp K-1 bore-
holes drilled in the nerthwestern. part 6f the Danish Embayment.
The Triagsic red beds are gencrally non-palyniferdus with rare po-
ductive Horizons. '

Triassic palynological inforiation from the North Sea offshore area has
hitherto_ been limited to some profiles lying on .an E-W directed line
through the southern part of the North, Sea Basin (Geiger & Hopping 1968).
The present study interids to cxiend the published knowleédge of the offshore
Triassic deposits by giving the results of palynological investigations carricd
out within the Danish sector. Due to the rapidly developed palynological
research on the British onshore Triassic (Warrington 1974) the Strdtigraphi-
cal “breakdown” of the offshore ‘mainly non-marine deposits has to some:
degrec been successful. However, the occurrence of. vertically limited pal y-
niferous sequences, which. cause serious trouble: in British onshore Triassic
correlations séerris to be repeated as a norm 6f the offshore-area too.

The Danish offshore area comprises parts of four structurally defermined
deposition centre during the. Triassic (Text-fig. 1): 1) To the north the
northwesterly extension of the Danish Embayment, 2) to the west, part of
the Central Graben, 3).to the $oith, 2 northern patt of thé North German

‘Basin and 4) the Horn Grébcn connecting.the Danish Embayment with the

North German Basin (Childs & Reed 1975).

The Triassic deposits .generally show a change from contincntal arenace-
ous ted “beds in the Early Triassic to-a more pelitic red bed facies in the
Middle-Late Triassic, During the Middle-Late Triassic, evaporitic carbo-
nates, anhydrite and rock salt were also deposited. The climatic change
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