Heat flow in the Voring Basin, Mid-Norwegian Shelf
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ABSTRACT: /1 sitn temperature and heat flow were determined in 1994 at 159 sites,
grouped into 66 clusters between latitude 65° N and 67°30” N at water depths from
669 m to 1464 m. The mean of all cluster heat-flow measurements conducted in this
survey was 58.5 mW m 7, with a standard error of £4.40 mW m~ % The mean
heat flow from TKU well data for the Trondelag Platform is 56.2 4 6.65 mW m ™~ .
Shorter wavelength heat-flow variations appear to be controlled structurally and can
be explained by sedimentation and thermal refraction effects. High heat flow
associated with faulted structural highs such as the Nyk High and Vema Dome—Rym
Fault Zone may also result from hydrothermal convection. Relatively isolated high
(106.6 mW m ™ %) heat flow observed at 846 m water depth may be an artefact of
bottom water disturbances; however, virtually identical deep-water heat-flow
anomalies, believed to be of hydrothermal origin, also exist. While heat-flow
measurements made at water depths less than 1000 m should be regarded with
caution, there is presently no justification for eliminating those exhibiting linear heat
flow with depth. Submarine avalanches seem unimportant in the survey area. Neither
crustal thinning, underplating nor sill intrusion, within the last 50 Ma, would have a
measurable effect on present-day heat flow. The net effect of crustal thinning may be
a reduction of the crustal heat generation potential, depending on the degree of
thinning of the upper crust, since the accumulating sediments cannot compensate

fully for the lost heat generation from a crystalline basement.
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INTRODUCTION

The Voring Basin is a major deep-water frontier exploration
area, which has been a focus of exploration during the last few
years. Because of very long distances to well calibration data,
and because the structural evolution of this area differs consid-
erably from that of the better-explored Haltenbanken and
North Sea, the temperature—depth relationships in the Voring
Basin have been uncertain. Previous heat-flow data from the
area include gravity spear data reported by Haenel (1974),
Langseth & Zielinski (1974), Zielinski (1977, 1979), Sundvor
et al. (1989), and a single heat-flow value reported from ODP
hole 644 (Eldholm ez a/. 1987, p. 650). Most of these have been
discussed more recently by Vogt & Sundvor (1996) and
Sundvor e al. (2000). Eighteen new heat-flow values derived
from DST temperatures from deep wells of the Trendelag
Platform have been included in the discussion of atreal heat
flow.

Ever since Tissot & Espitalié (1975) first drew attention to
the relation between heat flow and petroleum generation,
research concentrated on the relationship between heat flow,
hydrocarbon generation and migration (e.g. Zielinski &
Bruchhausen 1983) and ever more trefined kinetic models (e.g.
Schenk ez al. 1997) that link petroleum generation with tem-
perature. Since then, research has resulted in several unique

Petrolenm Geoscience, Vol. 10 2004, pp. 353-365

marine heat-flow datasets from global continental margins,
funded by consortia of multinational exploration companies.
The new data presented here are believed to be the first of such
sets to be released for publication.

Sub-surface temperature is one essential parameter in mod-
elling petroleum generation from source rocks, and can be
inferred from measured surface heat flow. Heat flow tends to
vary on both a small and a large scale. Most local exogenic
processes are likely to extend only to shallow depth and, thus,
do not affect source-rock maturation. Mantle-detived and
refractive causes, in contrast, may last the life time of a basin.
Fluid convection may enhance refraction effects but may be
active for shorter time periods. The purpose of this paper is,
therefore, to present the new heat-flow data, to discuss them in
their regional context, to demonstrate which processes may
influence their variability and, thus, to provide guidelines for
explorationists on how to use heat-flow data.

TECTONIC HISTORY

The Voring Basin area has been subjected to several tectonic
episodes since the Caledonian orogeny in Ordovician—Silurian
times (Brekke ez al. 1999). After early crustal extension between
the Carboniferous and Mid Jurassic, further extension occurred
from Late Jurassic to Early Cretaceous with its axis in the
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eastern part of the basin. In the Late Cretaceous a third phase
of rifting occurred, leading to a break-up of the Norwegian—
Greenland Sea around Paleocene/Eocene time. During the
Tertiary the area developed as a volcanic, rifted margin with
high sediment influx. Stuevold ¢z al (1992) observed several
uplift events that helped strongly to shape the sedimentation
pattern of the Voring area. A Cretaceous—Paleocene uplift was
associated with the formation of the volcanic margin. The
Fennoscandian epeirogenic uplift probably took place from late
Oligocene to the Pliocene and was followed by glacial rebound
during the Holocene.

The Voring Plateau marginal high is an integrated part of the
North Atlantic Volcanic Province. In contrast to the central
part near the Iceland hotspot, the volcanism at the Vering
Plateau was only transient and lasted about 3 Ma (Eldholm ¢ /.
1989). The upper volcanic series has been dated to 54.5 Ma. It
is composed of transitional mid-oceanic tholeiitic basalts, inter-
bedded with thin volcaniclastic sediments. The lower series has
been dated to 57.8 Ma and consists of dacitic flows, dykes and
interbedded sediments (Eldholm ez a/ 1989). Skogseid et al.
(1992) regard the Voring area as a typical example of a ‘volcanic
continental margin’, which is characterized by anomalous crus-
tal thickness generated by magmatic underplating during a
short, but intense period of rifting. They point out that the
northeast Atlantic mantle plume affected a lithosphere that was
already under extension. Hence, it did not start the rifting but
led to increased generation of magmatic melt due to pressure
reduction. Pedersen & Skogseid (1989) could show that only a
minor temperature anomaly is required at the base of the
lithosphere to explain the volume of basaltic magma and the
amount of initial uplift observed at the Voring Volcanic Margin.
Present-day crustal profiles of the Voring Basin show very
strong attenuation of the isovelocity contours between
5kms”'and 6.5kms™ " (e.g. Skogseid ¢ al 1992), while the
contours between 6.5 kms ™' and 8 km s~ ' appear to be less
attenuated. This would suggest that the upper crystalline crust
has undergone much stronger thinning than the lower crust.
Van Schaack ez a/ (1998) discussed the lower crust of the
Voring area in terms of underplating, interpreting all P-wave
velocities between 7.1kms™' and 7.5kms™ ' as igneous
bodies consistent with magmatic underplating.

HEAT-FLOW MEASUREMENTS

During the 1994 IKU Voring heat flow survey 7 situ tempera-
tures and heat flow were determined at 159 sites, grouped into
66 ‘clusters’. Sediment cores were obtained from 56 sites, and
600 individual thermal conductivity measurements on these
sediments were carried out aboard ship. The nomenclature used
for the heat-flow measurement and cluster locations are given
in Figures 1 and 2a, respectively.

The heat-flow data collection included shipboard thermal
conductivity measurements via the needle probe method (Von
Herzen & Maxwell 1959), performed on gravity corer samples.
Thermal gradient measurements were obtained by four
outrigger-mounted thermistor probes attached to 3.5 m and
4 m long gravity spears. Temperatures were recorded i situ by
digital thermograds and read out onto computer between
measurement intervals. Data from the thermograds were used
to establish equilibrium temperature at each of the four depth
points. The vertical flux of heat through the sea-floor sediments
was obtained by combining the site thermal conductivity value
(K) with the thermal gradient value (d7/dZ) for the cotrespond-
ing depth interval, in scalar form:

HF = KZ—; 1)
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Fig. 1. Sampling pattern and nomenclature used in this study.

Thermal conductivity measurements were petformed on
equilibrated sealed sections of jacketed cores with the needle
probe orientated perpendicular to the axis of the core. A
site/cluster thermal conductivity was obtained from the hat-
monic means of values for multiple depths in each core and
then corrected for 7# sitn temperature and pressure (Ratcliffe
1960). Heat flow was then computed using the same value of
thermal conductivity for each site within a cluster.

RESULTS

A summary of the results of the 1994 Voring heat-flow project
is given in Table 1. Additional heat-flow values from deep wells
of the Mid-Norwegian Shelf, determined using drill stem test
(DST) temperatures and an IKU-internal thermal conductivity
database, are given in Table 2. Figure 2a shows the main
structural features, water depth, IKU cluster locations and the
site numbers of Sundvor ¢ a/. (1989) and Figure 2b shows the
average heat-flow values for these clusters and sites. Table 1
also gives the uncertainty of the heat-flow determinations on
the 10 level. Assuming that temperature gradient and thermal
conductivity vary independently, cluster heat flow (/1) is:

HF, = (K, + 0K)(GR, £ 6GR)) )
and

oHF.= GRoK.+ 0GR K, (3)

where g/ is the heat-flow uncertainty within the cluster at the
1o level; K_ is average cluster thermal conductivity, oK is the
standard deviation of the conductivity measurements obtained
in the cluster (about 12 to 15 measurements); GR_ is the
average cluster temperature gradient and 0GR, is the standard
deviation of all temperature gradients taken at the cluster.
Heat-flow uncertainties in Table 2 have been estimated from
DST temperatures and an assigned variability of thermal
conductivity (usually one standard deviation) from the internal
database of the units overlying the DST measurement. The
Jurassic (Table 2), for example, has relatively variable lithology
and, hence, conductivity also varies strongly. Parts of the
Tertiary and the Upper Cretaceous consist of monotonous
shale and sandy shale, and the uncertainty of conductivity is,
therefore, small. Weighted means of conductivity and its
variability were then used to calculate heat flow and its
uncertainty. Temperature uncertainties are assumed to be
negligible since most of the temperatures are taken from DSTs.
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Among the Table 1 data, the highest gradient uncertainty
(6GRc) was found for cluster 26 N which consists of five
individual thermograd measurements. If a single very low
gradient value (21.4 mK m™ ") is omitted, the gradient uncer-
tainty for the remaining sites drops to 1.29 mW m ™' for a
mean gradient of 68.00 mK m~"'. This results in a well-
determined cluster heat flow of 88.5mW m™ > Very low
thermal gradients and heat flow, as observed at the single 26 N
site, are known to occur within zones of high heat flow (e.g.
Von Herzen & Uyeda 1963; Lee & Uyeda 1965; Zielinski ez al.
1990); hence, the high uncertainty for 26 N and the other
clusters of sites in Table 1 can be interpreted generally as the
variability of the respective gradient, thermal conductivity and
heat flow at that location. High variability in thermal conduc-
tivity (6Kc) can be interpreted as indicating a high local vertical
variability of lithology, possibly relating to changes in deposi-
tional environment, or a random high number of needle-probe
measurements performed in zones of vertical lithological tran-
sition. In any case, the variability in thermal conductivity is
small compared with that for gradient and heat flow, and the
effect of averaging performed on the individual thermal con-
ductivity measurements serves to lessen any effect on the
heat-flow results.

Heat flow, temperature gradient and thermal conductivity are
all skewed towards higher values (Fig. 3). Omitting heat flow
from clusters less than 1000 m deep lowers the modal heat-flow
value by about 5 mW m ™2 (Figs. 3a, b). A weak skewness of
the thermal gradient distribution (Fig. 3c) is a necessary
consequence of the strongly skewed thermal conductivities
(Fig. 3d). Skewness toward high values of heat flow (Fig. 3) is
a ubiquitous feature of the global heat-flow database (Lee &
Uyeda 1965).

The shallow probe heat-flow measurements ate listed in
Table 1. Heat-flow values from deep wells are listed in Table 2.
Notably absent in the deep well data are the higher
(>70 mW m %) values present in the shallow probe data. In
other respects, however, the two datasets are in remarkable
agreement, even without eliminating the high uncertainty clus-
ters from the shallow probe data. This observation can only
increase confidence in the data results.

The heat-flow anomaly extending from the Nagrind Syncline
to the Vering Marginal High (Fig. 2b) consists mainly of
heat-flow values from Sundvor ez a/. (1989). In the northwest
the latter appear to be around 10 mW m ™~ * higher than IKU
measurements in the vicinity (6S, 6 N). More towards the
southeast, the IKU and Sundvor ez a/. (1989) data tend to show
better agreement. Eldholm ez al. (1987) quoted a heat flow of
61 mW m~? for ODP site 644, which is in good agreement
with the regional average from this study for the shallow probe
data (Table 1).

In summary, the general pattern of heat flow is broadly in
line with the general structural grain. It is interrupted by small
patches of partticularly high heat flow, which in some cases
appear to be orientated perpendicular to the general strike.

FACTORS THAT MAY INFLUENCE HEAT FLOW

The main exogenic factors that may influence heat-flow vari-
ation in this area may result from Plio-Pleistocene sedimenta-
tion rate, bottom water temperature variations, and sea bottom
disturbances, such as large-scale submarine slides, which are
known to have occurred in the area (e.g. Bugge ¢ a/. 1987). The
main endogenic factors may result from variation of crustal
heat generation, sediment—basement thermal conductivity con-
trasts, large-scale water convection, residual heat from intrusion
of magmatic rocks, magmatic underplating and rifting. At-

tempts are made in the following to estimate the impact of each
of these mechanisms as a guideline for interpreting the heat-
flow pattern of the Voring area.

Exogenic causes of heat flow variation

Sedimentation rate. Rapid sedimentation may lead to a lower
geothermal gradient (Von Herzen & Uyeda 1963). The effects
of rapid sedimentation have been tested using a vertical 1D
heat conduction model (software BasinMod™) for possible
Quaternary subsidence histories and average thermal proper-
ties. In the example in Figure 4a the thermal gradient (about
55°C km ™ ") will be reduced by about 24°C km ™" if an accu-
mulation rate of 2500 m Ma ™' is maintained for some time and
the accumulation rate is infinitely low. Even rather short
interruptions of sediment accumulation will lead to a rapidly
rising gradient (Fig. 4b).

In the area investigated, Plio-/Pleistocene sediment thick-
ness varies between 50 m and 1800 m. If all these sediments
accumulated during the last 1 Ma, the thermal gradient would
be lowered to a maximum of about 70% of the steady-state
value, and about 90% of the steady-state value if the sediments
accumulated since 2.6 Ma, as dated at ODP site 644 (Eldholm
et al. 1989). Any periods of non-deposition would reduce this
difference further (Fig. 4b). Judging from Figure 5, Plio-/
Pleistocene sedimentation should be strongest around km 200,
while the most recent Quaternary sediments are thickest further
to the east at the Trena Basin. The lowest heat flow encoun-
tered in this area is in well 6607/5-1 at 43 mW m~ 2, where the
Plio/Pleistocene thickness is around 1000 m (Fig. 5, 210 km).
Here, from Figure 4, suppression of heat flow from late
sedimentation should be around 20%. This would correspond
to a background heat flow of 55mW m™? which is in
agreement withVon Herzen & Uyeda (1963, fig. 9). Hence, this
mechanism appears fully capable of accounting for any low heat
flow observed in these data, except for the single very low value
of 28 mW m ™ 2 at 26 N, discussed eatlier.

Bottom water. Water temperature along the Norwegian Shelf
tends to experience short-term (monthly, annually), as well as
long-term (decades), changes (e.g. Gammelsrod & Holm 1984,
Gammelsrod ef al. 1992). Variability is largest at water depths
less than 900 m; whereas, at a depth of more than 1000 m,
long-term variation of water temperature seems to be extremely
small (Gammelstod et al. 1992). Measurements at 66° N/2° E
(Gammelsrod & Holm 1984) suggest decreasing temperatures
from about 1970 to 1980 (Fig. 6a). Figure 6¢ shows schemati-
cally the transitional gradient resulting from cooling of the
sediment surface.

The transient effects of water temperature variation down to
a depth of a few metres were modelled using these data. The
results for different water depths and probe penetration are
given in Figures 6b and d. The vertical axes show the resulting
deviations from the measured gradients for penetration depths
of 0 m, 3.5 m, 30 m and 70 m. Figure 6d is computed using the
whole water temperature history up to 1994 and is, thus,
representative of that year’s IKU measurements. Figure 6b is
based on the history up to 1985 and is, thus, representative of
the Sundvor ¢ a/. (1989) data. Both figures show that there is
no significant thermal disturbance from bottom water variation
at more than 1000 m and for penetration depths greater than
about 5 m.

The effects seen in Figures 6b and d are out of phase since
the 1994 IKU data were obtained at a time of cooling of
bottom waters (Fig. 6a), whereas the Sundvor ez a/. (1989) data
were obtained during a time of bottom water warming. For the
IKU survey, Figure 6¢ predicts a mean increase in gradient of
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about 70 mK m ™" in the 0-3.5 m sediment interval at 600 m
water depth. This is equivalent to about a 70 mW m ™~ increase
in heat flow. The shallowest heat-flow measurements from the
study (Table 1) are in waters not much deeper than 600 m. The
implication for the data is that heat-flow values in excess of
100 MW m ™2 at water depths less than 1000 m may be
indicative of bottom water disturbance. At the same time, one
should realize that such anomalies also occur at deep-water sites
(e.g. Sundvor ez al. 1989, figs 2a, b) where they are unlikely to be
caused by bottom water disturbances (Vogt & Sundvor, 1996;
Sundvor ez al. 2000).

However, in this study, only one isolated cluster heat-flow
value in excess of 100 mW m > (106.6 mW m ™ %) at a water
depth of 846 m (13 N, Table 1) was observed, which is based
on two gradient measurements. Furthermore, the mean heat
flow for the 11 clusters at water depths less than 1000 m,
excluding 13 N, is 61.7 mW m ~ 2. This value is not significantly
greater than that for the entire Table 1 dataset (58.5 mW m ™~ )
or the 61 mW m ™2 value obtained at ODP site 644 (Eldholm
et al. 1989). Hence, it is unlikely that the data at shallow depths
from this study are affected by anywhere near the magnitude
predicted by modelling the Gammelsrod & Holm (1984)

hydrographic data. It is possible, however, that the 2.5 times
higher standard deviation (11.2) for the 11 shallow heat-flow
values in Table 1 may be indicative of bottom water distur-
bance, and some degree of caution may be warranted.

Submarine slides. Large-scale submarine slides were reported
from the Norwegian Shelf (Storegga slides) by Bugge (1983)
and Bugge ¢ al. (1987). The Storegga slides occurred about
25000 and 7000 years ago, either removing or depositing
sediments of several tens of metres thickness. They are likely to
have resulted in a disturbance of the temperature gradient near
the surface of the sediments, which, by today, may not yet have
dissipated fully. The effect of a sudden deposition of a
sedimentary layer on surface heat flow has been modelled by
Von Herzen & Uyeda (1963). For thicknesses of 10 m to 100 m
the thermal disturbance was found to be significant for 10> to
10" years. Heat-flow measurements performed at the sediment
surface in such an area should, therefore, be viewed with
caution. Only minor submarine slides appear to affect the area
of investigation (T. Bugge, pers. comm. 1998). Clusters 25 N
and 34 may have been affected by slide activity but show no
obvious signs of heat flow disturbance (Fig. 2b).
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Endogenic causes of heat flow variation

Heat generation. The steady-state heat flow observed at the
Earth’s surface is derived from the mantle as well as from
the radiogenic heat production of crystalline basement and the
sediments. The contributions to steady-state surface heat flow
from mantle, crust and sediments have been evaluated using a
vertical heat generation profile that sums the respective contri-
butions to surface heat flow:

HF, = HF, + HF.. + HF, )

where /HF, is the surface heat flow, /7F, is the mantle heat
flow, in all scenarios set to 25 mW m ™~ > F/F,_ is heat gener-
ation from the crystalline basement, /7F, is the heat generation

from the sedimentary cover:

B
HF = > Adz ®)
0

where A, is sedimentary heat generation derived from API logs
after Buntebarth (1980) and individually assigned to rock types

or lithological units. The distribution of heat generation within
the crystalline crust is calculated in some cases using
AR = Age ™ 7P ©
and
G
=R TG )
where z is depth below top of basement, C is thickness of
upper crust (20 km), £ is crustal thinning factor (McKenzie
1978); D=10 km, slope parameter (Lachenbruch & Sass 1977,
equation (22)); A, is the heat generation at top of basement,
and (] is thickness of the lower crust (10 km), a constant.
Integrating A(3), heat flow contributed from the crystalline
basement becomes
HF,. = A,D(1 — De~ 7P (8)
The mantle heat flow and the slope factor D have been
chosen to be in close agreement with the heat generation

versus heat flow plotted for the Precambrian of southern
Norway (Heier & Gronlie 1977), assuming a similar basement
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Table 1. /KU bheat flow data collected in 1994

U. Ritter et al.

CL WD GR. 0GR, - [ HEF, oHF, Remarks
(m) (mK m~ " (mK m™ " Wm 'K (Wm™'K™h (mW m ™~ ?) (mW m ™%
01N 993 48.10 na 0.99 0.02 47.4 na
018 853 61.00 3.25 1.23 0.01 74.8 4.38
02N 1344 56.75 1.48 1.00 0.02 56.5 2.74 K_ from 028
028 1238 51.90 3.54 1.00 0.02 51.7 4.67
03N 1421 52.55 5.02 1.04 0.03 54.8 6.94
038 1419 55.85 1.77 1.04 0.03 58.3 3.65 K. from 03 N
04 N 1289 62.40 1.66 0.93 0.02 58.2 2.89
048 1302 58.67 2.05 0.93 0.02 54.6 3.17 K. from 04 N
05N 1271 55.60 11.27 1.02 0.02 56.5 12.46
058 1304 55.50 2.60 0.93 na 51.7 na
06 N 1451 61.00 2.55 0.96 0.02 58.5 4.12
068 1424 62.80 na 0.93 0.01 58.2 na
07N 1227 69.20 na 0.96 0.02 66.6 na
078 1202 53.90 6.08 1.01 0.02 54.5 7.28
08 N 1408 55.35 1.77 0.99 0.02 54.8 2.63 K_ from 08S
088 1388 61.25 2.19 0.99 0.02 60.8 3.14
09N 1372 57.15 2.19 0.96 0.02 54.6 3.29
098 1395 59.70 7.21 0.96 0.02 57.0 8.14 K_ from 09 N
10N 1206 62.50 2.55 1.00 0.01 62.6 3.44 K. from 108
10S 1200 73.80 na 1.00 0.01 73.9 na
11N 1361 65.80 0.00 0.95 0.01 62.4 0.93
118 1360 62.25 2.19 0.96 0.01 59.5 2.91
12N 1206 53.80 3.25 0.95 0.01 50.9 3.85
128 1161 53.10 0.71 0.95 0.01 50.4 1.43 K_ from 12N
13N 846 96.90 na 1.10 0.03 106.6 na K_ from 138
13S 741 76.70 na 1.10 0.03 84.1 na
15N 669 76.00 na 0.93 0.01 70.9 na
158 660 nl na 0.95 0.05 na na gradient non-linear (nl)
16 N 1071 58.65 2.19 0.91 0.01 532 2.48
16S 1027 59.45 1.77 0.88 0.01 52.6 2.00
17N 1194 54.04 3.05 0.94 0.02 50.7 4.21
178 1156 56.78 4.01 0.95 0.01 53.7 4.53
18 N 1374 65.20 0.28 0.95 0.03 62.1 2.28
18S 1359 63.65 4.74 0.90 0.01 57.3 5.00
19N 1430 63.30 0.00 0.92 0.01 58.0 0.77
19S 1440 63.25 1.48 0.99 0.01 62.4 2.23
20N 1229 57.40 6.08 0.96 0.01 54.9 6.59
208 1182 54.35 2.47 0.95 0.03 51.6 3.86
21N 762 68.60 18.38 0.95 0.02 65.4 19.18
218 704 nl na 1.12 0.06 na na gradient non-linear (nl)
22N 1389 64.55 6.15 1.01 0.02 65.0 7.30
228 1355 59.95 1.77 0.94 0.01 56.5 2.05
23N 928 66.30 na 0.90 na 59.8 na
23S 844 61.70 na 0.94 na 58.1 na
24 N 1098 88.20 0.57 0.77 na 68.3 na
248 1011 81.40 3.25 0.80 na 65.2 na
25N 1530 55.65 3.61 1.10 na 61.2 na K_ from 2N, 38, 26 N, 26S
258 1424 54.35 2.47 1.10 na 59,8 na K_ from 2N, 38, 26 N, 265
26 N 1460 58.68 20.87 1.30 0.25 76.4 na see text for discussion
268 1203 51.76 2.71 1.05 0.03 54.5 4.21
27N 1043 54.60 1.41 0.93 0.01 50.9 1.86
278 1019 na na na na na na
29N 1024 55.30 2.55 0.98 0.01 54.0 2.84
298 1103 52.60 na 0.95 0.02 50.0 na
31N 939 61.75 2.90 0.89 0.01 55.1 2.99
318 852 55.40 na 0.88 0.01 48.5 na
32N 1282 50.50 1.41 0.95 0.02 48.0 2.32
328 1299 58.85 3.18 1.01 0.02 59.3 4.56
33N 1359 63.75 2.90 1.01 0.02 64.5 4.29
338 1386 54.65 0.07 1.04 0.03 56.9 1.46
34N 1374 63.30 0.00 0.91 0.01 57.5 0.37
348 1352 61.70 0.71 0.94 0.02 579 1.71
35N 1242 59.70 8.63 0.94 0.02 56.3 9.25
358 1160 54.10 7.21 0.93 0.01 50.5 7.34
36N 945 67.90 na 0.85 na 57.8 na
36S 904 64.80 na 0.87 na 56.6 na
61.0 3.60 0.97 0.02 58.5 4.4 arithmetic mean of population

CL, cluster; WD, water depth; GR., geothermal gradient, cluster average; 0GR, standard deviation of cluster gradient; K, thermal conductivity, cluster average;

oK, standard deviation of K; /F_, heat flow, cluster average; 6/7F, heat-flow uncertainty in cluster, 1 sigma level. na, clusters with insufficient data to compute

a parameter. Underlined values omitted from statistical treatment.
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Table 2. Heat-flow values estimated from deep wells

Well HF HF uncertainty Sample age Depth below mean sea-level
(mW m™ 3 (mW m™ 3% (m)
6201/11-1 60.3 3.7 U Triassic 2365
6407/2-3 58.5 3.7 U Jurassic 2194
6407/7-1S 58.5 3.6 Jurassic 2712
6407/7-2 60.3 3.7 U Jurassic 2477
6407/7-3 58.7 3.8 L M Jurassic 2575
6407/9-1 55.8 3.7 U Jurassic 1362
6407/9-4 50.9 3.3 U Jurassic 1389
6407/9-5 60.9 4.0 U Jurassic 1304
6506/12-5 51.9 3.1 Jurassic 3678
6506/12-6 50.0 2.7 U Jurassic 4307
6506/12-7 52.3 3.4 M U Jurassic 4344
6507/7-5 46.3 3.0 M Jurassic 2025
6507/7-6 50.4 3.9 L Jurassic 2012
6607/5-1 43.0 2.6 U Cretaceous 3425
6609/7-1 66.2 4.5 Permian 1671
6609/11-1 62.1 5.1 U Triassic 2805
6610/7-1 67.8 4.6 U Triassic 3040
6610/7-2 58.2 4.2 M Triassic 3058
Mean population 56.2 3.72
Standard deviation 6.65

HFis the heat flow calculated from the mean thermal conductivity and the measured DST temperature. ‘Sample age’ gives the stratigraphic unit where temperature

has been measured, and ‘Depth below sea-level’ the respective sediment depth.
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Fig. 3. Statistical overview of IKU Voring heat flow data, based on
data in Table 1. See text for further discussion.

composition below the Palacozoic rocks of Mid Norway.
Crustal thinning factors were estimated using deep crustal
seismic and gravity data.

The three different heat-flow scenatios shown in Figure 5 are
based on different assumptions of heat generation within the
crust. Scenario A was calibrated using a Helgeland Basin heat
flow of 62 mW m ~ 2 and further calibrated by setting crystalline
basement heat generation .4, to 3.65 uW m ™ >, and £ to 5.5

a 0
- -10
€
X
o
G 20
<

-30

0 500 1000 1500 2000 2500 3000
Sediment accumulation rate (m/Ma)

(on
o

AG°C km™'

Duration of non-deposition (Ma)

Fig. 4. Transient effects of Quaternary sediment accumulation and
non-deposition on temperature gradient. Calculation using the tran-
sient heat-flow option in software BasinMod™ for an arbitrary
background heat flow. AG is the deviation from the steady-state
gradient (here ¢. 55 °C km ™). All gradients are calculated for 200 m
below sediment surface. (a) Effect of sediment accumulation rate; (b)
effect of non-deposition, calculated using an accumulation rate of
3000 m Ma ™" prior to non-deposition. Immediately after deposition
AG'is about 25 °C km ™" and decays rapidly durin% the first 2 Ma of
non-deposition when it reaches about 50 °C km ™~ .

between km 140 and 320. Scenario B was calibrated using a
Helgeland Basin heat flow of 61.4 mW m ™2 The heat gener-
ation of the upper crystalline basement was kept constant at
1.4 uW m ™2, The lower crystalline basement (>20 km) was
assigned a constant heat generation of 0.1 uW m ™% £ was 5.5
between km 140 and 320. In Scenario C crystalline basement
heat generation was derived using the [/ -heat generation
relationship from Cermak ef a/. (1990) and seismic velocities for
the area from Skogseid ¢ al. (1992). The rationale for using
different scenarios of heat generation is that with increasing
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Fig. 6. Bottom water temperature
histories and modelled deviations of
sediment thermal gradient. (a) Water
temperature histories 1945-1995,
measured at various water depths at 66°

Year 400 600

Water depth (m)

1000 1200 1400

N/2° E (Gammelstod & Holm 1984;
Gammelstod ez al. 1992). (b) Deviation
of temperature gradient (delta GRAD)
from steady state resulting from the

Reduction of surface temperature

water temperature histories in (a).
Deviations are shown for different
penetration depths. The diagram
includes the history up to 1985 and is,
thus, representative for the data of
Sundvor e al. (1989). (c) Effects of
near-surface gradients. A reduction of
surface temperature increases the
gradient. (d) As in (b). The diagram
includes the entire history up to 1994
and is, thus, representative for the IKU
measurements. A sediment thermal

diffusivity of 2X 107> em®s ™ ', a
thermal conductivity of

>

400 600

crustal depth, crystalline rocks tend to become more mafic,
either gradually or step-wise, reducing the amount of radiogenic
elements, particularly potassium. If the broad range of rock
types present in the middle and lower crystalline crust are then
inferred from seismic and gravity data, their contribution to
surface heat flow can be estimated. The heat-flow values used
for calibration are averages taken from the Mid-Norwegian
mainland between 64° N and 66° N (Hurtig ¢ a/. 1992) or the
Trondelag Platform (Fig. 2b, Table 2) where conditions are
likely to be in a steady state. If large-scale crustal water
circulation occurs in these areas, the amounts of heat trans-
ported are probably small since the volumes of sediments and,
thus, of expelled water, are also small.

Figure 5 combines cross-section D from Blystad ez a/. (1995)
with measured and modelled heat flow at or near the section.
The diagram shows IKU cluster averages, heat flow from deep
wells (Table 2) and heat-flow values from Sundvor ¢z /. (1989).
A fourth-order polynomial was calculated from Table 1 data
and crystalline basement heat-flow values from the Norwegian
mainland (Hurtig e# 2/, 1992), with heat flow set to 60 mW m ~ >
at km 0 and at km 340. In all scenarios the modelled
steady-state heat flow decreases towards the deep parts of the
basin. This is to be expected since the upper crystalline
basement, the main heat-generating layer, is being thinned by a
factor of 5.5 in the model. Parts, but not all, of the original
volume of the upper crystalline crust, are now being taken up
by sediments that generate, on average, less heat, resulting in a
net decrease in surface heat flow.

On the Trondelag Platform (Fig. 5) the wvalues of
58 mW m ™~ ? from well 6610/07-02 (km 80) and the value of
68 mW m~ > from well 6610/07-01 are projected onto the
section. The heat flow of 66 mW m ™~ 2 from well 6609,/07-01 at
the Nordland Ridge is strongly underestimated by all scenarios.
The sedimentary cover is relatively thin and unlikely to contrib-
ute much heat. Only by increasing the heat generation at the

Water depth (m)

1000 1200 1400

1.0Wm~ "K' and a thermal gradient
of 50 °C km ™! are assumed.

top of the crystalline basement from 2.75uWm™> to
43 uW m™ 2 (keeping everything else unchanged) is the mod-
elled heat flow around 66 mW m ™2 achieved. Such a heat
generation value is unusually high, however. For comparison,
the Knaben Granite has a radiogenic heat generation of
332uW m™°, the mean for the Precambrian in southern
Norway is 1.80 uW m ™ > (Swanberg ¢z al 1974), for the
Namaqua Mobile Belt 2.5 W m™> (Jones 1987) and for
high-grade metamorphic rocks of the Bretagne 3.5 uW m ™~
(Vigneresse 1988). Even if uncertainties of £5mW m™ * of
the modelled heat flow and of £4.5 mW m ™2 of the deep-well
heat flow (Table 2) are taken into account, there remains the
requirement of additional heat generation around the Nordland
Ridge in order to account for the observed heat flow.

The lowest heat flow encountered along the profile (Fig. 5) is
from well 6607/5-1. At 43 mW m~? near the Utgard High, it is
largely due to a low geothermal gradient. None of the heat
generation scenarios matches this heat flow either. The heat-
flow uncertainty of £2.6 mW m~ > (Table 2) resulting from
thermal conductivity variation is relatively low since most of the
sedimentary cover consists of undifferentiated Cretaceous
shales. This heat-flow value is less than the one observed in the
vicinity to the east, and less than expected from heat generation
modelling (Fig. 5). It has already been noted, however, that this
is the area where Plio/Pleistocene sediments appear to be
thickest and this low heat-flow value could be explained by
rapid recent sediment accumulation.

Topography and refraction. Structure, topography, and the contrast
in low thermal conductivity sediments and high conductivity
basement (e.g. Jaeger 1965) causes heat flow from depth to be
conducted preferentially into flanking basement highs. In terms
of Figure 5 this mechanism would tend to result in depressed
heat-flow values associated with the central Hel Graben,
Nigrind Syncline, Traena and Helgeland basins, and in elevated
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heat flow associated with the Voring Marginal High, Nyk High,
Utgard High and Nordland Ridge. Using a basement-to-
sediment thermal conductivity contrast of two and the method
of Lachenbruch (1968), Zielinski (1977) estimated up to a 30%
elevation in heat flow associated with the Voring Marginal High
closest to the Voring Escarpment.

For the three sub-basins of the Voring Basin the ratios of the
depth to basement to the half-width are about 0.2 or 0.3.
Correspondingly, Von Herzen & Uyeda (1963, fig. 13) predict a
20% reduction in heat flow for the interiors of hemi-elliptical
basins of this dimension and with thermal conductivity con-
trasts (basement: sediment) of 2. Also the Vema Dome—Rym
Fault Zone—Fenris and Hel grabens system (Fig. 2a) may give
rise to an increase in heat flow by refraction. Hence, this purely
conductive mechanism appears capable of accounting for the
increase as well as the decrease of some of the observed heat
flow with respect to the heat generation models.

Hydrothermal convection. Further elevation of heat flow may result
from the convective addition of heat along faults like those of
the Nyk High (Fig. 5), sourced from compaction water released
from the up to 5000 m thick Cretaceous shales of the Nagrind
Syncline and Hel Graben. The sediment cover of the eastern
part of the Nigrind Syncline is about 1000 m thicker than
that in the western part. Particulatly the thickness of Plio-/
Pleistocene sediments is high in the east. This may have
induced a lateral pressute gradient leading to expulsion of water
towards the west if the Cretaceous shales of the Nagrind
Syncline are partly overpressured.

The magnitude of the heat-flow anomaly produced by water
flow is strongly dependent on the flow velocity through the
fault and the distribution of open fractures within the fault. The
decisive parameter is evidently the degree of focusing at the
fault.

In order to gain a quantitative estimate of this parameter, the
simple one-dimensional model of Bredehoeft & Papadopulos
(1965) is employed, which considers heat conduction with
vertical fluid flow of velocity vz to the surface =0 from depth
L. Zielinski & Bruchhausen (1983) showed that the resulting
surface heat-flow anomaly produced by water flow is

HF.
. )

HFE; - S -1
where
— pW [\V i}ZL
p=rrs (10)

P and ¢, are the density and heat capacity of water, K is the
thermal conductivity of solid, /7F, is the original heat flow and
HF, the heat flow with convection.

If the heat flow observed, for example, over the Nyk High is
30% above average and assumed to be entirely due to vertical
water flow from depth L, then HF, /HIF,=1.3 and ff/=—0.55.
If L is assumed to be 5000m and K=2.0Wm "K',
then 13=—53%x10" " ms™" (=0.17cma™"). If 2=8000 m
and K=18Wm~ "K~', then »=—30x10""ms""
(—0.09 cm a™ "), the minus signs indicating an upward flow.

If water flow due to compaction in sedimentary basins
generally has upward vertical velocities that are less than the
subsidence rates (Bjotlykke 1993), then the subsidence rate »,
can be used as a base line for estimating quantitatively the
minimum degree of focusing of flow required to explain the
associated heat-flow anomalies. This focusing is expressed
by the ratio »z/s, A general subsidence rate for the Voring
Basin based on an accumulation of 8000 m of sediment in
50 Ma yields 2.=—=5.1%x10""?m s~ ' (—0.016 cma™ "), while

1==—22%x10"" ms™" (—0.069 cma~") is obtained for the
Pleistocene maximum of about 1800 m in 2.6 Ma. For the two
models, for flow velocity », (above), the latter results in
focusing values of 2.4 and 1.3, likely to be a lower limit, while
the former yields focusing values of 10 and 0, respectively.
These values do not depart significantly from the proportion of
basin areas to faulted basement highs exhibiting high heat flow
in the Voring Basin (Figs 2a, b, 5). However, faults in subsiding
basins like the Voring, Haltenbanken and North Sea are not
likely to be open because the sediments are ductile and faults
are sealing and generally less permeable than the surrounding
sediments (Bjotlykke 1999; Fisher et a/. 2003).

It has been shown earlier for the Voring Basin that it is
possible to account for a 30% increase in heat flow observed at
basin-bounding basement highs by thermal refraction. Hence,
apparently it is not necessatry to invoke fluid flow to explain
these anomalies. However, the high heat flow associated with
the Nyk High (cluster 26 N, Figs 2a, b) is the result of five
individual measurements, one 29 mW m~ > and four ranging
from 86-90 mW m 2. In the absence of shallow heat soutces,
which are unlikely in this geological setting (Vogt & Sundvor
1996), heat-flow values of these magnitudes and standard
deviation become difficult, if not impossible, to explain by
conductive heat transfer alone. A graphic example of this is the
Brunei continental margin, of similar lithology and subsiding
passively for 30 Ma (Blanche & Blanche 1997), where heat-flow
values to 600 mW m~ * have been reported in conjunction with
thermogenic hydrocarbons at the exact same site locations
(Zielinski et al. 2003).

High heat flow and faulting is reported for much of Europe
(Meier e al. 1979) and is attributed to fluid convection.
Globally, zones of high heat flow and hydrothermal convec-
tion, such as mid-ocean ridges and geothermal areas, exhibit
high variability in heat flow, decidedly skewed toward higher
values (e.g. Lee & Uyeda 1965; Zielinski ¢f 2/ 1990), not unlike
the data from this study. It may be that thermal refraction of
heat into the faulted basin-bounding basement highs helps
create more favourable conditions for the faults to form
conduits (Fisher ¢ a/ 2003) and to induce hydrothermal
convection within them.

In summary, high heat flow and high variability (uncertainty,
Table 1) of heat flow over faulted basin-bounding basement
highs may be the result of hydrothermal convection and would
require 5- to 10-fold focusing of vertical water flow compared
with basin subsidence rates.

Magmatic processes. The effects of magmatic intrusion and crustal
thinning have been modelled using a crustal stretching model.
The model allows up to three crustal layers, for which conduc-
tivities, heat generation and maximum stretching factor f
(McKenzie 1978) can be defined individually. The effects of
underplating and sill intrusion have been modelled using a heat
conduction model that allows defining the magmatic bodies at
any position in the lithosphere. Values of the modelling
parameters are given in Table 3.

Figure 7 shows that, irrespective of the initial conditions,
heat flow returns to near-equilibrium conditions within about
50 Ma after termination of a rifting event. Naturally, equilib-
rium heat flow is lowest in areas of strong thinning where much
of the original upper crust is compensated for by lower crust
and sediments. Hence, this mechanism should have a negligible
effect on the data in this study. The same applies to underplat-
ing (Fig. 8) and to sill intrusion (Fig. 9) based on their respective
modelling results. It has been shown previously (Ritter e al.
1996) that sill intrusion leads to overmaturity of nearby source
rocks but has no effect at greater distances.
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Table 3. Modelling parameters of the underplating scenarios shown in Figure 8

Scenario
Parameter 1 2 3 4 5
Crust thickness (km) 15 15 15 15 10
Lithosphere thickness (km) 80 80 80 80 50
Depth of top intrusion (km) 15 15 15 15 10
Thickness of intrusion (km) 2.5 1 1 1 1
Temperature at base crust (°C) 650 650 650 850 850
Temperature at base lithosphere (°C) 1300 1300 1300 1300 1300
Thermal conductivity crust (Wm ™' K™ 3 3 2.5 2.5 2.5
Thermal conductivity sediments (W m ™' K™ 2 2 1.2 1.2 1.2
Thermal conductivity mantle (W m ™' K™ 6 6 6 6 6
Beta factor whole lithosphere 2 2 2 2 2
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Fig. 7. Heat-flow histories derived from different f§ factors. Pre-
rifting crustal conditions calibrated against Trondelag Platform.
One-dimensional finite element model. Initial lithospheric thickness
100 km, initial crustal thickness 30 km, duration of rifting 30 (60)
Ma. Temperature at base lithosphere 1300°C.
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Fig. 8. Surface heat flow generated by accumulation of 1 km and
2.5 km thick magmatic bodies at the base of the crust (underplating),
modelled for different scenarios. Posted numbers refer to scenario
ID (see Table 3 for modelling conditions). Instantaneous intrusion.

CONCLUSIONS

This paper presents a new dataset of heat flow for the
Mid-Norwegian Shelf and discusses it in terms of processes that
may influence the observed variability. This is relevant to
petroleum exploration since temperature is the prime parameter
that influences source-rock maturation. In addition, zones of
high heat flow may identify possible surface expressions of
conduits for active fluid migration. Such conduits have been
shown to be pathways along which hydrocarbons tend to

Heat flow (mW m2)

0.00 0.20 0.40 0.60 0.80 1.00

Time after intrusion (Ma)
Fig. 9. Surface heat flow generated by a 100 m thick sill intruded at
various depth levels and average thermal background conditions.

Background heat flow prior to rifting 60 mW m 2 temperature of
intrusion 1200 °C. Remaining parameters as in Table 3, scenario 1.

accumulate (Zielinski & Bruchhausen 1983; Zielinski ef a/. 1985,
1990) and/or leak to the surface (Zielinski ez al 2003).

Relatively isolated high heat flow obsetved at shallow water
depths may be an artefact of bottom water disturbances.
However, such anomalies are also observed at greater depths
where this mechanism is unlikely, and those anomalies have
been attributed there to vertical fluid migration (Sundvor ez al.
1989, 2000; Vogt & Sundvor 1996). Short wavelength heat-flow
variations appear to be controlled structurally and can be
explained by sedimentation and thermal refraction effects.
Refraction of heat into fault zones may contribute to the
observed high heat flow, provide more favourable conditions
for the faults to become conduits (Fisher ez a/. 2003) and induce
hydrothermal convection within the faults. Marine heat-flow
measurements may provide valuable evidence for the role of
faults in fluid and heat transfer in sedimentary basins, tradition-
ally investigated via alternate approaches (Bjotlykke 1999;
Fisher ez al. 2003).

Submarine avalanches seem not to be important in this
survey area, but may have affected parts of the data of Sundvor
et al. (1989) collected further south. Neither crustal thinning,
underplating, nor sill intrusion would have a measurable effect
on present-day heat flow, if it occurred more than 50 Ma ago.
The net effect of crustal thinning may be a reduction of the
crustal heat generation potential, since the accumulating sedi-
ments cannot compensate fully for the lost heat generation
from a crystalline basement.

In consequence, high heat flow of the Voring Marginal High
may be a combined effect of thermal refraction into high-
conductivity volcanics and water flow along faults of the
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Voring Escarpment. The extreme variability of Hel Graben and
Nyk High heat flow may be caused by thermal refraction away
from that basin and pore-water drainage along the numerous
faults of the area. The unusually low heat flow of the Nagrind
Syncline area may be caused by reduced crustal heat generation
and some thermal refraction into the Utgard High. The heat
flow of the Trondelag Platform can be explained by crustal heat
generation and some minor convection along relatively shallow
faults.

The results and conclusions presented in this paper are mainly from
two projects, ‘Heat Flow Measurements Voring Basin 1994’ and
“Voring Basin Analysis Program, Phase 1°. These projects were
funded by Mobil Exploration Norway Inc., Saga Petroleum a.s.,
Statoil, Conoco Norway Inc., Phillips Petroleum Company Norway
and IKU (now SINTEF) Petroleum Research. Oceanographic data
were provided by Svein Osterhus, Department of Physical Ocean-
ography, University of Bergen. The transient effects of water
temperature vatiations on geothermal gradients were calculated by
Geir Owren, SINTEF Refrigeration Engineering. The field opera-
tion was carried out using the Norwegian research vessel M/S Geo
Bgy. The marine heat-flow measurements were performed by Ome-
galink International Ltd. The authors thank K. Bjorlykke and E.
Sundvor for their reviews, which led to improvements in the original
manuscript.
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