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S U M M A R Y
Five basin-wide seismic reflection profiles of up to 550 km each were acquired in the Arctic
Ocean and the northern North Atlantic in 2001 and 2002. The main objective was to investigate
the depth to the basement and to analyse the crustal structure, morphology and roughness of
ultra-slow spreading ridges of the Gakkel, Molloy and Knipovich ridges. To date, little is
known to date of the ultra-slow spectrum of such spreading ridges. The seismic profiles of
all investigated ridges show similar morphological characteristics with deep axial valleys
and rough basement topography. Magnetic data compilation and interpretation suggests that
the ultra-slow spreading systems are fairly stable and existed during the entire evolution of
the basins to the north of the Greenland Fracture Zone. The thermal subsidence curve was
calculated and corrected for sediment loads, and crustal roughness values are estimated for all
five profiles. The resulting roughness values append the global roughness data set for ultra-
slow spreading systems. The results are higher than those predicted by interpolating existing
global roughness.

This study confirms the presence of a global relationship between crustal roughness, ridge
morphology and spreading rates. New curve fits, supporting the global relationship, are dis-
cussed. Data on present spreading rates, ridge morphology, subsidence and roughness provide
a better insight into the development of the axial ridge morphology in the study area. The
results show that the basins to the north of the Greenland Fracture Zone were formed at ultra-
slow spreading axial rift valleys and continued spreading at ultra-slow rates to the present day
configuration.

Key words: Marine magnetics and palaeomagnetics; Sedimentary basin processes; Arctic
region; Atlantic Ocean.

1 I N T RO D U C T I O N

Several methods have been used in the past to classify oceanic
spreading rates and centres. One approach is to categorize mid-
ocean ridge processes based on calculation of root mean square
(rms) crustal roughness. In this context, roughness implies an in-
direct record of axial morphology and can provide observational
constraints on the nature of changes in axial morphology, crustal
thickness and tectonics (Ma & Cochran 1997).

The relationship between subsidence and age has been known for
many years (Parsons & Sclater 1977). In recent years, several studies
have compared crustal roughness values with ridge parameters such
as spreading velocity, crustal thickness, faulting, segmentation or
ridge morphology (e.g. Malinverno & Cowie 1993; Small 1994;
Goff et al. 1997; Minshull 1999). The existence of a relationship
between spreading rate and roughness was first published by Menard
(1967) and Sclater & Francheteau (1970).

Dick et al. (2003) point out that on the basis of various studies
at faster spreading centres, mid-ocean ridges have been divided
into fast spreading rates (80–180 mm y−1 full rate), intermediate
spreading rates (55–70 mm y–1) and slow spreading rates (less than

55 mm y−1). Spreading ridges with full spreading rates of less than
20 mm y−1 are characterized as ultra-slow spreading ridges. Several
ultra-slow spreading ridges are present in the Arctic, but these ridges
remain poorly characterized.

Abyssal hill morphology results from a complex combination of
tectonics (surface faulting) and constructional (volcanic) processes,
which occur at or near the ridge axis (Goff et al. 1993). In particular,
spreading ridges with a full rate of less than 20 mm y−1 change
between volcanic activity and normal faulting of crustal blocks due
to tectonic strain during drifting. This change causes the roughness
of the basement surface (Louden et al. 1996).

MacDonald (1982) assumes that crustal morphology reflects the
spreading velocity with slow spreading ridges characterized by a
deep axial valley and fast spreading ridges, such as the East Pacific
Rise, characterized by a central high. But ridge tectonics is not just
a function of spreading rates. It also depends on the ridge geometry,
the mantle composition and the thermal structure of the crust (Dick
et al. 2003).

Based on observations and extrapolations of faster spreading
ridges, on theoretical modelling of the melting processes and on the
thermal structure of the crust, the Gakkel Ridge should have sparse
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volcanism, as well as very limited hydrothermal activity, and low
melting of the underlying mantle. However, Michael et al. (2003),
divided the Gakkel Ridge into a 300 km-long central amagmatic
zone, which lies between abundant, continuous volcanism to the
west and large, widely spaced volcanism centres to the east. Fur-
thermore, spreading velocity decreases towards the east whereas
crustal thickness does not vary and is controlled by the magmatic
activity along the ridge (Jokat & Schmidt-Aursch 2007).

As existing global roughness models lack data from ultra-slow
spreading systems, analyses from the ultra-slow spreading systems
at the Gakkel Ridge in the northern North Atlantic and Fram Strait,
as well as the adjacent basins, are of special interest.

The calculation of crustal roughness along the Knipovich and
Molloy ridges in the northern North Atlantic and along the Gakkel
Ridge in the Arctic Ocean can provide an insight into their mor-
phological evolution. In present configuration, these ridges have
ultra-slow spreading rates and a deep axial morphology.

According to the classification of mid-ocean ridges (Dick et al.
2003), the Gakkel Ridge has been an ultra-slow spreading system
since the formation of the first oceanic crust at magnetic chron
24 (54 Ma). The half spreading rates at the Gakkel Ridge varied
between 3 and ∼10 mm y−1 during initial opening (Karasik 1968;
Vogt et al. 1979). Half spreading rates decrease from 7.3 mm y−1

in the Fram Strait to 3.2 mm y−1 in the Laptev Sea (DeMets et al.
1994).

Age models of oceanic crust based on identifications of mag-
netic anomalies are used to predict tectonic models for the northern
North Atlantic and the Arctic Ocean (Kristoffersen 1990; Lawver
et al. 1990). They indicate that active seafloor spreading in the
Arctic Ocean and the northern North Atlantic probably started dur-
ing chron 24 (53 Ma) at the Gakkel Ridge (Vogt et al. 1979) and
at the Mohns Ridge in the Norwegian–Greenland Sea (Talwani
& Eldholm 1977; Eldholm et al. 1987). In between these two sys-
tems, seafloor spreading at the Knipovich Ridge started to propagate
northward from chron 13 (33 Ma; Eldholm et al. 1990), whereas
the onset of seafloor spreading at the Molloy Ridge took place
in the Early Miocene (21 Ma). For the Norwegian–Greenland Sea
and the Eurasian Basin, Brozena et al. (2003) identified magnetic
isochrones for the Gammaa-5 grid (Verhoef et al. 1996). This iden-
tification is restricted to 11 isochrons between chrons 5 and 25.
These models are rather speculative, especially due to the lack of
data in the Arctic region.

This study presents new seismic data from the Arctic Ocean and
northern North Atlantic (Boreas and Molloy basins; Fig. 1), refines
age models derived from magnetic data and calculates crustal rough-
ness values for ultra-slow spreading ridges. Based on the above pa-
rameters, it is possible to constrain ultra-slow spreading ridges in
the Arctic Ocean and the northern North Atlantic for the first time
and thereby provide a clearer picture of the geodynamic evolution
of these oceanic basins.

2 DATA

2.1 Seismic reflection profiles

Five reflection profiles of the northern North Atlantic and Arctic
Ocean were studied. The profiles 20020500 and 20020700 from the
northern North Atlantic (Fig. 1) were acquired by RV Polarstern
with a 24 L VLF airgun cluster and an 800 m streamer, during
the expedition ARKXVIII/2 cruise in 2002 (Jokat 2003). In this
contribution, we will not discuss the seismic data in the Boreas

and Molloy basins in detail but limit the discussion only to the
shape of the oceanic basement. Both seismic profiles were depth-
migrated (FD-migration) using velocity information from sonobuoy
wide-angle recordings. Two sonobuoys were deployed on profile
20020500 (CDP 5750 and 7300) and three sonobuoys on profile
20020700 (CDP 5100, 10700 and 15450). The acoustic velocity of
P waves in the water is revealed as 1.48 km s−1, in sediments as 1.8–
3.2 km s−1 and for the top of the acoustic basement as 3.3 km s−1,
with an error of 0.2 km s−1. Therefore, the depth-migration has an
error of about 160 m for the position of the acoustic basement with
a sediment thickness up to 2000 m. Because of the small number
of deployed sonobuoys, the velocity model is interpolated along the
profiles.

Profile 20020500 (Figs 1 and 2a) runs SE–NW, parallel to the
Spitsbergen Fracture Zone and the Greenland Spitsbergen Sill, from
the axial rift valley of the Molloy Ridge to the East-Greenland Shelf.
The line crosses the ridge at 79◦20′N, 003◦44′E (Fig. 2a; CDP
1180). The water depth close to the ridge averages 2750 m, and a
rough basement surface is observed over the entire profile length.
The average relief is about 1000 m, with a maximum basement
jump of 2000 m at about 79◦38′N, 000◦59E (Fig. 2a, CDP 3800).
Northwest of this position, the basement deepens to an average
depth of 4700 m. Here, 2000-m-thick sediments cover the base-
ment, whereas the southeastern part is bare or only sparsely sedi-
mented. On the northwestern part of the profile, the basement rises to
2500 m. Here, it is not clear if oceanic crust is still present, or if this
part of the profile belongs to the continent–ocean transition zone.
The axial rift valley of the Molloy Ridge lies at a depth of nearly
4000 m and is completely free of sediments.

Profile 20020700 (Figs 1 and 2b) crosses the entire Boreas Basin
as well as the axial valley of the Knipovich Ridge at 76◦05′N
007◦13′E (CDP 705). The average water depth is 2600 m, and the
basement surface is as rough as observed on profile 20020500. Near
the axial rift valley, almost no sediments exist. In contrast to profile
20020500, there is no basement jump where the sediment cover
starts. The sediments thicken more or less constantly toward the
NE-Greenland shelf. The sediment thickness varies up to a maxi-
mum of 2000 m. The basement deepens continuously from southeast
to northwest, except for a 1500 m high and 15 km wide basement
ridge/seamount at 77◦24′N, 000◦02′E (Fig. 2b; CDP 10100). North-
west of this feature, the sediment thickness averages 2500 m over
a basement at 5500–6000 m depth (77◦46′N, 002◦09′W; Fig. 2b;
CDP 12800). Toward the NE-Greenland margin, basement shoals
to 4500 m over a distance of 5000 m: a gradient of 30 per cent. On
the westernmost part of the profile, the basement rises from 5000
to 2000 m. This area (Fig. 2b; CDP 12 000–15 000) is supposed to
be the seaward termination of the continent–ocean transition zone.

The three seismic reflection profiles 20010100, 20010300 and
20010460 (Figs 1 and 3) are located in the Arctic Ocean (Jokat &
Micksch 2004) and are used for a roughness study in the western
Eurasia Basin. These profiles are aligned almost perpendicular to
the Gakkel Ridge and were acquired with a 24 L airgun array and
a short streamer (48 channels, 6.25 m group spacing, 300 m active
section) together with the USCGC Healy, due to the dense sea ice
cover in this region (Thiede 2002). The acoustic P-wave velocities
for the profiles are described in Jokat & Micksch (2004).

Profiles 20010100 (Fig. 3a) and 20010460 (Fig. 3b) (Jokat &
Micksch 2004) were shot in the Nansen Basin, and start north of the
Svalbard continental margin. Profile 20010100 (Fig. 3a) reaches
the axial valley of the Gakkel Ridge at approximately 85◦36′N,
016◦41′E (CDP 21100). The axial valley has a water depth of
4800 m. East of the ridge, the flank of the Gakkel Ridge shows
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Figure 1. Bathymetry map of the international bathymetric chart of the Arctic Ocean (IBCAO; Jakobsson et al. 2001). The black lines show the seismic
reflection profiles AWI-2001000, AWI-20010300 and AWI-20010460 in the Arctic Ocean and AWI-20020500 and AWI-20020700 in the northern North
Atlantic, close to the Molloy Ridge (MR) and in the Boreas Basin (BB). KR, Knipovich Ridge; MB, Molloy Basin; SFZ, Spitsbergen Fracture Zone; GSS,
Greenland Spitsbergen Sill and GFZ, Greenland Fracture Zone.

some pronounced basement highs around 85◦13′N, 020◦14′E
(CDP 18000). In this area, the sediment cover is sparse or even
absent. Southeast of a 1500 m high seamount at 84◦43′N, 022◦05′E
(CDP 15000), the sediments continuously start to thicken towards
the south. The water depth in the abyssal plain is about 4000 m.
A seamount disrupts the sediment cover at 84◦18′N, 022◦39′E

(CDP 12420), where the water depth shoals to 3710 m. The base-
ment deepens down to 7500 m in the eastern part of the line.

The second profile in the Nansen Basin is line 20010460
(Fig. 3b; Micksch 2004). It is offset by 120 km to the east relative to
line 20010100. Up to 3000 m of sediments overlie a basement sur-
face with a relief of about 1000 m. The basement becomes shallower
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Figure 2. (a) Top: measured (black line), modelled (grey line) and filtered modelled magnetic data (red line) along profile AWI-20020500. Parameters for
modelling: magnetic layer thickness 1 km; susceptibility k = 0.0045; inclination I = 82.6◦; declination D = −5.9◦; present day total intensity F = 54453.8 nT
(after IGRF) and on-axis magnetization J = 20 A m−1. Bottom: Line drawing of profile AWI-20020500 in the Molloy Basin crossing the Molloy Ridge (MR).
Dark grey: basement; light and dotted grey: sediment cover. Red lines: thermal subsidence curve (southeastern part) and sediment-corrected subsidence curve
(northwestern part). Dashed red line: subsidence curve for the whole oceanic crust northwest of the Molloy Ridge. Black line: empirical trend of basement
depth used for rms roughness calculation. All seismic reflection profiles of Figs 2 and 3 are plotted in the same scale. COT, continent–ocean transition. (b) Top:
Measured (black line), modelled (grey line) and filtered modelled magnetic data (red line) along profile AWI-20020500. Parameters for modelling: magnetic
layer thickness 1 km; susceptibility k = 0.0045; inclination I = 81.0◦; declination D = −2.5◦; present day total intensity F = 53771.51 nT (after IGRF) and
on-axis magnetization J = 20 A m−1. Bottom: Line drawing of profile AWI-20020700 in the Boreas Basin crossing the Knipovich Ridge (KR). Dark grey:
basement; light and dotted grey: sediment cover. Red line: thermal subsidence (close to the Knipovich Ridge) and sediment-corrected subsidence (basement
with sediment covered) merged and fitted to one subsidence curve. Dashed red line: extrapolated subsidence curve. Black line: empirical trend of basement
depth used for rms roughness calculation. COT, continent–ocean transition.
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Figure 3. (a) Line drawing of the profile 20010100 in the Nansen Basin crossing the Gakkel Ridge (GR). Red line: sediment-corrected subsidence curve;
dashed red line: extrapolated subsidence curve. Black line: empirical trend of basement depth used for rms roughness calculation, top: age model modified
after Brozena et al. (2003). (b) Line drawing of the profile 20010460 in the Nansen Basin. Red line: sediment-corrected subsidence curve; dashed red line:
extrapolated subsidence curve. Black line: empirical trend of basement depth used for rms roughness calculation. Top: age model modified after Brozena et al.
(2003). (c) Line drawing of the profile 20010300 in the Amundsen Basin crossing the Gakkel Ridge (GR). Red line: sediment-corrected subsidence curve;
dashed red line: extrapolated subsidence curve. Black line: empirical trend of basement depth used for rms roughness calculation. Top: age model modified
after Brozena et al. (2003).
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in the north (toward the Gakkel Ridge) and in the south (toward the
Svalbard continental margin).

The seismic line 20010300 (Fig. 3c; Jokat & Micksch 2004) in the
Amundsen Basin starts near 86◦N at the Gakkel Ridge. From about
86◦34′N, 073◦53′E (CDP 1500) to 87◦12′ N,077◦50′ E (CDP 5000),
the rough basement deepens from 3000 to 4500 m and has no
sediment cover. North of this position, the basement drops by 2000
m over a distance of 15 km. From here on, the seismic reflection
data show a sediment cover with a mean thickness of 1700 m, which
continues to the foot of the Lomonosov Ridge. This sediment cover
is disturbed by a seamount at 87◦21′N 080◦33′E (CDP 6900). A
7000 m deep basement low at 82◦31′N, 099◦40′E (CDP 13250)
indicates the largest sediment thickness of the profile, before the
basement depth shallows in the direction of the Lomonosov Ridge.

2.2 Magnetic data

Aeromagnetic data freely available for the region of the northern
North Atlantic between the Greenland Fracture Zone and the Spits-
bergen Fracture Zone were used for this study (GAMMAA5-Grid;
Verhoef et al. 1996). The anomaly pattern in the Molloy and Boreas
basins in this data set is mostly diffuse. Hence, new aeromagnetic
data gathered by the Alfred Wegener Institute were used to supple-
ment the existing surveys (Fig. 4; (Leinweber 2006). The helicopter
survey was designed to follow the assumed spreading direction.

Figure 4. Age model for the Molloy and Knipovich ridges region. The white lines illustrate the re-identified magnetic chrons labelled after Gradstein et al.
(2004). The seismic reflection profiles 20020500 and 20020700 are marked in red. The black line shows the limits of the new magnetic grid for the Fram Strait
(Leinweber 2006). Additional magnetic data illustrated with lower intensity come from the GAMMAA5 grid (Verhoef et al. 1996). Thin black line: 1000 and
2000 m bathymetry contour line. GSS, Greenland Spitsbergen Sill and GFZ, Greenland Fracture Zone.

Though, the overall magnetic anomaly field remained diffuse, a bet-
ter resolution and hence identification of the anomalies was achieved
in the Boreas and Molloy basins. The aeromagnetic anomalies in
both data sets are more pronounced in the Boreas Basin than in the
Molloy Basin.

3 A NA LY S I S

The analysis consists of a calculation of the spreading rates based
on a magnetic modelling and applies an age–depth relationship for
subsidence calculations. Additionally roughness calculations are
made.

3.1 Spreading rates

3.1.1 Method

Along the seismic reflection profiles, seafloor-spreading magnetic
anomalies were re-identified based on identifications by Brozena
et al. (2003) of magnetic anomalies at the Gakkel and Mohns ridges.
Therefore, the 2-D magnetic modelling program MAGBATH (Hey
et al. 1986) was used, and ages for the anomalies were determined
according to the Geological Time Scale 2004 (Gradstein et al. 2004).
The magnetic modelling consisted of varying estimated spreading
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Figure 5. (a) Magnetic modelling of a helicopter survey 23 km south of profile 20020500 crossing the Molloy Ridge. The black line shows four measured
profiles with a line spacing of 5 km, the grey line, the modelled data and the red line the filtered modelled data. At the bottom, the geomagnetic timescale after
Gradstein et al. (2004) is presented. The re-identified isochrones are marked for a comparison of the measured and modelled data. (b) Magnetic modelling of a
helicopter survey 27 km south of profile 20020700 crossing the Knipovich Ridge in the Boreas Basin. The black line shows four measured profiles with a line
spacing of 10 km, the grey line, the modelled data and the red line, the filtered modelled data. At the bottom, the geomagnetic timescale after Gradstein et al.
(2004) is presented. The re-identified isochrones are marked for a comparison of the measured and modelled data.

rates to obtain the best fits between measured and calculated anoma-
lies. The assumed magnetic layer thickness, magnetic susceptibility,
declination, inclination and the present-day total intensity are listed
in Figs 2(a) and (b). For the identification of anomalies, an effort
was made to avoid topographic elements impacting the analysis.

Since the aeromagnetic data do not show the most pronounced
anomalies along the seismic lines (Figs 2a and b), transects 23 km
south of line 20020500 (Fig. 5a) and 27 km south of line 20020700
(Fig. 5b) were used.

Four profiles in the vicinity of the above modelled lines were used
to check the spatial continuity of the anomalies and their correct
identification. The profiles have a line spacing of 5 km for the
transect crossing the Molloy Ridge (Fig. 5a) and 10 km for the
transect crossing the Knipovich Ridge (Fig. 5b).

Even though the resolution of the new aeromagnetic grid is sub-
stantially better, the magnetic anomalies presented in this data set
are not as detailed as the calculated anomalies in the magnetic mod-
elling. Comparing the modelled and measured anomalies, positive
polarizations of the measured data include anomaly groups of the
modelled data. Thus, we applied an appropriate filter to the com-
puted anomalies from the model. Furthermore, some anomalies in
the measured data are generated by topographic effects.

3.1.2 Results

The re-identified anomalies are presented in Fig. 4 (white lines).
Whereas seafloor spreading at the Gakkel Ridge and in the
Norwegian–Greenland Sea began during chron C24, at about
54 Ma (Brozena et al. 2003), seafloor spreading in the Molloy

Basin started at about 21 Ma (during chron C6AA, this study);
Fig. 4). The northern part of the Knipovich Ridge (east of the
Hovgård Ridge) contains magnetic anomalies up to the beginning
of chron C5 (10 Ma), whereas anomalies in the Boreas Basin can
be clearly identified in the sequence up to chron C9 (28 Ma; Fig. 4).

The magnetic data grid (Fig. 4) shows that anomaly C9 east of the
Knipovich Ridge is located just a few kilometres from the supposed
continent–ocean transition zone off the Barents Sea, which corre-
sponds to the 1000 and 2000 m bathymetry contour line. Anomaly
C9 can probably be found in the Boreas Basin at 77◦22′N, 000◦15′E
(Fig. 2b; CDP 9840) west of the Knipovich Ridge.

The basement lies at a depth of 5700 m northwest of the basement
ridge/seamount at 77◦24′N, 000◦02′E (Fig. 2b; CDP 10100). If
this great depth indicates the presence of oceanic crust, seafloor
spreading might have started earlier than chron C9 (28 Ma).

Along profile 20020500, the half spreading rate was about
6.6 mm y−1 from the opening during chron 6AA (21 Ma) un-
til today. Half spreading rates along line 20020700 started with
8.9 mm y−1 at chron 9 (28 Ma). Since 10 Ma, the oceanic crust
accreted at an average half spreading rate of 6.2 mm y−1. In the
Arctic Ocean (line 20010100), half spreading rates for the Nansen
Basin range from 7.5 mm y−1 at 54 Ma–33 Ma to 6.7 mm y−1 at
33 Ma–16 Ma and 6.0 mm y−1 at 16 Ma until the present. For the
Amundsen Basin, the average half spreading rates of profile
20030300 is 4.7 mm y−1. A spreading asymmetry between the
Nansen and Amundsen basins first was reported by Vogt et al.
(1979), who presented two curves for the northern and southern rift
flank of the Gakkel Ridge with a difference in half spreading rates
of 10–20 per cent.
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In this study, half spreading rates east of the Molloy Ridge
(0–12 Ma: 6.5 mm y−1; 12–21 Ma: 6.3 mm y−1) are similar to the
values west of the ridge, whereas the rates at the Knipovich Ridge
(0–14 Ma: 6.2 mm y−1; 14–28 Ma: 6.4 mm y−1) show an asym-
metry of about 20–25 per cent, with higher rates on the western
side.

3.2 Subsidence

3.2.1 Method

We applied the Parsons & Sclater (1977) age–depth relationship in
combination with a sediment correction (Allen & Allen 1990) for
the seismic reflection profiles 20010100, 20010300 and 20010460.
The loading effect of the sediment is treated as a problem of lo-
cal isostatic balance (Allen & Allen 1990). We applied the same
formulae for profiles 20020500 and 20020700. For the area close
to the ridge, where oceanic crust is quite young and only sparsely
covered by sediments, thermal subsidence calculations (Parsons &
Sclater 1977) were used to calculate the average basement depth.
In areas with a large sediment cover, we corrected the subsidence
curve for the sediment load (Allen & Allen 1990). The resulting
values were fitted using quadratic regression (red solid lines, Figs 2
and 3).

In case of profile 20020500, we observed a significant basement
jump (CDP 3800), and hence the profile was divided into two parts,
which were treated separately.

The subsidence calculations for profiles 20010100, 20010300
and 20010460 use crustal ages based on the age model of Brozena
et al. (2003) and on the GAMMAA5-Grid (Verhoef et al. 1996). For
the subsidence analysis of profile 20020500 and 20020700, the age
model based on the new geomagnetic data grid (Fig. 4; Leinweber
2006) is used, which was described in the previous section.

3.2.2 Results

The seismic reflection profiles in the Nansen, Amundsen, Molloy
and Boreas basins show that the basement deepens as the oceanic
crust ages and the sediment load increases (Figs 2 and 3). To cor-
relate the observed as well as the theoretical basement depth, the
calculated subsidence curves are shown in Figs 2 and 3. The dashed
red lines show the extrapolated subsidence for the regions where
age cannot be identified by magnetic anomalies, but where the depth
of basement indicates oceanic crust.

All subsidence curves (Figs 2 and 3) based on the described
age model fit the general trend of the basement as observed in the
seismic reflection data. The mean deviation between the calculated
subsidence and the empirical trend of the basement relief for all
five profiles averages 244 m. The best fit achieves profile 20010300
with 119 m.

Especially, close to the axial rift valley of the Molloy and the
Knipovich ridges, the oceanic crust is shallower than the theory pre-
dicts. This phenomenon is also observed on profile 20010300, close
to the Gakkel Ridge. The basement surface in the northwestern part
of profile 20020700 shows a good correlation to the extrapolated
subsidence curve (dashed red line; Fig. 2b).

Assuming an error of 0.5 Myr for the age of the re-identified
isochrones, the calculated subsidence values have an uncertainty of
about 40 m.

3.3 Roughness

3.3.1 Method

Topographic roughness (R) is defined as the root mean square (rms)
deviation of residual basement relief (h) along a given length of the
profile (Malinverno 1991). The following equation is used for the
calculation of R:

Ri =
√√√√

n∑
i=1

h2
i

n
for i = 1, 2, . . . , n, (1)

in which h is the difference between a reference surface and the
basement. The reference curve can be a straight line fit to the base-
ment (Malinverno & Cowie 1993) or the theoretical subsidence
curve (Hayes & Kane 1991). In this study, we used an empirical
trend of the basement instead of the theoretical subsidence curves.
Although the results of the theoretical subsidence reproduce the
general trend of the basement, using the theoretical subsidence for
roughness calculation biases the results, even after subtracting the
square of mean value of the segment h from the variance. Another
advantage of using an empirical trend of the basement as reference
surface is that the roughness calculations are independent of the
crustal age model.

The chosen length of the profile section should exceed some
tens of kilometres, preferably about 100 km (Malinverno 1991), to
overcome self-affinity problems and influences of window borders.

A power law derived from many measurements on oceanic ridge
systems describing the relationship of roughness R and full spread-
ing rate, v, is given by Malinverno (1991) as

RC = 1296 v−0.539. (2)

This power law only describes the relationship between rms rough-
ness and spreading rate and does not consider the axial morphology.
Goff et al. (1997) studied the statistical properties of abyssal hill
morphology and showed that for identical spreading rates, both the
axial morphology and the rms roughness change. Regarding this
conclusion, separate power-law curves for axial valley-adjacent and
axial high-adjacent values are calculated for this study as well.

For a roughness analysis, the empirical trends of the basement
were calculated with an equal spacing of one CDP (25 m). After-
wards, we subtracted the basement depth values from the calculated
empirical trend of basement depth to obtain the residual basement
relief (h). Ri was calculated using eq. (1).

Profile sections were selected to calculate crustal roughness ac-
cording to the knowledge of the crustal age or spreading rates, re-
spectively, because spreading rates were not constant through time
at all three ridges (this study). Therefore, the roughness calculation
was done for separate intervals bounded by magnetic anomalies or
the ridge axis. For profile 20020500, it was not possible to obtain
interval borders further apart than 70 km because of a change in
spreading rates at the basement jump at CDP 3800 (Table 1).

3.3.2 Results

The results of the roughness analysis are presented in Table 1.
All new roughness values (this study) are calculated at ultra-slow
spreading rates in ocean basins with axial rift valleys.

The rms roughness of all five axial valley-adjacent profiles
(Table 1) located in the Arctic Ocean and the northern North At-
lantic results in high roughness values from 265 m up to 528 m. The
standard variation amounts to 93 m. Fig. 6 shows the relationship
of the half spreading rate and the results of the roughness analysis
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Ultra-slow spreading ridges 459

Table 1. Profile section, half spreading rates, age range, length of profile section, roughness, Ri, and predicted roughness, RC , after the
power law of Malinverno (1991) and after the power laws of this study, for the five profiles in the Arctic Ocean and northern North
Atlantic.

Half-spreading rate Age range Length of profile Roughnes Roughness RC (m) Roughness RC (m)
Section (mm y−1) (Ma) section (km) Ri (m) (Malinverno (1991)) (this study)

Nansen B.
20010100 A 6.0 0–16 125 506 340 432

B 6.7 16–33 127 519 320 405
C 7.5 33–53 207 528 301 380

20010460 A 7.5 37–53 147 513 301 380

Amundsen B.

20010300 A 4.7 0–42 223 471 387 497

Boreas/Molloy B.

20020500 A 6.5 0–11 70 470 325 413
B 6.7 11–21 68 265 320 405

20020700 A 8.0 0–14 107 517 291 366
B 8.6 14–28 120 337 280 351

Figure 6. Roughness (m) versus half spreading rate (mm y−1). The results of Goff (1991) and Goff et al. (1997) were obtained from the southern Mid Atlantic
Ridge and the Pacific Ocean, the results of Bird and Pockalny (1994) from the South Australia Basin and the Argentine Basin. The roughness values of Minshull
(1999) are from A: Blake Spur Fracture Zone (Morris et al. 1993), B: west flank of the Mid-Atlantic Ridge at 28◦N, C: Canary Basin (Ranero et al. 1970), D:
OCEANS area at the Cape Verde abyssal plain (Henstock & White 1996) and E: east flank of the Atlantic Ridge at the equator. The black line represents the
curve fit of Malinverno (1991). The grey area marks the range of the half spreading rates for the Gakkel Ridge.
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460 B.-M. Ehlers and W. Jokat

Figure 7. Roughness (m) versus half spreading rate (mm y−1). The results of Goff (1991) and Goff et al. (1997), Malinverno (1991) and this study are separated
in axial valley-adjacent, intermediate and axial high-adjacent roughness values. The red line represents the curve fit for axial valley-adjacent roughness values
(this study), the black line shows the curve fit for axial high-adjacent roughness values (this study).

with the standard variation as error bars. The grey area marks the
range of the ultra-slow spreading velocities for the Gakkel Ridge.

Fig. 7 presents data from axial valley-adjacent and axial high-
adjacent roughness values. Especially for half spreading rates be-
tween 17 and 36 mm y−1, both roughness values from axial rift val-
leys and axial rift highs exist. Therefore, based on the new roughness
data, two separate power-law curve fits are calculated:

(1) for axial valley-adjacent values:

RC = 1811 (2v)−0.5767 ; (3)

(2) for axial high-adjacent values:

RC = 1290 (2v)−0.5898 . (4)

The correlation coefficient is 0.86 for (3) and 0.71 for (4). The
results of the various curve fits are shown in Fig. 7.

4 D I S C U S S I O N

Seismic reflection data shows deep axial valleys and rough basement
topography for all five profiles (Figs 2 and 3). Combining the results
of the seismic reflection profiles and of the new aeromagnetic data
grid (Fig. 4), an enhanced age model was developed. This age model,
which is confirmed by magnetic modelling (Fig. 2a and b and 5a

and b), suggests half spreading rates for all investigated basins to be
located in the ultra-slow range, based on classification of mid-ocean
ridges (Dick et al. 2003). Half spreading rates range from 6.0 to
8.6 mm y−1.

For the Gakkel, Molloy and Knipovich ridges, the main reason
for such ultra-slow spreading seems to be the slow absolute rates of
motion of the bounding Eurasian and North American plates (Vogt
et al. 1979). These plates are not undergoing significant subduction.
Furthermore, the proximity of the ridges to the Euler pole of rotation
(e.g. Gaina et al. 2002) also results in low angular velocities and,
therefore, ultra-slow spreading. Ultra-slow spreading causes fast
cooling of the asthenosphere, increasing the viscosity and lowering
crustal production rates (Sleep & Rosendahl 1979).

The age–depth relationship of Parsons & Sclater (1977) in combi-
nation with a sediment correction (Allen & Allen 1990) was applied
to the re-identified age model. The observed depth to basement can
be explained by the thermal subsidence and the sediment loads. The
theoretical subsidence curves (red lines, Figs 2 and 3) differ from
the empirical trends of the basement (black lines, Figs 2 and 3) by
up to 400 m. The uncertainty of the calculated subsidence curves
can be attributed to errors in the age model of oceanic crust and in
the sediment thickness derived from the seismic reflection data.

In Fig. 6, published roughness values (Ranero et al. 1970; Goff
1991, 1997; Bird & Pockalny 1994; Henstock & White 1996;
Minshull 1999; Weigelt & Jokat 2001) are shown in a global
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context, highlighting the relationship between crustal roughness
and half spreading rates. The new roughness values supplement the
global data for the ultra-slow end of the spectrum. The calculated
roughness values for ultra-slow spreading rates range from 265 to
528 m. These are only dependent on the basement depth derived
from seismic reflection data. The values are higher than rough-
ness values derived from ridge-adjacent areas with higher spreading
rates. The results support the global correlation of spreading rates
and crustal roughness. The roughness values do not correlate with
the magmatic and amagmatic segmentation (Michael et al. 2003) or
the crustal thickness (Jokat & Schmidt-Aursch 2007), respectively.

With exception of the roughness value for the northwestern part
of profile 20020500, all new roughness values worked on for the
Fram Strait and the Arctic Ocean, including the ones by Weigelt
& Jokat (2001), lie above the Malinverno (1991) curve fit. The
roughness values of Bird & Pockalny (1994) are generally higher
than the rms roughness data of Malinverno (1991) at ultra-slow
spreading rates (<20 mm y−1) but similar at intermediate rates
(21–40 mm y−1). The results of Goff (1991) and Goff et al. (1997)
for intermediate and fast spreading rates lie under the Malinverno
curve for most data points. The values for slow spreading rates
lie above the curve. In general, the difference between roughness
predictions from Malinverno (1991) and other authors increases as
spreading rates decrease (Fig. 6). Most crustal roughness values
result in higher values for slow spreading rates and in lower values
for fast spreading rates. For spreading rates of 20 to 40 mm y−1, the
roughness values range about 100 m around the curve fit. Hence, a
discussion regarding a new curve fit including the new roughness
data is justified.

The error bars for the roughness calculations, which are dis-
played in Fig. 6, cannot account for the difference between the
power-law curve fit (Malinverno 1991) and the roughness values.
To specify the difference between crustal roughness values and the
power-law fit, besides spreading rates and roughness values, the
axial morphology is taken into account. Goff et al. (1997) divided
the roughness analysis in values derived from axial rift valleys, in-
termediate rift axes and axial rift highs. If the ridge morphology is
taken into account, the values calculated close to axial rift valleys
are on average about 50 m higher than axial high-adjacent values
(Fig. 7). We conclude that a single power law is not sufficient to pre-
dict the relationship between spreading rates and crustal roughness.
A step-function relationship of half spreading rates and roughness
may be a possible solution. The sharp increase of crustal roughness
values for slow spreading rates and small changes in roughness
for fast spreading rates determine the calculation of a polynomial
relationship.

For axial valley-adjacent roughness values, the results of the
power law (3) are higher than Malinverno (1991) predicts. The
mean deviation adds up to 40 m. In contrast, the results of the curve
fit of axial high-adjacent roughness values (4) are on average 23 m
less than the calculated values of Malinverno’s power law.

Identical morphology along ultra-slow spreading ridges thus pro-
vides roughness values of a wider range than along faster ridges.
As an example, roughness values at 6.5–6.7 mm y−1 half spreading
rate range over 254 m, from 265 to 519 m (Fig. 6, Table 1), whereas
roughness values at 28.8–30.6 mm y−1 half spreading rate range
over 69 m, from 79 to 148 m.

Eq. (3) was used to calculate roughness values RC based on the es-
timated spreading rates (Table 1) from the re-identified isochrones
in the Boreas Basin, Molloy Basin and in the Arctic Ocean. The
rms roughness Ri (eq. 1) is on an average 55 m higher than RC

calculated after eq. (3) (this study) and 140 m higher than RC calcu-

lated after Malinverno (1991) (eq. 2). Since the results of this study
are derived from axial valley-adjacent roughness values, eq. (4) is
only based on data from Goff (1991) and Goff et al. (1997) and
Malinverno (1991). Using the existing database, just one roughness
value with an intermediate axial morphology is available. There-
fore, it is not possible to infer a relationship between intermediate
axial morphology, roughness and spreading rate.

In this study, the high roughness values obtained from all
five analysed seismic reflection profiles (Table 1) with ultra-slow
seafloor spreading rates in the investigated basins with axial rift val-
leys indicate a correlation between spreading rate, axial morphol-
ogy and roughness values. In the Arctic Ocean, Boreas Basin and
at the Molloy Ridge, seafloor spreading was initiated at ultra-slow
spreading rates and based on the age model, continues at slightly
decreasing spreading velocities until today (Figs 2–4). The analysis
of roughness shows higher roughness values during the entire evo-
lution of the basins, and hence we conclude that the Gakkel, Molloy
and Knipovich ridges have always been axial rift valleys.

5 C O N C LU S I O N S

The sediment-corrected thermal subsidence predicts the general
trend of the observed basement depths in the Nansen, Amundsen,
Boreas and Molloy basins. An exception occurs at the flanks close
to the spreading centres, where the theoretical subsidence is larger
than the measured basement depth.

The global data set of rms roughness has been updated with
new values for ultra-slow spreading systems based on roughness
calculations of seismic reflection profiles in the Arctic Ocean, the
northern North Atlantic and Fram Strait.

The roughness values from basins with ultra-slow spreading rates
and axial rift valleys derived in this study are higher than those
predicted by the power law of Malinverno (1991). Furthermore, the
axial valley-adjacent and axial high-adjacent roughness values were
separated. Two curve fits describe the relationship of the seafloor
spreading rate, the rms roughness and the ridge morphology.

All five seismic reflection profiles show the ridge as deep ax-
ial valleys and basins with rough basement topography. The new
spreading rate model shows that all basins were formed at ultra-
slow spreading rates and continued spreading at the same rate. For
the investigated basins, a good correlation between spreading rate,
morphology and roughness exists.

The results also indicate that the entire ocean floor north of the
Greenland Fracture Zone was formed at ridges with axial rift valley
morphology with ultra-slow spreading rates and continued to spread
at these rates, creating a rough basement topography. This constant
ultra-slow spreading rate during the formation and basin evolution
is of special interest for future research in geodynamic and plate
tectonics.
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analysis of seafloor morphology on the flank of the southeast Indian
Ridge: the influence of ridge morphology on the formation of abyssal
hills, J. geophys. Res., 102(B7), 15 521–15 534.

Gradstein, F., Ogg, J. & Smith, A. (eds), 2004. A Geological Time Scale
2004, Cambridge University Press, Cambridge.

Hayes, D.E. & Kane, K.A., 1991. The dependence of seafloor roughness on
spreading rate, Geophys. Res. Lett., 18(8), 1425–1428.

Henstock, T.J. & White, R.S., 1996. Along-axis variability in crustal accre-
tion at the Mid-Atlantic ridge: results from the OCEAN study, J. geophys.
Res., B6(101), 13 673—13 688.

Hey, R.N., Kleinrock, M.C., Miller, S.P., Atawater, T.M. & Searle, R.C.,
1986. Sea Beam/Deep-Tow investigation of an oceanic propagating rift
system, J. geophys. Res., 91, 3369–3393.

Jakobsson, M. & IBCAO Editorial Board Members, 2001. Improvement
to the International Bathymetric Chart of the Arctic Ocean (IBCAO):
updating the data base and the grid model, EOS, Trans. Am. geophys Un.,
82(47), Fall Meet. Suppl., Abstract OS11B-0371.

Jokat, W. (ed.), 2003, The expedition ARKTIS XVIII/2 of RV “Po-
larstern” in 2002: contributions of the participants, Berichte zur Polar-
und Meeresforschung, Alfred-Wegener-Institut fuer Polar-und Meeres-
forschung, Bremerhaven, p. 449.

Jokat, W. & Micksch, U., 2004. Sedimentary structure of the Nansen and
Amundsen basins, Arctic Ocean, Geophys. Res. Lett., 31(2), 4pp.

Jokat, W. & Schmidt-Aursch, M.C., 2007. Geophysical characteristics of the
ultraslow spreading Gakkel Ridge, Arctic Ocean, Geophys. J. Int., 168,
983–998.

Karasik, A.M., 1968. Magnetic anomalies of the Gakkel Ridge and origin
of Eurasian subbasin of the Artic Ocean, Geophys. Methods Prospect.
Arctic, 5, 8–19.

Kristoffersen, Y., 1990. On the tectonic evolution and palaeoceanographic
significance of the Fram Strait gateway, in Geological History of the Polar
Oceans: Arctic Versus Antarctic, pp. 63–76, eds Bleil, U. & Thiede, J.,
Kluwer Academic Publishers, Bremen.

Lawver, L.A., Müller, R.D., Srivastava, S.P. & Roest, W., 1990. The opening
of the Arctic Ocean, in Geological History of the Polar Oceans: Arctic

Versus Antarctic, pp. 29–62, eds Bleil, U. & Thiede, J., Kluwer Academic
Publishers, Bremen.

Leinweber, V.T., 2006. Abschätzung von Sedimentmächtigkeiten in der
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