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MARINE HEAT FLOW MEASUREMENTS IN THE NORWEGIAN-GREENLAND SEA AND
IN THE VICINITY OF ICELAND

Marcus G. Langseth and Gary W. Zielinski

Lamont-Doherty Geological Observatory, Palisades,
New York 10964 and Department of Geological Sciences,
Columbia University, New York, New York 10027, U.S.A.

ABSTRACT. We report 55 new measurements of heat flow in the
Norwegian-Greenland Sea and 29 new measurements on the flanks of
the Reykjanes Ridge. Interpretations of the data are based only
on the most relisble measurements in areas with a low probability
of environment disturbance to the heat flow. The results in the
Norwegian-Greenland Sea show the expected decrease in heat flow
with distance from the presently active spreading center. Based
on & simple thermal model of sea-floor spreading, the average
heat flow in the Norwegian-Greenland Sea over areas of the sea
floor that can be dated is 2.7 HFU, which is anomalously high
compared to other oceans of comparable age. Measurements at
distances greater than 100 km from the Reykjanes Ridge axis show
a steady decrease with age, and when age is taken into account
the heat flow is also anomalously high relative to other spread-
ing centers.

1. INTRODUCTION

Iceland appears to lie within a broad oceanic region of relatively
high heat flow. This result implies the occurrence of relatively
high temperatures at shallower depths. To explain this phenomenon
it is not necessary to assume that comparatively more heat is being
brought to the base of the lithosphere in the vicinity of Iceland.
The fundamental requirement is that the ratio of the heat being
brought to the base of the lithosphere to that being dissipated via
the sea-floor spreading mechanism be greater for this region than
for other oceanic spreading centers.

Kristiansson (ed.), Geodynamics of Iceland and the North Atlantic Area. 277-295. All Rights Reserved.
Copyright ® 1974 by D. Reidel Publishing Company, Dordrecht-Holland.
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Much of the discussion of this conference has focused on the
fact that the spreading center in Iceland is anomalous compared
to most spreading centers in the world. Recently Iceland has come
to be viewed as a "hot spot" and considerable significance has
been placed on such hot spots as a key to processes in the mantle.
Evidence is increasing that Iceland is but the emerged part of a
much larger anomalous oceanic region. The ridge to the south of
Iceland, the ReykJanes Ridge, is characterized by relatively
shallow depth and positive free-air gravity anomalies. Similarly,
abnormally shallow basin depths and positive free-air anomalies
are found in the Norwegian-Greenland Sea to the north. If the
shallow ocean floor in these regions is due to thermal expansion
a8 a result of anomalously high temperatures in the lithosphere,
this should be reflected in the heat flow at the surface.

In this paper we report a large number of new measurements
made in the area during the past eight years principally from the
R.V.VEMA and a few measurements made aboard the Russian research
vessel, the AKADEMIK KURCHATOV (Tables 1 and 2). By comparison
with heat-flow results in other oceans, we will show that the
whole region north of the Charlie-Gibbs fracture zone at 53°N and
the Norwegian-Greenland Sea has anomalously high heat flow. The
direct implication of this result is that high temperatures exist
at shallower depths below this region as compared with other
oceanic spreading centers. These high temperatures could result
from an imbalance between spreading rate in the area and heat flow
from the mantle compared to spreading centers in more normal areas
of the ocean.

The observations reported here were all made with the Ewing
thermograd apparatus which is used on a piston corer [1]. By
means of thermistor probes attached to the core barrel, tempera-
ture measurements at up to five depths in the sediment are made.
The thermal conductivity of the sediment is determined by making
measurements by the needle-probe method [2] on the sample returned
in the corer. In Fig. 1 we show a typical record from the thermo-
grad apparatus. After the corer penetrates the sediment, all of
the traces corresponding to sediment probes are displaced upward,
indicating higher temperatures. These temperatures when plotted
versus depth show & linear increase (see Fig. 2) of about
1.0°C/10 m with depth. This gradient results from heat flow from
depth. Fig. 2 also shows the results of conductivity measurements
on the core sediments sample plotted versus depth. The gradient
and conductivity determined over each interval are used to
calculate the heat flow, which is shown in the right-hand plot.
The heat flow calculated between the topmost and bottom-most
point is shown as the dashed line.
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Fig. 1. A reproduction of a Ewing thermograd record showing the
period during which the thermistor probes are in the sediment.
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Fig. 2. Data from a thermcgrad statlon are shown plotted versus
depth in the sediment. 41.8 mW/m? equals 1 ucal/cm®-sec.

2. THE EVALUATION OF HEAT FLOW STATIONS

A most important part of the analysis is a critical evaluation

of each heat-flow station. There are two parts to this evaluation:
1) an assessment of experimental procedure and instrument accuracy,
and 2) an appraisal of the station's local environment and the
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probability of local disturbance to the near-surface heat flov.

The first part of the evaluation entails answering such ques-
tions as: How many probes penetrated the sediment and how deeply?
Was the corer disturbed during the observational period? Was the
recorder functioning properly? How accurate and representative
are the conductivity measurements? Answers to these questions
provide an evaluation of how reliable and accurate the heat-flow
measurement at each station is. The evaluation for each station
is given in Tables 1 and 2 and is based on a scale from 0-10,
Generally, evaluations of 9-10 represent the most reliable and
accurate stations; T7-8, good accuracy but reliability not firmly
established; 4-6, stations of low accuracy and reliability; 0-3,
unreliable measurements.

Regardless of how reliasble a measurement is, it is equelly
important to know how representative it is of heat flow from the
erust and mantle below the station. The "representativeness" of
s station is assessed by examining the environment of each station
to estimate the probability of local disturbance to the near-
surface heat flow. In our evaluation we examine two major aspects
of the environment: 1) the temperature stability of the bottom
water, and 2) local topography and sediment distribution.

An appraisal of the temperature stability of the bottom water
can be made from sediment and near-bottom water temperature
measurements at the stetion. Measurements that show the heat flow
is not uniform with depth in the sediment are probably made in
areas of variable bottom water temperature. Large temperature
gradients in the near-bottom water can make possible large excur-
sions in bottom water temmerature and consequently transient
disturbances to the near-surface heat flow.

Tt is well known that the surface heat flow is disturbed in
areas of high-relief topography end patchy sediment distribution.
See, for example, Von Herzen and Uyeda [3]. Seismic profiler
records and echo-sounder records can be used to determine the
proximity of a station to a large topographic feature or a sedi-
ment-rock boundary. Stations in close proximity to such features
have a high probability of local disturbance.

Our evalustion of the probability of local disturbance to
the measured heat flow is given in Tables 1 and 2 together with
a brief description of the topographic and sedimentary environment.
In the interpretation of the heat-flow results to be presented in
the following sections, we have considered only data which have
reliability and accuracy evaluations greater then 5 and & low
probability of being locally disturbed. In general we find re-
moving the unrepresentative and unreliable measurements greatly
decreases the scatter of wvalues. As a result regional averages
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and trends determined from the cleansed group of data should have
greater significance.

3. RESULTS FROM THE NORWEGIAN-GREENLAND SEA

Since 1966 Lamont-Doherty Geological Observatory ships have made
22> successful measurements of heat flow in the floor of the
Norwegian-Greenland Sea, which are shown on the map of Fig. 3.
These stations are geographically well distributed over the area
encompassed by the sea. At each of the stations the temperature
and conductivity data have been carefully evaluated to determine
the reliability of each heat-flow determination. The local
topography, sediment distribution and bottom water temperature
structure have been examined to assess the probability of local
disturbance to the heat flow measured at each station. These
assessments are presented in Table 1 together with the geothermal
data.

Looking at the map of Fig. 3, we see that stations very near
the axis of the Mohns and Knipovich Ridges yield very high values
of heat flow. A heat flow greater than 11 HFU (1HFU =10"°cal/cm?
-sec) was observed at station V30-112. No measurements were made
close to the Iceland-Jan Mayen Ridge axis; however, our measure-
ments on the nearby flanks have relatively high values, i.e. 2.3-
3.7 HFU. It is perhaps worth noting that, unlike other mid-ocean
ridges, no station near the axis yielded very low heat flow
although measurements at one station, V27-9, indicated heat flow
that was not uniform with depth.

A line of heat-flow measurements on the western flank of the
Iceland-Jan Mayen Ridge was reported by Lachenbruch and Marshall
[4]. The locations of these stations are shown in Fig. 3. One
of their stations, which is very near to our station V28-16,
yielded a value of 2,67 HFU, whereas our station gave a value of
3.08 HFU. The principal difference was due to the gradient
determination. Lachenbruch and Marshall gave strong evidence for
appreciable variations in bottom water temperature in this area,
and since their measurements were relatively shallow, <3 m, there
is a possibility that the observed difference results from
transient heat flow in the upper sediment induced by bottom water
variations, particularly if the variations are aperiodic.

We have examined the heat-flow distribution relative to
prominent morphological features and crustal age in three provinces
separated by the two prominent fracture zones - the Jan Mayen
fracture zone and the Greenland fracture zone. The values used
in the following discussion are only the most reliable measurements
that we have judged to have a low probability of local environmental
disturbance. The distribution of wvalues in the complex of basins,
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Fig. 3. Map showing the distribution of heat-flow stations in the
Norwegian-Greenland Sea. The number sbove the symbol is the T'Grad
station number. The number below the symbol is the heat-flow value
for that station. N/L indicates a heat flow which is not uniform
with respect to depth. The depth contours are in fathoms and are
based on & map compiled by Talwani and Eldholm [T].
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Fig. 4. Schematic section along A-A' in Fig. 3 across the
Norwegian-Greenland Sea south of the Jan Mayen fracture zone
showing the relation of heat flow to the various morphologic
features in that area.

plateaus and ridges south of the Jan Mayen fracture zone are shown
in profile by projecting the values on to Section A-A' in Fig. 3:
the profile is shown in Fig. L.

First we note a general decrease of heat flow from the north-
west toward the southeast, reflecting the fact that the present
active center of spreading lies near the western end of section
A-A'. Four values on the western flank of the Iceland-Jan Mayen
Ridge show a uniform decrease of heat flow from high values
(3.5 HFU) to lower values (2.5 HFU) with increasing distance from
the ridge axis.

Two values about twice the oceanic average (3.2-3.7 HFU) were
measured over the eastern flank of the Iceland-Jan Mayen ridge
complex. The values are relatively high considering their distance
from the axis of the ridge. It is possible that these measurements
are not associated with the present spreading center of the Iceland-
Jan Mayen Ridge since they lie east of the well-defined magnetic
pattern over this ridge [5].



MARINE HEAT FLOW MEASUREMENTS IN THE NORWEGIAN-GREENLAND SEA 287

A group of 5 measurements over the Jan Mayen Ridge and the
region extending south from the ridge all indicate a heat flow of
about 1.8 HFU. These values are relatively low compared to
adjacent measurements and suggest that the Jan Mayen Ridge is
thermally inactive relative to the Iceland-Jan Mayen Ridge and
Iceland Plateau. In the Norwegian Basin relatively high wvalues
are observed over the area where Johnson and Heezen [6] have
postulated a spreading center that became extinct at anomaly T
time [T]. Velues of 2.0-2.5 HFU would be expected over a ridge
that became extinct 20-25 m.y.b.p. since, as we will show later,
values in this range are found over crust of similar age in other
parts of the Norwegian-Greenland Sea.

On the southeastern side of the Norwegian Basin there is a
striking decrease of heat flow as the Norwegian continental margin
is approached. Two values of 1.24 and 1.13 HFU were measured at
the foot of the continental rise. These values are typical of
older oceanic crust (>60 m.y.b.p.) in other areas of the world.
The two easternmost values of 0.49 and 0.62 HFU are exceptionally
low, but we believe these measurements are reliable. The two
stations with very low values lie near the Faeroe-Shetland escarp-
ment defined by Talwani and Eldholm [8]. The values are lower
than the heat flow typically measured over the oldest oceanic and
continental regions, 0.9-1.1 HFU; therefore, it is difficult to
explain these very low heat flows in terms of a static crustal
model. The conductivities measured at all four stations were
abnormally high (3.0-4.0 mcal/cm-°C-sec). The sediments in the
core samples contain a high percentage of sand and volcanic
glass. Difficulties in conductivity measurement of sandy sedi-
ments are commonly encountered because of their tendency to lose
water when opened. However, if we assume the conductivity
measurements are unreliable and assume lower values typical of
the western part of the Norwegian Basin, even lower heat flows
would result.

Mohns Ridge appears to have been the most persistent spread-
ing center during the evolution of the Norwegian-Greenland Sea
Basin. Megnetic anomalies in the adjacent basins are well
defined [7] so that we have plotted the heat flow on either side
of Mohns Ridge against crustal age as shown in Fig. 5. On the
gsame figure we show by solid dots the mean heat flow for wvarious
age provinces in the North Pacific reported by Sclater and
Francheteau [9]. Comparison indicates that generally the heat
flow over Mohns Ridge is greater than that of the North Pacific.

A similar plot is shown for data on the flanks of the
Knipovich and Iceland-Jan Mayen Ridges (Fig. 6). A steady decrease
of heat flow with age is seen and, as in the case of Mohns Ridge,
these wvalues all exceed the means of the North Pacific fecr
regions of comparable age.
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Fig. 5. Heat flow as a function of age of the oceanic crust for
the Mohns Ridge area. The North Pacific average heat-flow values
of Sclater and Francheteau [9] are plotted on both sides of the
ordinate for comparison. The ages are based on the interpreta-
tions of Talwani and Eldholm [T].

L, A THERMAL MODEL OF THE LITHOSPHERE BELOW THE NORWEGIAN-GREEN-
LAND SEA

All of the heat-flow measurements from the Norwegian-Greenland
Sea where the magnetic anomalies permit an estimate of crustal age
shown in Fig. 7. This combined data clearly show that heat flow
in the Norwegian-Greenland Sea is higher than in the North Pacific
for ocean crust of the same age. Over crust about 60 m.y. old,
segeral stations in good agreement indicate heat flow is about

1.6 HFU.

We have attempted to fit the combined data of the Norwegian
Sea, using the cooling plate model of McKenzie [10]. In this
model the lithosphere is assumed to be a slab of uniform thermal
properties moving away from the axis at a constant velocity. The
accreting edge of the slab and the base of the slab are assumed
to be an isotherm and the surface temperature is assumed to be a
uniform colder temperature usually taken as zero. The lithosphere
cools by conduction as it moves away from the axis.

To obtain a reasonable fit to the combined Norwegiasn-Green-
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KNIPOVICH & ICELAND-JAN MAYEN RIDGES
Heat Flow vs. Approximate Age
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Fig. 6. Heat flow plotted as a function of approximate age of
oceanic crust for the Knipovich and Iceland-Jan Mayen Ridge areas.
The crustal age is based on the interpretation of magnetic anoma-
lies by Talwani and Eldholm [T7].

land Sea data we assumed a lithosphere 60 km thick with a tempera-
ture at the axis and base of the slab of 1475°C and a velocity of
1 cm/yr based on the magnetic lineations. The thermal conductivity
of the lithosphere is assumed to be 0.00T cal/cm=°C-sec. The
results of this model are shown by the solid line in Fig. 7. Such
a fit is far from unique. An adequate fit could also be obtained
with a basal temperature of 1250°C if the lithosphere were assumed
to be 50 km thick rather than 60 km.

If we use the theoretical curve as a method to interpolate
between the data and assume that heat flow within 10 km of the
axis is 7.0 HFU, we find by integrating this curve that the average
heat flow in the Norwegian-Greenland Sea is about 2.7 HFU - an
average considerably higher than that over other oceanic areas of
comparable age. It is well known that the elevation of the sea
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were made within 100 km of the axis [12]. The area of the survey

is shown by the rectangle in Fig. 8. Since that survey was made

we have had an opportunity to make 29 successful measurements over
the broad region between Iceland and the Charlie-Gibbs fracture
zone. Four of these stations over the axis of the ridge were made

aboard the AKADEMIK KURCHATOV last summer. The geothermal data

for these new stations except for the AKADEMIK KURCHATOV stations
are given in Table 2. The locations of these stations and their
heat-flow values are shown in Fig. 8. Most of the new observations

lie on the western side of the ridge in the relatively shallow
basin of the Irminger Sea between Greenland and the Reykjanes

Ridge.
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Fig. 8. Map showing the distribution of new heat-flow stations on

the Reykjanes Ridge. The numbers above the symbols are T'Grad
station numbers. The numbers below the symbols give heat-flow

values. Depth is in fathoms. The rectangle outlines the area of

an earlier comprehensive geophysical survey [12].
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The earlier survey, during which numerous closely spaced
cbservations were made, showed a rather complex pattern of heat
flow relative to the ridge axis. One serious difficulty with ob-
servations over the shallower part of this ridge is the likeli-
hood of variable bottom water temperatures. Temperature profiles
in the sediment down to 10 m indicated that sea-floor heat flow
in the shallower parts of the ridge (i.e. <1000 fm) was strongly
affected by recent changes in the near-bottom water temperature.
Consequently only gradient measurements deeper than 3-5 m would
result mainly from heat flow coming from depth. Even after the
effects of variable water temperature were eliminated to the
extent possible, a confusing pattern of heat flow relative to the
ridge axis resulted. In particular, a band of extraordinarily
low values was observed at a distance of TO km from the axis, and
some stations within 30 km of the ridge axis yielded values from
1-2.3 HFU, which is near to or only slightly above the average of
ocean basins.

Evidence is now strong that in regions near the axis of mid-
ocean ridges where the sediment cover is relatively sparse, water
circulation in the fractured upper crust may severely disturb the
surficial heat flow [12,13]. If significant heat is being trans-
ferred by the convection of water, then the measurements of con-
ductive heat flow in the sediment should underestimate the true
heat flow. Substantial water circulation in the upper crust would
also explain the large scatter of heat-flow values which has
always characterized measurements in the axial zone.

We note that some of our new observations quite near the axis
are below normal (three KURCHATOV stations and a VEMA 29 station).
On the other hand, a line of three stations on the eastern side of
the axis at about 60.5°N measures very high heat flows within &
few tens of kms of the axis. In general, the values within 100 km
should not be used to assess the heat flow from the Reykjanes
Ridge until the thermal processes that transfer heat from depth
to the sea floor are better understood. This is not true for
measurements at greater distances from the axis. In these areas
the sediment cover is generally thicker and more uniform which
masks the thermal effects of water circulation in the crust
beneath. The thicker sediment also diminishes possible effects
of basement topography. Far from the axis, water depths are
greater so that the probability of bottom water variations affect-
ing the heat flow are minimized. The uniformity of values in
these regions exemplified by the group of measurements south of
Greenland and on the eastern flank of the ridge (see Fig. 8)
further indicates the absence of large surficial disturbances in
those areas.

When we examine the distribution of heat-flow values relative
to the ridge axis, combining the new data with previous results.
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Fig. 9. Heat flow as a function of distance from the axis of the
Reykjanes Ridge. The dashed line is the same as in Fig. T.

we obtain a quite different conclusion than previously reported
based on values close to the ridge axis. In Fig. 9 the values

are plotted versus distance from the axis. The dashed line rep-
resents the North Pacific heat flow-versus-age data assuming a
spreading rate of 1 em/yr for the Reykjsnes Ridge. The great
scatter and predominantly low values within 100 km of the axis
are very apparent, but it is clear that when data farther than
100 km from the axis are considered, the heat-flow values lie
above the North Pacific curve. The relatively high heat flow in
particular is supported by the very reliable and quite uniform
values between LOO and 600 km. These values average asbout 1.6 HFU,
which is significantly higher than the mean heat flow through the
floor of the North Atlantic basins south of 43°N [14].

The result that anomslously high heat flow characterizes this
region retlative to the North Atlantic supports the conclusion of
Haigh [15] that high temperatures lie at relatively shallow depths
below the basins adjacent to the Reykjanes Ridge compared to the
more southern parts of the North Atlantic. Haigh's conclusions
were based on thermal and petrochemical modelling of the gravity

and topography of the aresa.
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6. CONCLUSIONS

Our new results show that Iceland sits at the mid point of a wvast
region of anomalously high heat flow which extends from 53°N to

as far north in the Norwegian Sea as we have measurements (80°N).
The anomalous heat flow is accompanied by relatively shallow depths
and positive free-air gravity snomalies. These observations are
consistent with abnormally high temperatures at relatively shallow
depth compared to other cceanic areas of the same age.

The sea-floor spreading mechanism is an efficient way for the
mantle to lose heat. Heat is absorbed in the partial fusion of
mantle material to make the basaltic crust. Large quantities of
heat are brought upward near the surface by the formation of the
crust and injection of materiasl at the ridge axis, and once near
the surface more effective cooling is possible by conduction.

The general observation that heat flow and elevation of the
ridges as a function of age over most oceanic spreading centers
are very similar suggests that there is balance between spreading
rate and heat flow from the deeper mantle to the base of the
lithosphere, the faster spreading rates being associated with
greater heat flow from the mantle.

One way of defining the anomalous conditions in the Iceland
area is to state that the ratio of spreading rate to heat being
brought to the base of the lithosphere is less there than is found
over most spreading centers of the deep oceans. The main features
of the oceanic region surrounding Iceland may result from the
fact that the plates bounding the spreading center are not moving
apart at a rate fast enough to dissipate heat flowing up from
below to produce the lower heat flow, deeper ocean floor and
thinner crust that we observe in most other so-called normal
oceanic regions. : '

This point of view suggests that the cause of a hot spot of
the Icelandic type may lie in the lithosphere's ability to respond
to asthenospheric motions below it. If for some reason the plates
bounding the region are prevented from rifting apart at a rate
that forms a more normal ocean, then a hot spot will result.

This would be a sufficient condition by this reasoning to form
all the features we associate with Iceland and surrounding seas.
It would not be necessary to call on heat coming up from the lower
mantle, as is proposed in the mantle-plume hypothesis although
such & mechanism is not ruled out.

The point we wish to emphasize is that the first-order
diagnosis of the "Iceland hot spot" is a maladjustment between
spreading rate and heat flow from the mantle compared to other
oceanic spreading regimes. This diagnosis should be the starting
point of conjecture about what "hot spote" tell us about the



MARINE HEAT FLOW MEASUREMENTS IN THE NORWEGIAN-GREENLAND SEA 295

nature and mechanics of the asthenosphere beneath.
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