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Tectonic History 

Seymour Laxon and David McAdoo 
The derivation of a marine gravity field from satellite altimetry over permanently ice- 
covered regions of the Arctic Ocean provides much new geophysical information about 
the structure and development of the Arctic sea floor. The Arctic Ocean, because of its 
remote location and perpetual ice cover, remains from a tectonic point of view the most 
poorly understood ocean basin on Earth. A gravity field has been derived with data from 
the ERS-1 radar altimeter, including permanently ice-covered regions. The gravity field 
described here clearly delineates sections of the Arctic Basin margin along with the tips 
of the Lomonosov and Arctic mid-ocean ridges. Several important tectonic features of 
the Amerasia Basin are clearly expressed in this gravity field. These include the Men- 
deleev Ridge; the Northwind Ridge; details of the Chukchi Borderland; and a north-south 
trending, linear feature in the middle of the Canada Basin that apparently represents an 
extinct spreading center that "died" in the Mesozoic. Some tectonic models of the 
Canada Basin have proposed such a failed spreading center, but its actual existence 
and location were heretofore unknown. 

Persistent sea ice has kept surface research 
ships out of much of the Arctic Ocean. As a 
consequence,, our understanding of Arctic 
Ocean Basin geology and geophysics lags 
well behind that of the other major ocean 
basins (1). On the basis of relatively abun- 
dant aeromagnetic surveys (2, 3) plus a 
limited amount of surface data (4), an un- 
certain tectonic history has been constructed 
for the oceanic Arctic Basin (5). Over ice- 
free oceans, data from satellite radar altime- 
ters have been used with great success (6, 7) 
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to determine marine gravity fields. These 
fields can help in determining the tectonic 
history' of the ocean floor (8). Previous 
altimeter missions have covered areas below 
72"N. but the ERS-1 satellite ~rovides ob- 
servations up to 82"N covering's large area 
of the Arctic Basin for the first time. The 
Arctic Basin is generally divided into two 
sub-basins: the Eurasia Basin and the Amer- 
asia Basin, separated by the Lomosonov 
Ridge. The Amerasia Basin, whose tectonic 
history is particularly uncertain, is mostly 
covered by ERS-1 altimeter observations of 
sea ice. The presence of sea ice introduces 
unacceptable errors into the height estimate 
that is computed on board the satellite (9). 
In this article we present a gravity field for 
the Arctic Ocean. derived from data that 
have been corrected for on-board errors by 

Knowledge of the tectonic history of the 
Arctic Basin is key to understanding the role 
of the Arctic Ocean in past climate change. 
An accurate Arctic tectonic history is also 
needed to ensure accurate global tectonic 
models and to understand the geology of the 
Arctic continental margins (1 0). 

The Arctic Basin is eenerallv divided into - 
two parts, each with a distinct plate-tectonic 
history: The smaller Eurasia Basin, which 
lies between Eurasia and the Lomonosov 
Ridge, was formed by sea floor spreading on 
the Arctic (Nansen) mid-ocean Ridge likely 
beginning 55 million years ago (Ma) (I I). 
The Amerasia Basin (Fig. 1) represents the 
remaining two-thirds of the Arctic Basin, 
which probably formed in late Neocomian 
to Late Cretaceous time (-130 Ma) (3, 4), 
and has an uncertain tectonic historv (2. 5). , ~. , 

Of the many tectonic models proposed for 
the early development of the Amerasia Ba- 
sin, the most widely held involve arctic 
Alaska rifting away from the Canadian arctic 
islands in the Mesozoic and rotating to its 
present position. This rotation is thought to 
have been accompanied by sea floor spread- 
ing that produced the ocean crust of the 
southern and central Canada Basin. Howev- 
er, the locus or axis of such sea floor spread- 
ing had not been found. Taylor and col- 
leagues (3), on the basis of aeromagnetic 
profiles, speculate that an extinct spreading 
axis was located roughly in the middle of the 
southern Canada Basin. However. data from 
aeromagnetic surveys have since been con- 
sidered inadequate to resolve this problem. 
Another possible source of the spreading is 
the Mendeleev-Alpha Cordillera Ridge (2). 
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Recent work (12) indicates that the Cana- 
dian end of the Alpha Ridge is volcanic in 
origin, but surface data have not been suffi- 
cient to rule out a spreading-center origin for 
the rest of the Alpha-Mendeleev Cordillera 
or to refute fully o t h e  speculations (1 3) that 
the Cordillera is a continental fragment or 
was formed above a subduction zone (14). 

Satellite Gravity Over Sea Ice 

The mean topography of the sea surface, be 
it open ocean or covered with sea ice, 
conforms to the geoid and therefore reflects 
variations in the Earth's gravity field. Long- 
wavelength variations of the field reflect 
density variations in the Earth's mantle and 
crust, whereas shorter wavelength (<250 
km) features reflect the topography of the 
sea floor plus the density of the oceanic 
crust and uppermost mantle. Over ice-free 
oceans, data from satellite radar altimeters 
such as Geosat and Seasat have been used 
with great success to determine global ma- 
rine gravity fields up to 72" latitude (6, 1.5). 
These altimetric gravity fields can be used 
to help map tectonic structures, fracture 
zones, active and extinct mid-ocean ridges, 
and propagating rifts (8). During the geo- 
detic phase of the Geosat altimeter mission, 
where a high spatial density of tracks was 
acquired, gravity fields with spatial resolu- 
tions as high as 2 to 3 km were generated 
(7, 16). These fields are particularly useful 

\ 
in poorly mapped areas, such as the south- 
em ocean, where ship surveying may be no 
better than a few hundred kilometers (1 7). 

Because its orbit is more highly inclined 
(98") than other altimeter satellites, the 

\ ERS-1 radar altimeter provides coverage of 
the Arctic up to 82"N. Gravity fields of 
ice-free areas in the Norwegian-Greenland 
sea have already been produced with ERS-1 
altimetry (18, 19). Most data over the 

I - tectonically important Arctic Basin have, 

-14 -1 12 20 30 

Gravity anomalies (mgal) 
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Rg. 1. (Top) Index and physiographic map for 
the Arctic Ocean. Depth contours (interval of 
1000 m) are drawn from the National Oceanic 
and Atmospheric Administration-National Geo- 
physical Data Center Global Gridded Elevation 
and Bathyrnetry database (ETOW5). NR, 
Northwind ridge; ChB, Chukchi borderland; 
MR, Mendeleev Ridge; AR, Alpha Ridge; LR, 
Lomonosw Ridge; AMOR, Arctic (Nansen) 
Mid-Ocean Ridge. The southern latitude limit is 
64ON. The northern limit of ERSl coverage, 
latitude of 81.5"N. is plotted (inner circle). The 
shaded square in the Canada Basin shows the 
area in which densely spaced gravimetric ob- 
servations taken on the sea ice are compared 
with our ERS-1 results. Note that much of the 
Eurasia Basin lies north of 81.5ON. Fig. 2. 
(Bottom) Gravity field of the Arctic Ocean from 
ERS-1 retracked altimetry wer sea ice and 
open ocean. The image shown is a polar ste- 
reographic projection. 



however, been excluded because of the 
presence of sea ice, which results in com- 
plex radar echoes (20) that confuse the 
on-board processor, resulting in much in- 
creased height noise (21). 

To reduce this noise. it is necessarv to 
reprocess the altimeter &hoes recorded by 
the spacecraft. Reprocessing requires the 
use of the full-echo waveform data rather 
than the ocean product (OPR) data set, 
nonnally used for open-ocean gravity map 
ping, which contains only on-board esti- 

mates of surface height. By measuring the 
o&t between the range given by the lead- 
ing edge of the recorded echo and the range 
estimated by the on-board processor, a cor- 
rection can be computed (9). When this 
correction is applied to the on-board esti- 
mates, the height noise is significantly re- 
duced. After the removal of outliers and the 
elimination of spurious signals due to the 
ice cover, a Gaussian smoothing function is 
applied to rhe data, resulting in a smooth 
height profile from which along-track slopes 

Fig. 3. Comparison be- 
tween ERS-1 altimeter- 
deriveddeffecdionsfrom 
the-during-- 
ered (solid) and ice-free 
(dashed) periods. One mi- 
croradii of vertical de- = 10 
fle&ticm correspmls to a f! 

3 
gravityanomalyofapprox- 
imately 0.98 rngal. Deflec- -0 o 
tbns for the ice-free profile 3 
arecomputedat2Hzwith 
the ERS-1 altimeter ocean -10 
product (OPR), while the 
deflections for the iceco\l- 
ered profile are computed 
at 20 Hz with the ERS-1 
altimeter waveform prcd- 
uct (WAF). The profile lo- +-, 
cation AA' is indicated in 145 150 155 160 1 65 
Fig. 1. Longitude (degrees) 

can be computed. Gravity anomalies were 
then calculated for a single 35-day repeat 
cycle (cycle 96) from the method of Mc- 
Adoo and Marks (7). 

Results 

The new data cover large areas that are 
permanently ice-covered and yield a grav- 
ity field for the Arctic Ocean from which 
tectonic details can be deduced. The re- 
sulting gravity field (Fig. 2) covers all 
ocean areas between 61% and 82"N for 
the first time. A second, noisier repeat 
cycle was processed to ensure that the 
features appearing in Fig. 2 were not 
anomalous in origin. 

Data that were obtained during a period 
of maximum ice retreat, when there was 
some oDen ocean. allowed a direct comDar- 
ison Inkween sukace slopes derived with 
and without ice cover. The comparison 
(Fig. 3) shows a root-mean-square d8er- 
ence of -5 w d  (corresponding to -5 
mgal) between slopes derived from the on- 
board estimates and those corrected during 
a period of ice cover corrected by retum- 
echo analysis. 

A comparison of our field with existing 
gravity surveys (22,23) in the Beaufort Sea 
region is shown in Fig. 4. Overall there is 
excellent agreement, although some difTer- 
ences occur in coastal regions where some 
of the ERS-1 data have been deleted be- 

- 
mgal 

Flg. 4. (A) Surface gravity observations for the Beaufort Sea region. Densely spaced observations (in box) in the southwestern Beaufort were used for 
comparison with our ERS-1 gravity results. The image shown is an orthographic projection. (B) ERS-1 gravity field for the Beaufort Sea region. The image 
shown is an orthographic projection. 
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Fig. 5. Two-dimensional power spectra of fie 
CGS surface gravimetry (circles) in a square 
area in the southeastern Beaufort Sea (see 
Figs. 1 and 4) and of the differences [or noise 
(triangles)] between surface gravimetry and 
ERS-I gravity. 

cause of coastal contamination. The Beau- 
fort Sea, unlike most of the Arctic Ocean 
that is virtually unmapped by surface gravi- 
metric observations. mauued well with ob- , . L  

servations from aircraft, ships, and drifting 
ice islands. A rectangular 500-km2 area of - 
the southernmost Beaufort Sea (compare 
Figs. 1 and 4) is particularly well mapped by 
gravimetric surveys taken on the sea ice. To 
estimate the accuracy and spatial resolution 
of our gravity field, we did a comparative 
analysis of the surface gravity results with 
our ERS- 1 gravity results in this square area 
of the southeastern Beaufort Sea. We com- 
puted differences between the surface and 
ERS-1 gravity fields. We then estimated the 
two-dimensional Dower suectrum of the 
CGS surface gravity and a corresponding 
power spectrum of the differences or noise 
(Fig. 5). The point at which the power 
spectral density of the gravity signal equals 
that of the noise is taken as the short- 
wavelength limit of resolution, which we 
estimate to be -75 km. The root-mean- 
square difference between the two gravity 
fields is 8 mgal, when error both in the 
ERS-1 derived gravity and in the CGS 
gravity measurement is taken into account. 

Tectonic Interpretation 

From the overall ERS-1 gravity field (Fig. 
Z), one can see tectonic fabric imprinted in 
the Arctic sea floor. The individual gravity 
anomalies correspond to both known and 
unknown tectonic or bathymetric features. 
The margins of the Arctic Basin, both the 
Amerasia and the Eurasia basins (Figs. 
1 and 2), are clearly visible. Although 

much of the Eurasia Basin lies north of 
82"N and is therefore unobserved. gravita- , "  

tional expression of the eastern tip of the 
Lomonosov Ridge (Fig. 1) and the Arctic 
(Nansen) Mid-Ocean Ridge (Fig. 1) can be 
seen in Fig. 2. In contrast to the Eurasia 
Basin, more than half of the enigmatic 
Amerasia Basin is imaged by our gravity 
map. A linear (purple) gravity low associ- 
ated with the Northwind Ridge (Fig. 1) can 
be seen. Although seismic reflections (4) 
indicate that the Northwind is a site of 
Tertiarv convergence but not subduction. " 
this gravity low more closely resembles 
those at trenches and subduction zones 
elsewhere in the world's oceans. This 
Northwind low also looks similar to those 
observed over large-offset fracture zones 
such as the Eltanin fracture zone. Clearly, 
the Northwind is not a subduction zone and 
prol;ably never was. Rather, it was more 
likely produced by compression across this 
edge of continental crust composing the 
Chukchi Borderland. Just west of the 
Northwind Ridge can be seen a complex of 
gravity anomalies that overlie the Chukchi 
Borderland (Fig. 1). Seismic reflection pro- 
files (4) across the Chukchi Borderland ~, 

suggest that it may be composed of conti- 
nental crust that has undergone east-west - 
extension. Indeed, the complex gravity 
anomalies that are revealed over the Chuk- 
chi may result from abandoned rift valleys 
or similar extensional structures. However, 
no evidence can be seen in Fig. 2 of a long 
Charlie transform fault, which has been 
postulated (4) to lie just north of the 
Chubchi Borderland. A linear feature 
roughly resembling fossil spreading ridges 
seen in Geosat gravity fields of the South- 
ern Ocean can also be viewed in Fin. 2. 
roughly coincident with the ~ende lee"  
Ridge (Fig. 1) .. The Mendeleev is largely 
unmapped by surface data; its exact nature 
is unknown. but some (13) have s~eculated > ,  

that it may be a spreading center that died 
in the early Tertiary. Our gravity results 
may lead some researchers to speculate that 
this fossil spreading ridge hypothesis is val- 
id. A linear gravity low over the extinct 
Aegir Ridge northeast of Iceland can be 
viewed in Fig. 2. Off the east coast of 
Greenland,'a large negative anomaly over- 
lying .the outer continental shelf is ob- 
served. This low may result from residual 
crustal depression as a result of an enlarged, 
Early Holocene Greenland ice sheet or 
glacial erosion. " 

Perhaps the most tectonically signifi- 
cant feature in our gravity field is a north- 
south trending low at 14Z0W. This pattern 
suggests that an extinct spreading ridge 
underlies the thick sediments of the Can- 

ada Basin. This low is similar in appear- 
ance to that observed over the well-docu- 
mented, extinct Aegir Ridge described 
above. At its southern end, this lineated 
gravity low appears to bend in a southeast- 
erly direction toward the MacKenzie Del- 
ta. This pattern provides evidence that 
the Canada Basin was formed by the rota- 
tion of arctic Alaska away from the Cana- 
dian arctic islands and by consequent sea 
floor spreading about a pole in the Mac- 
Kenzie Delta. 
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