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S U M M A R Y
New gravity observations collected over Ellesmere Island and Axel Heiberg Island have been in-
tegrated with existing Canadian and Danish data sets to produce a comprehensive regional com-
pilation over the Innuitian Region of the Canadian and Greenland High Arctic. This compilation
has provided quantitative assessment of the geometry of the plate boundary between north-
ern Greenland and Ellesmere Island and crustal structures across the Cretaceous–Palaeogene
Eurekan Orogen.

A large amplitude linear gravity low—Nares Strait Gravity Low (NSGL) (<–160 mGal)—
extends obliquely across Nares Strait from northern Greenland to Ellesmere Island. This feature
closely correlates with the distribution of the Palaeozoic Franklinian Margin sequences and
is cross-cut by the Cenozoic Eurekan Frontal Thrust (EFT), which represents the mappable
western limit of the undeformed Greenland Plate associated with the Eurekan Orogen. Newly
identified linear gravity features occur north of the NSGL: the Hazen Plateau Gravity High
(HPGH), corresponding with the low-lying topography of the Hazen Trough and the Grantland
Gravity Low (GGL), over the elevated topography of the Grantland Uplift.

Gravity models for profiles crossing the NSGL, the HPGH and the GGL indicate that the
long-wavelength component of the gravity anomalies is produced by systematic variations
in Moho depth. Although significant Eurekan-age thrusting and thickening of low-density
Palaeozoic strata is observed on Ellesmere Island, locally contributing to the mass-deficit
generating the NSGL, equivalent strata on Greenland are undeformed. The NSGL is interpreted
to be primarily the signature of the remnant (Early Palaeozoic) margin with the downwards
flexure of the crust beneath a northwards thickening sedimentary wedge rather than purely the
result of crustal thickening from the Eurekan Orogeny.

Digital bathymetry and sediment thickness data were used to determine a residual ‘crustal’
gravity field, which in turn was used to calculate depth-to-Moho and crustal thicknesses. These
have been interpreted in terms of crustal affinity and crustal thinning and thickening processes
associated with the Late Cretaceous–Palaeogene plate tectonics of the area. Significant crustal
thinning is observed beneath the Lancaster Basin, between Baffin Island and Devon Island,
corresponding with 40 km of separation. This is interpreted to be a failed rift-arm of the Eocene
spreading system in Baffin Bay.

A Fourier-domain transfer function analysis (Q) determined an intermediate average crustal
strength (flexural rigidity of 1022 N m) over the Innuitian region. Comparisons with theoretical
models, based on a simple thin elastic plate model, suggest that the crust is relatively thin
(30 km) and in near-isostatic equilibrium—that is, not flexurally supporting the existing sed-
imentary or topographic load. A clearly defined anisotropy is identified, correlating with the
direction of Eocene plate convergence, suggesting that the Eurekan collisional forces have not
yet dissipated and are at least partially supporting large-scale orogenic structures.

Key words: Gravity anomalies and Earth structure; Continental tectonics: compressional;
Continental tectonics: strike-slip and transform; Dynamics: gravity and tectonics; Lithospheric
flexture; Arctic region.
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1040 G. N. Oakey and R. Stephenson

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

During the development of the North Atlantic, the Late Cretaceous–

Palaeogene motion of Greenland relative to North American pro-

duced complex intraplate tectonic episodes in the Nares Strait region

of the Canadian-Greenland High Arctic (Fig. 1). Although a dis-

crete linear plate boundary—the Wegener Fault—within the Nares

Strait waterway (Wegener 1915) has been used in plate kinematic

reconstructions to accommodate up to 300 km of sinistral strike-

slip motion (Srivastava & Tapscott 1986), convergence between

Greenland and Ellesmere caused complex reactivation of Palaeozoic

and Proterozoic structures with significant compressional deforma-

tion and orogenic uplift within the Canadian Arctic Islands—the

Eurekan Orogeny. A large gravity low over central Nares Strait—

the Nares Strait Gravity Low (NSGL)—was identified by Jackson

& Koppen (1985) and interpreted by these authors to be the re-

sult of crustal thickening associated with a subduction zone along a

convergent intercontinental margin. The details of timing and geom-

etry of the orogen have been enigmatic due to reactivation of older

structures, large gaps in geophysical mapping, limited onshore–

offshore geological mapping and poorly constrained plate tectonic

models.

In this paper, a new gravity compilation over the Innuitian Re-

gion of northern Canada and Greenland from the Canada–Greenland

Map Series (Oakey et al. 2001a) is presented and used to define

regional-scale geological structures and provide better constraints

on the geometry of the overprinted Eurekan Orogeny. The new grav-

ity data have provided continuous mapping of the NSGL across

Nares Strait, allowing for an improved assessment of its relationship

with the plate boundary between Greenland and Ellesmere Island.

Further, the gravity data have been integrated with newly compiled

bathymetric data (Oakey et al. 2001b) as well as with a regional sed-

iment thickness grid that was compiled from a mosaic of academic

and industry sources. This has facilitated mapping the onshore–

offshore continuity of geological structures and has allowed a series

of quantitative analyses—including depth-to-Moho and crustal thin-

ning estimations, forward modelling and isostatic admittance—to

be undertaken to support a regional interpretation of the study area

in terms of crustal affinity and tectonic evolution.

2 G E O L O G Y A N D T E C T O N I C H I S T O RY

O F T H E I N N U I T I A N R E G I O N

The geology of the Innuitian Region (Fig. 2), crossing Nares Strait

between Greenland and Canada, records multiple orogenic events

dating back to the Archaean, often making it difficult to differentiate

the complex overprinting of structural elements. The youngest major

tectonic event is the Palaeogene Eurekan Orogeny, which is the main

focus of this paper.

2.1 Regional geology

The onshore geology of coastal areas of northern Baffin Bay is dom-

inated by Archaean and Paleoproterozoic crystalline rocks compris-

ing numerous complex terranes. Overlying Mesoproterozoic sedi-

mentary sequences including the Thule Supergroup and equivalents

of the Borden Basin are broadly distributed on Greenland, Ellesmere

Island and Baffin Island and have been mapped offshore in south-

ernmost Nares Strait and Kane Basin (KB). A passive continental

margin (the Franklinian Margin) lay along the Precambrian craton by

latest Proterozoic–Early Palaeozoic times and subsequently ‘closed’

during Devonian orogenesis. Trettin (1989) divided the Palaeozoic

record of the Innuitian Region into regional successions. These are

Late Neoproterozoic–Cambrian and younger carbonate rocks of the

Arctic Platform and the Cambrian–Devonian aged successions of

the shelf and deep-water ‘provinces’, the former dominated by car-

bonate sequences and the latter subdivided into sedimentary and

volcano-sedimentary sequences. These units were affected by mul-

tiple tectonic events culminating in the Late Devonian–Early Car-

boniferous Ellesmerian Orogeny. The exotic, stratigraphically and

structurally complex, Pearya Composite Terrane constitutes most

of northern Ellesmere Island and is thought to represent an assem-

blage of continental fragments accreted to the North American Plate

during the Palaeozoic (Trettin 1991).

The Sverdrup Basin is a post-Ellesmerian Orogeny intracra-

tonic (or ‘successor’) basin (Stephenson et al. 1987) approximately

1300 km long and up to 400 km wide with over 2 km of Upper

Palaeozoic strata (Davies & Nassichuk 1991) and up to 8 km of

Mesozoic strata (Embry 1991). Much of the Mesozoic section is

intruded by Cretaceous mafic sills and dykes, as well as salt di-

apirs. Magmatism has been associated with the opening of Canada

Basin and the development of the present polar continental mar-

gin of Canada (Embry 1991). The Sverdrup Basin culminates with

the non-marine Eureka Sound Group (Ricketts 1986; Miall 1991),

locally controlled by Late Cretaceous–Palaeogene fault systems of

the Eurekan Orogeny (Okulitch et al. 1990). These fault systems of-

ten represent reactivated Ellesmerian and older structures (Phillips

1990). The uppermost Neogene to Recent succession, the Arctic

Coastal Plain, is a wedge of seaward deepening fluvial and marine

sequences deposited along the modern northern passive continental

margin.

2.2 Mesozoic and Cenozoic basins

Cretaceous rifting (pre-seafloor spreading) between Greenland and

Canada developed syn-rift marginal basins extending from the

Labrador Sea (Balkwill 1990; Chalmers & Puvertaft 2001) to the

Innuitian Region (Okulitch & Trettin 1991). The locations of the

major basins surrounding northern Baffin Bay are shown in Fig. 2.

Half-graben basins on both the Baffin shelf (Jackson et al. 1992)

and Melville Bay (Whittaker & Hamann 1995) on the Greenland

margin, are also thought to contain Cretaceous syn-rift sediments.

The deep inner Melville Bay Graben (MBG) is separated from the

North and South Kivioq basins (NKB and SKB) by the Melville

Bay Ridge. Both basins are deeper in the south, and structurally

divided from the northern ends of the basins. Narrow elongated

basins northwest of the MBG extend to the Carey Basin (CB) and

show evidence of inversion. The CB is a north–south oriented basin

with strata that has had significant basin inversion and overprint-

ing of ‘flower-structures’ (Jackson et al. 1992). To north of CB

is the NW–SE oriented North Water Basin (NWB). The Glacier

Basin (GB) is a narrow N–S oriented basin with only a thin layer of

low velocity strata. Within KB, the shallow Franklin Pierce Basin

(FPB) is structurally bounded to the west by the Eurekan Frontal

Thrust.

Upper Cretaceous successions are locally exposed onshore in the

north Baffin region (e.g. Miall 1991). The EW oriented Devon Arch

(DA) forms a structural divide between stepped faults dipping north

towards Jones Sound and south towards Lancaster Sound (Okulitch

& Trettin 1991) at the northwestern margin of Baffin Bay and can

therefore be considered as a ‘mega-horst’. The geometry of the Jones

Sound Basin (JSB) is poorly known whereas the Lancaster Basin

C© 2008 Her Majesty the Queen in right of Canada, GJI, 173, 1039–1063

Journal compilation C© 2008 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/173/3/1039/2004500 by guest on 18 April 2024



Gravity modelling over Arctic Canada and Greenland 1041

Figure 1. The North Atlantic spreading system. The Innuitian Region (grey box) includes Northern Greenland, and crosses Nares Strait to the Canadian land

area of Ellesmere Island (EI). Intraplate tectonics resulting from relative motions between the Greenland Plate (GR; green) and the North American Plate (NA;

blue) can be constrained by the age and geometry of the now-extinct seafloor spreading system within Labrador Sea (LS) and Baffin Bay (BB). During the

Eocene, GR moved as an independent plate between NA and Eurasia (EU; red). The motion between GR and NA terminated at the end of the Eocene (chron

13N) based on the identification of magnetic anomalies associated with the South Greenland Triple Junction (SGTJ).

(LB) is mapped as a half graben dipping northwards and bounded

against a steeply dipping normal fault (the Parry Channel Fault, Kerr

1980). The Lancaster Basin, Bylot Basin (BB) and Lady Anne Basin

(LAB) are separated by NW–SE oriented basement ridges (Rice &

Shade 1982) (see also Fig. 8 for locations).

2.3 Eurekan orogeny

Active tectonism, related to the opening of the northern Atlantic

Ocean, first between Greenland and Canada and thereafter east

of Greenland (e.g. Fig. 1) affected the Innuitian Region in latest
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1042 G. N. Oakey and R. Stephenson

Figure 2. Geological map of the Innuitian region. Onshore geology is based mainly on Trettin (1991). The geometry of the Baffin Bay rift system and Eocene

crust is from Oakey (2005) and the position of the Eurekan Frontal Thrust (EFT) is adapted from Harrison et al. (2006). Sedimentary basins and tectonic

elements mentioned in the text are labelled as shown along with the main structural domains of the Eurkean Orogen. The red line indicates the location of the

geological cross-section seen in Fig. 3. JDP, Judge Daly Promontory; KB, Kane Basin; KC, Kennedy Channel; PCM, Princess Marie Bay.

Cretaceous–Palaeogene times. Deformations associated with this

tectonism are sometimes collectively referred to as ‘Eurekan’, al-

though, strictly speaking, the term ‘Eurekan Orogen’ should be lim-

ited to compressional (shortening) structures developed exclusively

during the Eocene (Tessensohn & Piepjohn 1998). The edge of the

Eurekan (Eocene) deformation is defined along the Eurekan Frontal

Thrust (EFT; Okulitch & Trettin 1991; Harrison 2006), which rep-

resents the easternmost thrust fault of a complex imbricate thrust

C© 2008 Her Majesty the Queen in right of Canada, GJI, 173, 1039–1063

Journal compilation C© 2008 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/173/3/1039/2004500 by guest on 18 April 2024



Gravity modelling over Arctic Canada and Greenland 1043

Figure 3. Balanced geological cross-section across the Central Ellesmere Domain showing Eurekan folds and thrusts (Harrison & de Freitas, 2007), located

in Fig. 2. Vertical exaggeration is 2:1. Densities (‘rho’) tabulated in the legend have units of kg m−3 and were used in the gravity modelling (Section 5.2).

Approximately 100 km of shortening is estimated across the section.

fault zone. The associated deformation is restricted to the Canadian

side of the EFT, and equivalent strata onshore Greenland are gen-

erally undeformed (Peel & Christie 1982). A balanced geological

cross-section in the vicinity of KB (Harrison & de Freitas 2007) is

shown in Fig. 3. Most of the approximately 100 km of shortening es-

timated across the section is attributed to Eurekan deformation. The

EFT is mapped near-shore Ellesmere Island in Kennedy Channel

(KC) from shallow seismic and bathymetric profiles (Jackson et al.
2006). A fault-bounded basin along the eastern shore of Judge Daly

Promontory (JDP) (Saalman et al. 2005) contains sandstones and

conglomerates with a high proportion of basalt clasts (Saalman et al.
in press). The associated magnetic anomaly can be traced from on-

shore JDP northeast into the Lincoln Sea (Damaske & Oakey 2006).

Basement structures from Greenland to Ellesmere Island mapped

by aeromagnetics across KB (Oakey & Damaske 2006) indicate that

the Archaean crustal ‘block’ of southeast Ellesmere Island is part

of the Greenland Plate and that the EFT does not continue as a sim-

ple linear feature to the south as suggested by Hood et al. (1985).

Harrison et al. (2006) map the EFT along the northern coast of

Princess Marie Bay (PMB) westwards to link with the thrust faults

mapped along the western edge of the Archaean crustal block of

southeastern Ellesmere Island.

Okulitch & Trettin (1991) described the Eurekan Orogeny in

terms of four structural domains, as seen in Fig. 2. The Sverdrup

Island Domain (SID) has predominantly E- and NE-vergent thrusts

with associated folds, faults and salt diapirism. Two N–S oriented

structural highs, the Cornwall Arch (CA) and the Princess Margaret

Arch (PMA), which are associated with localized uplift within the

Sverdrup Basin, were interpreted by Forsyth et al. (1979), from re-

gional refraction seismic data, and Stephenson & Ricketts (1990),

from gravity data, to be caused by crustal scale folding. Ricketts

& Stephenson (1994) attributed an Eocene age to the arch uplift.

The Northern Ellesmere Domain (NED) is dominated by en ech-

elon SE-vergent thrust systems bounded by the Lake Hazen Fault

Zone. Limited dextral motion is inferred on some of these faults.

Structures in the NED range from Palaeozoic to Palaeogene in age,

with numerous examples of reactivated structures (Trettin 1991).

Within the NED is the EW oriented Grantland Uplift, a broad to-

pographic high with a complex geology associated with the suture

zone of the Pearya Composite Terrane and including remnants of the

Sverdrup Basin strata. The Hazen Stable Block (HSB) has horizon-

tal Palaeogene Eureka Sound Group strata overlying steeply dipping

beds of the Palaeozoic Hazen Fold Belt (Christie 1976), implying

only minor Eurekan-aged deformation. It is geographically coin-

cident with the low-lying Hazen Trough. The Central Ellesmere

Domain (CED) represents the deformation zone directly associated

with the EFT. It is characterized by extensive E- and SE-vergent

thrust faults with associated folds forming a typical foreland fold-

and-thrust belt of Eurekan age but incorporating strata predating

the Devonian-Carboniferous Ellesmerian Orogeny (i.e. sediments

of the Palaeozoic ‘shelf province’ defined above).

2.4 Late Cretaceous–Palaeogene plate kinematics and

tectonic framework

The post-Palaeozoic tectonic development of the Innuitian Region

can be summarized by four distinct episodes that are directly linked

to the development of the Late Mesozoic intercontinental and Ceno-

zoic oceanic rift system between Greenland and Canada (Fig. 4).

These are: (1) pre-Eurekan rifting, basin development and volcanic

intrusions during the Late Cretaceous; (2) intense sinistral fault-

ing and regional uplift during the Paleocene; (3) Eurekan folding
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1044 G. N. Oakey and R. Stephenson

Figure 4. Tectonic phases of the Innuitian Region (adapted from Miall, 1991) compared with tectonic episodes recognized in the Labrador Sea–Baffin Bay

rift history and stratigraphic elements of the SE Greenland and Labrador margins (adapted from Chalmers & Pulvertaft 2001). The magnetic and geological

timescales are from Hardenbol et al. (1998)

and thrusting during the Eocene and 4) post-orogenic collapse with

localized normal faulting and salt diapirism. These four tectonic

phases are consistent with plate kinematic models constrained by

the geometry of ‘seafloor spreading’ magnetic anomalies in the

Labrador Sea (e.g. Srivastava 1978; Roest & Srivastava 1989). More

recently, Oakey (2005) and Oakey & Chalmers (submitted) have pro-

vided improved estimates of the orientation and magnitudes of plate

motions in the Innuitian Region by incorporating the geometry of

fracture zones in Baffin Bay (e.g. Fig. 1).

During Phase 2 (Paleocene), approximately 170 km of sepa-

ration occurred between Greenland and Baffin Island, producing

oceanic crust within Baffin Bay accompanied by Paleocene sinis-

tral faulting (Tessensohn & Piepjohn 1998) in the Nares Strait

area and broad regional uplift, attributed to mantle plume activity

(Harrison et al. 1999). A dramatic change in spreading direction

occurred during the magnetic chron 24R (Paleocene–Eocene bound-

ary), corresponding with the timing of the initiation of oceanic

spreading along the east Greenland margin. Within Baffin Bay,

highly oblique seafloor spreading continued during the Eocene

(Phase 3) and convergence occurred between northern Greenland

and Ellesmere Island. The new kinematic model (Oakey 2005;

Oakey & Chalmers, submitted) defines approximately 250 km of

Eocene convergence, which is substantially more than the observed

shortening in the structural cross-section (Fig. 3). This discrep-

ancy suggests that additional processes must be considered, pos-

sibly explained by a combination of crustal folding and reactiva-

tion of Ellesmerian structures across the Sverdrup Basin and/or the

Grantland Uplift, as well as localized extension associated with the

oceanic rift system. In Central Ellesmere Island, the predominant

structural fabric found from the statistical analysis of fault systems

(Oakey 1994) is consistent with a single episode of convergence. The

direction defined by Roest & Srivastava’s (1989) kinematic model

suggests pure compression; however, the new model (Oakey 2005;

Oakey & Chalmers, submitted) suggests a minor (sinistral) strike-

slip component.

The ridge structures separating the subbasins in the Lancaster

Sound area (LB, BB and LAB) are oriented parallel to the direc-

tion of Eocene motion of the Greenland Plate. Their orientations

are also consistent with the direction of Paleocene rifting. As such,

it is uncertain whether basin geometry is dominated by the Pale-

ocene extension, Eocene inversion or a combination of both. The

strata within all three subbasins exhibit a pronounced angular un-

conformity at the seafloor, but only the LAB has been overprinted

by compressive deformation (Jackson et al. 1992).
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The end of the Eurekan Orogeny is constrained by the Late

Eocene (magnetic chron13N) extinction of the seafloor spreading

in Labrador Sea and the termination of the South Greenland Triple

Junction (see Fig. 1). Post-orogenic collapse (Phase 4; Fig. 4) is

documented by regionally extensive normal faulting (DePaor 1989;

Trettin 1991).

3 DATA

3.1 Physiography (topography and bathymetry)

The topographic and bathymetric (physiography) data used in this

study (Fig. 5) are from Oakey et al. (2001b), compiled from a vari-

ety of Canadian and Danish sources. Topographic data for most of

the Canadian land area was provided by the United States Geologi-

cal Survey (GTOPO30 1999). Topographic data over Ellesmere and

Axel Heiberg islands were from 1:250000 scale digital contours

maps (Geogratis 2008). Gridded topographic data for Greenland

were provided by the Danish National Survey and Cadastre (1998).

Bathymetric data were assempled from combined marine survey

tracks (Earth Physics Branch 1985), point values from gravity sta-

tions (Canadian Geophysical Data Centre 2000; Danish National

Survey and Cadastre 1998) and digital archives from the Canadian

Hydrographic Service (CHS) (Whire, K. Personal Communications

1998). GEBCO digital bathymetric contours (Jones et al. 1994) were

used in the Arctic Ocean and Melville Bay, where digital point data

were sparse. Data sources are shown in Fig. 6a.

The physiography of the Innuitian Region, generally reflects dif-

ferences in bedrock geology and structures, which influence dif-

ferent styles of erosion, as outlined by Dawes & Christie (1991).

Figure 5. Physiography of the Innuitian Region; digital topography and bathymetry data have been combined from a number of sources (see Fig. 6a) to produce

a regional digital terrain model (DTM) to visualize the physiography of the Innuitian Region of the Canadian and Greenland High Arctic (Oakey et al. 2001b).

This false-coloured image is illuminated from the north with colour changes representing contours of elevation or bathymetric depth. The distribution of ice,

shown in white, has been defined with a gridded mask for Greenland (Ekholm 1996) and polygons for Canada (Digital Chart of the World, 1992).
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1046 G. N. Oakey and R. Stephenson

Figure 6. (a) Physiography data distribution; topographic and bathymetric

data were compiled and combined to produce a 1 km grid for the Innuitian

Region as part of the ‘Canada–Greenland Map Series’ (Oakey et al. 2001b).

The data were regridded to 5 km resolution for gravity calculations presented

in this paper. (b) Gravity data distribution. Gravity station, aerogravity and

shipborne data from Canadian and Danish sources were assembled to pro-

duce a 5 km grid for the Innuitian Region. New station data incorporated in

this compilation are shown as black dots.

The map (Fig. 5) shows a vast glacially dominated mountainous re-

gion with elevations on northern Ellesmere Island exceeding 2500

m, making this one of Canada’.s highest mountain ranges. Several

seaward extensions of deep glacial drainage features (<600 m) are

noted (Peary Channel, Nansen Sound, Lincoln Sea, Smith Sound,

Inglefield Bay, Jones Sound and Lancaster Sound). Some of these

drainage features have associated submerged marginal deltas, such

as Nansen Sound, and were a significant control over the Pleistocene

and Quaternary evolution of the region. The amount of influence ge-

ological structures had on the geometry of these drainage features

is largely unknown. Two deep-water regions (below 2000 m) are

the Arctic Ocean and Baffin Bay. In the Arctic Ocean, the Alpha

Ridge separates the Canada Basin from the Makarov Basin. Low

data density in these areas significantly decreases the resolution of

the bathymetric surface.

Ice covered areas over Canada (Grantland Ice Field, Agassiz Ice

Cap, Prince of Wales Ice Field, Muller Ice Cap and Devon Ice Cap)

are a mix of both broad featureless topography where ice is thick,

and highly textured topography, where thinner ice reflects the fabric

of the underlying bedrock. On Greenland, several ice tongues (Hum-

bolt Glacier and Petermann Glacier) extend from the vast Greenland

Inland Ice and reach the ocean. For subsequent analysis, it was also

important to quantify the topography of the study area in the absence

of the overlying ice bodies (as seen on Fig. 5), which reach a maxi-

mum thickness of 2400 m. Fig. 7a shows ice thickness distribution

within the study area and Fig. 7b shows the resulting ‘sub-ice’ to-

pography (ice thickness subtracted from topographic surface). The

effects are greatest in Greenland, near the periphery of the main

area of interest, and minor in Canada where the maximum ice thick-

ness rarely exceeds 500m except the Devon Ice Cap, which has a

maximum value (in the grid) of ∼800 m.

3.2 Sedimentary cover

A map of Mesozoic–Cenozoic sedimentary thickness in the study

area, compiled from a number of sources, is shown in Fig. 8. There

is considerable variation in the degree of detail of the information

used in making this figure, as outlined in Fig. 9a. The data sources

used for the Northern Baffin Bay, Lancaster Sound and KB were

from industry maps, filed with the Canadian National Energy Board

(see Appendix A). Since all of the industry maps were expressed

as two-way traveltime (TWTT) below sea level, the time offset cor-

responding to the bathymetry shown in Fig. 5 was first removed to

compute sediment thickness (in TWTT), using the water velocity of

1463 m s−1. To convert the TWTT sediment thickness compilation to

depth, an appropriate velocity model was developed, using sonobuoy

refraction data from industry sources (Baffin Bay Petroleum Ltd.,

see Appendix A) and Keen et al. (1972), in the mouth of

Lancaster Sound (Fig. 9b). The sonobuoy velocity measurements

were not based on reversed lines and, therefore, the overall variabil-

ity is fairly high due to localized geometry, and some of the largest

data outliers were ignored. The individual velocity-depth curves

shown in Fig. 10 were used to define an averaged velocity structure

for depth conversion of the maps. The sediment velocity profiles

start at 2000 m s−1 at the seabed and increase linearly to 3800 m s−1

at 2500 m. Below this depth, sediment velocity does not increase

significantly. Compared with velocity profiles of ‘typical’ marine

sediments (Ludwig et al. 1970), the observed sediment velocities in

northern Baffin Bay region are unusually high for equivalent depths.

There are two possible explanations: (1) abnormally high consoli-

dation of the sediments in Baffin Bay or (2) a regional uplift which

allowed the erosion of younger less consolidated sediments.

The sedimentary cover within northern Baffin Bay and Nares

Strait can be broadly divided into rift-related basins overlying conti-

nental crust and a deep central basin over the oceanic crust of Baffin

Bay. Sedimentary thickness values over the oceanic crust in cen-

tral Baffin Bay exceed 9 km and are based on sonobuoy refraction

seismic data (Jackson et al. 1977). Wide-angle refraction data over

northern Baffin Bay (Reid & Jackson 1997) identify the location
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Gravity modelling over Arctic Canada and Greenland 1047

Figure 7. (a) Present ice thickness in the study area, from Bamber et al.
(2001a, b) for Greenland and from spot elevations of ice thickness (Koerner

1977) and ice-edge polygons (Digital Chart of the World, 1992) for Canada.

(b) The ‘sub-ice’ topographic surface in the study area by subtracting ice

thickness in A from physiography in Fig. 5. The grey box shows the area of

the isostatic admittance analysis (Section 4.4).

of the continent–ocean boundary (COB) seawards of the BB with

a sedimentary thickness of 12 km. These limited observations have

been used to constrain the extrapolated sedimentary thickness values

from the more detailed industry mapping along the margins.

Sediment thickness values within the Melville Bay Graben have

been produced from a combination of maps and cross-sections pub-

lished by Whittaker & Hamann (1995). The ‘zero-thickness’ con-

tours are defined by the inner and outer subbasin polygons, and

the cross-sections provide reasonable constraints of the sediment

thickness for key locations. The Melville Bay Ridge separates the

inner MBG from the outer Kivioq Basin. Both basins have thicker

subbasins in the south and structurally divided from shallower sub-

basins in the north. The inner Melville Graben dips westwards, and

is truncated against a steeply dipping fault along the Melville Bay

Ridge. Maximum sediment thickness is over 7 km in the south and

5 km in the north. Within the Kivioq Basin, sedimentary thickness

is between 4 and 5 km.

Narrow NW–SE oriented elongated basins occur west of the

Melville Bay Graben. The N–S oriented Carey Basin (CB) is a

moderately deep basin with ∼5 km of structurally deformed strata.

North of CB is the NW–SE oriented North Water Basin (NWB).

Old exploration seismic profiling over the NWB suggested ∼5 km

of low-velocity strata but are not compatible with newer seismic

data, which indicate only about 3 km (Neben et al. 2006). The

Glacier Basin (GB) is a narrow N–S oriented basin with only

∼1 km of low velocity strata. Within Kane Basin (KB), the shallow

Franklin Pierce Basin (FPB) is structurally bounded to the west by

the Eurekan Frontal Thrust.

The Lancaster Basin (LB) is a half graben, with northward dip-

ping strata bounded by the Parry Channel Fault, with over 5 km of

strata in two localized depocentres. The Lancaster Basin is separated

from the Bylot Basin (BB) by the NW–SE oriented Hope Structure

Ridge, named after and industry seismic line (Baffin Bay Petroleum

Ltd., Appendix A). The Lady Anne Basin (LAB) contains over 4 km

of strata and is bounded to the south by another NW–SE oriented

basement ridge (the Philpots Ridge, Rice & Shade 1982).

The least detailed areas are the Arctic Ocean and the Sverdrup

Basin, where very generalized regional-scale maps of sedimentary

thickness (in km) were used (Jackson & Oakey 1990; Embry 1991).

Off the Canadian Arctic margin, within the Canada Basin, sediments

are thicker than 12 km, thinning to less than 2 km over Alpha Ridge.

Within the Lincoln Sea, two elongated basins with over 6 km of strata

are separated by a structural high with less than 4 km of sediments.

The Sverdrup Basin contains more than 8 km of Mesozoic strata.

It is separated from Canada Basin by a structural high, called the

Sverdrup Rim, that parallels the present continental margin.

3.3 Gravity field

The gravity data used in this study (Fig. 11) are from Oakey et al.
(2001a), compiled from shipborne, airborne, and both onshore and

sea-ice station gravity observations. Station data for Canada and its

margins were provided by the Canadian Geophysical Data Centre

(2000) and includes approximately 2000 previously unpublished

new gravity stations collected in 1995 over Axel Heiberg Island,

Ellesmere Island and Kane Basin (Maye 1995; Hearty et al. 1996).

Station data and gridded aerogravity data over Greenland and its

margins were provided by the Danish National Survey and Cadastre

(1998). Data sources are shown in Fig. 6a. The average spacing of

the gravity observations over land is ∼5 km and between 5 and

30 km for the ships tracks.

The gravity field for the Innuitian Region (marine free-air and

onshore Bouguer anomalies) is displayed in Fig. 11 along with a

simplified overlay of some of the major structural elements and fea-

tures interpreted from the gravity data, discussed later. The Bouguer

correction for onshore areas assumed a crustal rock density of

2670 kg m−3. For measurements on lakes and glaciers, densities

of 1000 and 900 kg m−3 were used for water and ice, respectively.

Terrain corrections were applied in some coastal regions where mea-

surements were made adjacent to fjords.

A ‘complete’ Bouguer anomaly field (Fig. 12) was calculated

by reducing the marine free-air anomalies using the bathymetric

data shown in Fig. 5. This was done by replacing the water col-

umn with crustal density rocks using an algorithm in which the

water layer was simulated by millions of cubes (Oakey 2005), based

on the polynomial expansion of the gravitational effect of a 3-D

cube derived by Nady (1966). This correction eliminates the ar-

tificial gravity lows (in the free-air anomaly field) that are associ-

ated with deeply scoured shelf areas and improves onshore–offshore
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1048 G. N. Oakey and R. Stephenson

Figure 8. Sedimentary thickness in the study area, produced on a 5 km grid, as discussed in the text from sources shown in Fig. 9a. Two structural features

mentioned in the text are shown with narrow ovals: the Philpots Ridge (PR) and the Hope-Structure Ridge (HR).

correlation of geologically related features. This correction also

minimizes the gravity highs associated with the geometry of the

shelf break; however, it results in a large positive gravity anomaly

over the deep ocean basins where the Moho depths are shallow.

Finally, the compiled Mesozoic–Cenozoic sediment thickness

data have been used to calculate a ‘crustal Bouguer’ (CB) anomaly

(Fig. 13) that corrects for the gravitational effects of low density

strata within the basins. This correction tends to amplify gravity

anomalies related to crustal thinning beneath sedimentary basins.

The residual ‘crustal’ anomaly is, in principle, a combination of

variable crustal thickness (i.e. variable Moho depth) and density

heterogeneities within the crust. Obviously, it may also incorporate

errors in the water and (especially) sedimentary layer models used

in its construction. The two-layer density model used for this cor-

rection was based on an empirical relationship between sediment

velocity and density (Barton 1986) and the velocity model defined

by the sonobuoy data shown in Fig. 10. The density applied to the

first 2 km of sediments was 2200 kg m−3 and for the next 3 km

a density of 2400 kg m−3 was applied. It has been assumed that

sediments deeper than 5 km are sufficiently compacted so that their

density is close to average upper crustal density. Although density

data exist from exploration wells within the Sverdrup Basin, these

were not available for this study. No compensation has been made

for either Mesoproterozoic Thule Supergroup sequences or strata of

the Palaeozoic Franklinian margin, due partially to a lack of thick-

ness data, and partially to the high (near-crustal) densities observed

from samples within the balanced cross-section shown in Fig. 3.

4 A N A LY S I S O F T H E G R AV I T Y F I E L D

O F T H E I N N U I T I A N R E G I O N

4.1 Overview

The gravity field, in any of the versions in which it was presented for

the study area (Figs 11–13), can be readily correlated with tectonic

province, defined as: (1) areas of oceanic or thinned continental crust
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Gravity modelling over Arctic Canada and Greenland 1049

Figure 9. (a) Data sources used in constructing the sedimentary thickness

map shown in Fig. 8. Details of industrial sources are listed in Appendix A.

(b) Locations of sonobuoy refraction data used to convert the two-way travel

time compilation of sediment thickness to depth in Fig. 8.

(including the continental margins of the Arctic Ocean and Baffin

Bay and the Sverdrup Basin); (2) areas with crust involved in and

possibly thickened as a result of Eurekan compressional tectonics

and (3) the preserved cratonic continental areas of Greeenland and

adjacent parts of Canada.

The offshore parts of the study area display the greatest variations

between gravity maps. This is because the modifications to the initial

map (Fig. 11) involve corrections for the water layer (Fig. 12) and for

the sediment layer (Fig. 13), with both layers being most prominent

in the offshore, continental margin areas. The prominent positive

Figure 10. The 1-D velocity structure at sonobuoy locations shown in

Fig. 9b (thin black lines) ‘stacked’ to define an average velocity-depth

curve (solid grey line, increasing linearly from 2000 m s−1 at the seabed to

3800 m s−1 at 2500 m and constant at greater depths) that was used to convert

TWTT to depth in areas 1–8 (Fig. 9a). Also shown is the velocity–density

curve (dotted line with data scatter shown in grey) by Barton (1986). The

densities used for calculating the ‘crustal’ Bouguer anomaly (Section 3.3)

are 2200 kg m−3 for layer 1 (2 km thickness) and 2400 kg m−3 for layer 2

(2–5 km).

free-air anomaly trend following the shelf break (∼500m) in Fig. 11

is not seen in Fig. 13, where continent–ocean edge effects and the

gravitational signature of thick, prograded sediments (Keen et al.
1990; Forsyth et al. 1998) have been removed. The COB roughly

corresponds with the 160 mGal contour in the Crustal Bouguer (CB)

anomaly field (Fig. 13), calibrated by one seismic refraction profile

(heavy black line labelled F94; Forsyth et al. 1994) in the Lincoln

Sea. The same definition has been applied in Baffin Bay, where it

corresponds well with the position of the COB determined by Reid

& Jackson’s (1997) refraction data.

Some of large free-air gravity lows over with deep-water channels,

such as Inglefield Bay (IB; Fig. 5), are eliminated by the Bouguer

correction (Fig. 11 versus Figs 12 and 13), indicating that these

are associated with deep ice scouring of shelf areas that are not

isostatically compensated. The Jones Sound gravity low (JSL) has

not been eliminated, although its amplitude is reduced. In Lancaster

Sound, not only has the gravity low (LSL) been eliminated, but a

significant seaward continuation and amplification of the coastal

gravity high (LSH) is revealed. The CB anomaly (Fig. 13) locally

C© 2008 Her Majesty the Queen in right of Canada, GJI, 173, 1039–1063

Journal compilation C© 2008 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/173/3/1039/2004500 by guest on 18 April 2024



1050 G. N. Oakey and R. Stephenson

Figure 11. Marine free-air gravity and onshore Bouguer anomaly map, from Oakey et al. (2001a). The Bouguer correction for onshore areas assumed a rock

density of 2670 kg m−3; for measurements on lakes and glaciers, densities of 1000 and 900 kg m−3 were used for water and ice, respectively. Terrain corrections

were applied in some coastal regions where measurements were made adjacent to fjords. The axes of linear gravity highs and lows discussed in the text are also

shown (dashed black and white lines, respectively). Also shown are the Eurekan Frontal Thrust (EFT) in northern Nares Strait (Harrison 2006) and the Devon

Arch (DA).

exceeds 120 mGal and is imaged as a triangular feature, axially

symmetric about the central gravity high. The axis of Lancaster

Basin is coincident with a landwards extrapolation of the extinct

(Eocene) spreading axis within Baffin Bay and is interpreted to

be a failed rift-arm of this spreading system. Similarly, the large

positive, isolated, Carey Basin High (CBH) anomaly (>60 mGal

in Fig. 13) north of Baffin Bay is also reportedly associated with

significant Moho shallowing (Jackson & Reid 1994). In Melville

Bay, on the Greenland shelf, the negative CB anomaly (MBL;

Fig. 13) associated with the main depocentre of the MBG

(Fig. 2) is subdued, though not eliminated, compared with the free-air

anomaly (Fig. 11), and a residual positive trend probably indicates

crustal thinning beneath this graben, slightly offset relative to the

main shelf parallel depocentre.

Onshore regions in the study area, including the Canadian Arc-

tic Archipelago, are characterized by CB gravity values that are

negative or less positive than those of the oceanic or suboceanic

regions. This is particularly true for Greenland where the conti-

nental crust is, probably, generally thicker than for the Canadian

Arctic Archipelago, based on limited receiver function estimates of

crustal thickness: >37 km (Dahl-Jensen et al. 2003) and ∼34 km

(Darbyshire 2003), respectively.

Within the SID (Section 2.3; Fig. 2), the CA and PMA arches

are characterized by relative gravity highs. These structures were

previously interpreted to correspond with the crests of crustal-scale

folds, involving Moho uplift (Stephenson & Ricketts 1990). A third

N–S oriented linear gravity high can be identified along the west-

ern edge of Axel Heiberg Island (WAH), approximately equidistant
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Gravity modelling over Arctic Canada and Greenland 1051

Figure 12. Bouguer anomaly map of the study area, in which the water density of 1030 kg m−3 was substituted with a crustal rock density of 2670 kg m−3

based on bathymetry seen in Fig. 5. Gravity and geological features mentioned in the text are shown as for Fig. 11. In addition, the locations of 10 profiles

(including a modelled profile in red along the geological cross-section seen in Fig. 4) and the outline of the area used for the isostatic admittance analysis (grey

box) discussed later (sections 4.3 and 4.4, respectively) are also included.

between the CA and PMA, and it likely represents a previously un-

recognized crustal arch. The spacing between these three features is

∼100 km, similar in wavelength to the Moho topography suggested

by low-resolution refraction seismic data west of the CA (Forsyth

et al. 1979).

An anomalous trend in the Bouguer gravity field (Fig. 11), com-

prising a number of isolated anomalies from northern Ellef Ringnes

Island eastwards to the southern edge of Meighen Island and north-

wards off the coast of Axel Heiberg Island (see Fig. 5 for geographic

locations), is more continuous and of significantly greater amplitude

in the CB field (Fig. 13). It is referred to as the North Sverdrup Grav-

ity High (NSGH) and is likely related to mafic sills and dykes that

intrude Sverdrup Basin strata in this region. However, it is possi-

ble that much of the amplification of the NSGH may be artificial,

related to the poor resolution (smaller mappable scale) of the sed-

iment thickness contours introduced for the Sverdrup Basin (i.e.

Fig. 8).

Within the Northern Ellesmere Domain (Section 2.3; Fig. 2),

the Grantland Uplift (GU) corresponds to the broad NE oriented

GU gravity low (GUGL), attributed to isostatically compensated

thickened crust (Stephenson & Ricketts 1990). South of the GUGL

is the NE oriented linear Hazen Plateau Gravity High (HPGH) that

extends from the head of Nansen Sound to the Lincoln Sea (see

Fig. 5). The HPGH coincides with the inferred source of the ‘alert

geomagnetic anomaly’ (Niblett et al. 1974), which was attributed

to an elongated conductive body within the crust. The GU and the

HPGH can be tentatively linked to unnamed collinear gravity lows

and highs in the Lincoln Sea, especially as portrayed in Fig. 13.

Outside of oceanic regions, the most significant feature of the

gravity field of the Innuitian Region is the NSGL, a large negative
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1052 G. N. Oakey and R. Stephenson

Figure 13. ‘Crustal Bouguer’ anomaly map of the study area, in which the gravitational effects of sediments (as defined in Fig. 8) have been removed, as

described in the text (Section 3.3). Gravity and geological features mentioned in the text are shown as for Fig. 11. The minimum seaward extent of the

continent–ocean boundary (COB) is shown with a dashed yellow line. Also shown are the locations of refraction lines in Lincoln Sea (F94—Forsyth et al.
1994); Sverdrup Basin and adjacent continental margin (F79—Forsyth et al. 1979; A89—Asudeh et al. 1989; F98—Forsyth et al. 1999); and northern Baffin

Bay (R&J—Jackson & Reid 1994; Reid & Jackson 1997; FK—Funck et al. 2006) as well as locations where receiver function derived estimates of Moho depth

are available: AL, Alert; EU, Eureka; GF, Grise Fiord; RB, Resolute Bay (Darbyshire 2003); TH, Thule (Dahl-Jensen et al. 2003).

anomaly that extends from Ellesmere Island, across KB, KC, and

continues across North Greenland. The southernmost end of this

feature was identified by Jackson & Koppen (1985) from a single

gravity traverse across Nares Strait and attributed to severe crustal

thickening from continental collision during the Eurekan Orogeny.

However, the frontal thrust of the Eurekan Orogen (Harrison et al.
2006), labelled EFT in Figs 11–13, is oblique to the trend of the

NSGL. This is demonstrated in Fig. 14 where ten parallel profiles

crossing the NSGL are aligned according to the crossing position

of the EFT. The widths of the NSGL, as well as the associated

HPGH and GUGL, are quite uniform along strike, with the NSGL

approximately 150 km, the HPGH between 80 and 100 km, and the

GUGL approximately 80 km. For lines 9 and 10, the EFT passes

through the HPGH, well to the north of the NSGL. Between lines

7 and 8 the EFT crosses the boundary between the HPGH and the

NSGL. For lines 1 to 6, the EFT clearly passes obliquely through

the NSGL. This cross-cutting geometry suggests that the source

of the NSGL is not primarily the result of plate convergence (and

crustal thickening) during Eurekan orogenesis. Rather, the NSGL

low closely follows the distribution of Paleozoic Franklinian shelf

and slope sequences and it is interpreted to be the signature of the

near-surface geology, dominated by sedimentary successions of the

Palaeozoic continental margin.

Although the NSGL can only be traced as far south as 79◦N,

a lower amplitude NS oriented gravity low (∼ −40 mGal), called

the Prince of Wales Low (PWL), lies along the western edge of
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Figure 14. Bouguer gravity Profiles across the NSGL, aligned to where they cross the Eurekan Frontal Thrust. The extent of the NSGL as well as those of the

Hazen Plateau high and the Grantland Uplift low are depicted with different shades of grey.

the Prince of Wales Icefield (see Fig. 5). This feature can be traced

south to Jones Sound and roughly correlates with the Arctic Plat-

form sequences along the western edge of the Archaean Craton (see

Fig. 2). The low amplitude linear Shei Syncline High (SSH) runs

along the western edge of the PWL, coinciding approximately

with shelf province strata within the Central Ellesmere Domain

(Section 2.3; Fig. 2).

4.2 Crustal affinity in the innuitian region

4.2.1 Depth-to-Moho from gravity field inversion

The CB anomaly (Fig. 13) was inverted to determine Moho depth

using a technique developed by Jacob Verhoef (Personal Commu-

nication, 1990) at the University of Utrecht using Parker’s (1972)

method, which assumes that the crustal density is uniform and that

the gravity field is generated by a single density contrast across the

Moho boundary surface. The inversion method requires filtering to

remove the short wavelength anomalies, since these features are not

generated at Moho depths and are amplified by downwards con-

tinuation (Pilkington & Crossley 1986, Marillier & Verhoef 1989).

Numerous inverse models were computed using ranges of low-pass

cut-off wavelength (20–200 km), initial Moho depth (30–50 km),

and density contrast across the Moho (400–600 kg m−3). The so-

lution shown in Fig. 15 is based on a cut-off wavelength of 62 km,

an average (initial) Moho depth of 35 km and a density contrast of

500 kg m−3. This solution was chosen because it provided the best

qualitative fit with the available seismic data.
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1054 G. N. Oakey and R. Stephenson

Figure 15. Depth-to-Moho in the study area from the inversion of the ‘crustal Bouguer’ anomaly in Fig. 13. The axes of the main gravity highs and lows

discussed in the text are shown (dotted black and white lines respectively) as well as the position of the Eurekan Frontal Thrust (EFT), the Bjorne Peninsula

Moho ‘keel’ (BPMK; white dashed line), and an inferred tectonic boundary terminating the western end of the Shei Syncline and BPMK. Locations of refraction

profiles and receiver function stations as in Fig. 13.

The gravity inversion Moho is uniformly deep over Greenland,

generally over 40 km, which is compatible with the limited refraction

results of ∼36 km at the eastern end of line FK (Funck et al. 2006).

A depth of ∼36 km in Fig. 15 at Thule (TH) compares with a

receiver function depth of ∼37 km from Dahl-Jensen et al. (2003).

The Greenland relatively deep Moho merges with that of NSGL

area, which indicates a 150 km wide, 40 km deep Moho structure,

running from northern Greenland across Nares Strait and onshore

Ellesmere Island. This structure changes orientation and continues

to the south following the PWL, crossing Jones Sound onto Devon

Island, west and northwest of Baffin Bay. The width of this southern

zone is <80 km wide with Moho depths between 36 and 38 km.

These are in agreement with the refraction results of ∼37 km at

the western end of line FK (Funck et al. 2006) and only slightly

higher than the receiver-function depth of ∼34 km at Grise Fiord

(GF)(Darbyshire 2003).

Beneath central and western Devon Island and surrounding ar-

eas, the inversion Moho depths are generally between 34 and

36 km, with isolated highs and lows. The receiver function depth

of ∼35 km at Resolute Bay (RB)(Darbyshire 2003) is the same as

the inversion result. West of the PWL, the inversion Moho depths

associated with the Shei Syncline gravity high (SSH) are ∼35 km

with its northern edge bounded by a Moho ‘keel’ (∼38 km) beneath

the Bjorne Peninsula (BPMK). A linear termination at the western

end of the SSH and BPMK can be traced along the northeastern

coast of Devon Island (dashed line). This lineation is coincident

with the Grinnell Range—Douro Range fold and thrust belt (Mayr

et al. 1998) and suggests a major crustal-scale tectonic boundary.
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Further to the southwest, a single receiver-function analysis indi-

cates a Moho depth at Resolute Bay (RB) of 35 km (Darbyshire

2003), which is also the value derived in the gravity inversion.

Moho depth beneath the GU on northern Ellesmere Island and

its prolongation into the Lincoln Sea exceed 38 km. Between the

GU and the NSGL, a narrow zone of anomalously shallow Moho

(<34 km) occurs beneath the Hazen Plateau, also with a prolonga-

tion into the Lincoln Sea. The inversion Moho depth of ∼32 km at

Alert (AL) compares with the upper limit of the receiver-function

depth estimate (26–32 km; Darbyshire 2003), but the receiver-

function indicates a highly anisotropic crustal structure.

At Eureka (EU), within the Sverdrup Basin, the receiver func-

tion depth is poorly constrained in the range 36–44 km (Darbyshire

2003), greater than the gravity inversion depth of 33–34 km. That

EU lies along the trend of the Hazen Plateau gravity high may be

a factor in explaining this discrepancy. The refraction profiles ly-

ing further west in the Sverdrup Basin (F79—Forsyth et al. 1979)

are old and of very low resolution. As mentioned earlier, the Moho

undulations implied by the CA and PMA and associated structures

in Fig. 15, are compatible with the refraction interpretations (in-

dicating 4–5 km Moho relief). No receiver function data exist for

this area. The shallow Moho structure corresponding with the North

Sverdrup gravity high (NSGH) may be at least in part an artefact,

as mentioned earlier, given the probable role of near-surface mafic

intrusive rocks in generating this anomaly and the amplification of

this effect in calculating the crustal Bouguer gravity field. To its

north, the inversion Moho deepens to more than 35 km, correspond

with the position of the ‘Sverdrup Rim’ defined by Embry (1991).

In consideration of the ‘NSGH artefact’ (discussed in Section 4.1) it

is possible that the axis of the Sverdrup Rim is further to the north.

Gravity modelling across the Sverdrup Rim by Sobczak (1991) de-

fined a pronounced crustal root of over 45 km in this area, signifi-

cantly deeper than the present results; however, the crustal densities

used by Sobczak were substantially higher, which would explain the

discrepency.

Along the Arctic margin, north of the Sverdrup Basin and in the

Lincoln Sea, the refraction Moho (A89—Asudeh et al. 1989; F94—

Forsyth et al. 1994; F98—Forsyth et al. 1998) is reasonably close to

the results of the gravity inversion. This is also the case over the deep-

water part of northern Baffin Bay, which is presumably oceanic crust

(R&J—Jackson & Reid 1994; Reid & Jackson 1997). A well defined

prolongation of extremely shallow Moho, with depths of <26 km,

extends from the oceanic area of Baffin Bay into Lancaster Sound.

This is the shallowest solution determined for any continental area

in the Innuitian region. In the area of the Carey Basin (CBH), the

inversion Moho depths of 28–30 km are significantly less than those

of the refraction results, which are in the range 22–24 km. Although

this discrepancy suggests that the densities applied to the sediments

were too high and the resulting crustal Bouguer anomaly (Fig. 13)

is too low, the filter parameters used in the inversion limit the reso-

lution of isolated detailed features. Further to the southeast, on the

Greenland margin of Baffin Bay, the gravity inversion suggests that

the fairly continuous Melville Bay Ridge (associated with the MBL;

Fig. 15), with a fairly normal continental Moho depth of 32–36 km,

separates the inner Melville Bay Graben, with a shallow Moho depth

of ∼30 km, from the main Baffin Bay basin.

4.2.2 Crustal thickness

Crustal thickness (Fig. 16) has been calculated by subtracting the

depth-to-basement surface from the Moho depths produced by the

gravity inversion. The depth-to-basement surface is defined as

the sub-ice surface minus the sediment thickness values (Figs 7b

and 8, respectively). High-frequency variations in the crustal thick-

ness values were reduced by smoothing the depth-to-basement grid

with a 20 km filter. Since the Moho depths are with respect to a

sea level datum, and the depth-to-basement surface is both above

and below sea level, the crustal thickness map provides a useful

representation of the regional crustal geometry. It is important to

note that this ‘crustal thickness’ is a combined total of the Ar-

chaean crystalline basement plus the dense strata of the Meso-

Proterozoic Thule Supergroup and Proterozoic Franklinian margin

sequences.

For continental areas, without Mesozoic and Cenozoic sedimen-

tary cover, the crust is consistently 34–36 km thick. Over Greenland,

crustal thickness inland of Melville Bay exceeds 40 km, suggesting

that there may be several kilometres of sedimentary rocks beneath

the ice sheet that have not been taken into account. Conversely,

the influence of the ice load may be producing additional artefacts

that have also not been accommodated in this modelling. The large

crustal thickness values corresponding with the NSGL generally

exceed 40 km, with a maximum thickness of >42 km along the

Ellesmere Island coast, where it crosses the EFT and localized Eu-

rekan deformation has thickened the Paleozoic strata. Continuing to

the south, the crustal thickness values decrease slightly to ∼38 km

along the PWL, suggesting that equivalent Palaeozoic strata have

been uplifted and eroded.

Crustal thickness values corresponding with the GU also exceed

42 km, more notable as an anomalous feature than from the depth-

to-Moho solution, due to the contributing effect of extremely high

mountains. As mentioned earlier, the GU contains remnants of the

Sverdrup Basin (i.e. post-Ellesmerian) strata along a zone of ex-

tremely complex basement geology and likely represents a region

of extreme Eurekan crustal thickening. The Hazen Plateau Gravity

High separates the GU from the NSGL, with typical crustal thickness

values of ∼35 km, suggesting that little or no Eurekan deformation

occurred within this zone and is consistent with it being described

as a ‘stable block’ (Section 2.3; Fig. 2).

The Sverdrup Basin is shown in Fig. 16 as a broad region of sub-

stantially thinned crust. The northern edge of the basin is bounded

by the Sverdrup Rim, which is imaged as a continuous crustal fea-

ture with thicknesses between 32 and 34 km. In the central part of

the basin, the crustal thickness values have a minimum of <22 km

associated with the North Sverdrup Gravity High. As mentioned

earlier, there are likely uncorrected volcanic intrusives associated

with this gravity anomaly, and the resulting crustal thickness val-

ues are too thin. As such, the crustal thickness within the Sverdrup

Basin is more reasonably only ∼24 km, corresponding with a 30%

crustal thinning of ‘normal’ (35 km) crust. Stated in terms of the

commonly used crustal ‘stretching’ factor β, this corresponds to

a value of ∼1.3. The N–S oriented gravity low over central Axel

Heiberg Island corresponds with a zone of crustal thickening with

values ranging from ∼26 km in the north to over 30 km in the south.

If this structure represents a Eurekan overprinting of the basin, then

shortening was on the order of ∼15% corresponding to a β of ∼0.85

(i.e. thickening from 24 to 28 km). Additionally, if the GU is also

a Eurekan structure that completely exhumed the original Sverdrup

Basin, a β of ∼0.55 is implied to thicken the crust from 24 to 44 km.

Considering that the GU is ∼150 km in width, this would suggest

that over 100 km of shortening occurred during the Eurekan Orogen

in this area.

Within the oceanic areas of both the Arctic Ocean and Baffin

Bay, thin crustal values of 12–14 km are determined. This is thicker

than would be expected for typical oceanic crust; however, since
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1056 G. N. Oakey and R. Stephenson

Figure 16. Crustal Thickness in the study area represents the difference between the Moho-depth and a depth-to-basement horizon determined by subtracting

the sediment thickness values (Fig. 8) from the sub-ice surface (Fig. 7b). The axis of significant linear gravity highs (dotted black lines) and gravity lows (dotted

white lines) are shown in the overlay. The thinned crustal region surrounding the Carey Basin High (CBH) is outlined by a grey dashed line. The inner estimate

of the COB is shown with a red dashed line. Also shown is the position of the Eurekan Frontal Thrust (EFT) in northern Nares Strait, the Bjorne Peninsula

Moho ‘Keel’ (BPMK; white dashed line), and an inferred tectonic boundary terminating the western end of the Shei Syncline and BPMK. Locations of receiver

function stations as in Fig. 13.

the Moho-inversion modelling did not compensate for oceanic crust

having a higher density than continental crust, this is not unexpected.

The COB defined in Fig. 13 is also shown in Fig. 16, which is

generally consistent with the 16 km crustal thickness contour (i.e β

of >2); however, in Baffin Bay, adjacent to the Melville graben, the

‘16 km crustal thickness’ contour is offset from the COB position

defined by the ‘crustal’ Bouguer anomaly, suggesting that the COB

is further seawards.

Crustal thinning is observed within most of the margin basins

around Baffin Bay. The Melville Bay Ridge, separating the inner

MBG and outer Kivioq Basin (KB), is between 32 and 34 km thick,

only slightly thinner than ‘average’ (35 km) continental crust. Both

the MBG and KB thin to ∼22 km (with corresponding with a β of

∼1.4). The crustal thickness within CB reaches a local minimum of

∼26 km, slightly offset from the location of the CB Gravity High

(shown as CBH in Fig. 16). It is surrounded by a broad area of crust

∼32 km thick, suggesting that there has been broad area of system-

atic crustal thinning (with a corresponding β of ∼1.2). Considering

the well documented inversion features (‘flower’ structures) in this

area (Jackson et al. 1992), it is very likely that the crustal rocks have

also been influenced by the Eurekan plate convergence.

The Lancaster ‘rift’ basin has a minimum crustal thickness of

22 km (with a corresponding β of ∼1.6). Although the basin is

considered a ‘failed rift arm’ of the (Eocene) Baffin Bay spread-

ing system, a β of only 1.6 indicates that, although severe rift-

ing occurred, the basement rocks are unlikely to be oceanic crust.
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Considerable crustal extension is, however, implied, perhaps accom-

modating as much as 40 km of separation between Devon Island

and Baffin Island, enough to have significance for plate kinematic

reconstructions (Oakey 2005). In contrast, there is no equivalent

crustal thinning associated with the Jones Sound Basin (JSB), sug-

gesting a different style (or age) of basin development.

4.3 Two-dimensional gravity modelling across the Nares

Strait—Hazen Plateau gravity anomalies

A 2-D gravity model has been constructed along a profile (very close

to Profile 3 in Fig. 12) that runs from KB onshore Ellesmere Island

(Stephenson et al. 2003), crossing the Nares Strait–Hazen Plateau

gravity anomalies. The model (Fig. 17a) comprises a sedimentary

layer overlying a crystalline crust, divided into two uniform layers.

The geometry of Palaeozoic strata from the balanced geological

cross-section seen in Fig. 3 (Harrison & de Freitas 2007) has been

used for constraint within the sedimentary layer. The densities of

these Palaeozoic sediments were taken from samples and well logs

and are tabulated in the legend of Fig. 3.

The modelling strategy was designed specifically to test whether

the Nares Strait–Hazen Plateau gravity anomalies could be ex-

plained by sediment and upper crustal layer heterogeneities only, or

Moho topography would also be necessary. In the model, the densi-

ties used for upper and lower crustal layers (2750 and 3000 kg m−3)

are based on regional gravity modelling by Sobczak et al. (1986)

, which are slightly higher than those used by Funck et al. (2006)

further south, based on refraction velocities across southern Nares

Strait (line FK; Fig. 13). The densities used minimize the contrast

at the Moho and, hence, its gravity signature in the model. The

Franklinian shelf sequence was divided laterally into three units,

according to the mapped geology, allowing for an optimal effect

of near-surface lateral density variations and minimizing those of

the Moho. Numerous models were tested, with varying geometries

and densities of the near-surface sedimentary units as well as the

geometries of the Moho and the upper-lower crustal boundaries. In

general, the boundary between the upper and lower crust was arbi-

trarily set parallel to the Moho surface, again to minimize the gravity

contribution of Moho. The model shown in Fig. 17a (Profile 3) pro-

vides the best-fit to the observed gravity profile. Lateral variations

in near-surface geology (e.g. shelf versus deep-water sedimentary

provinces) make a significant contribution. However, even with the

density (2760 kg m−3) of the strata within the deep-water province

of the Hazen Stable Block (Fig. 2) being an upper limit for these

rocks, no reasonable models were found that satisfactorily matched

the observed gravity field without a significant contribution from

Moho topography.

To demonstrate the importance of the Moho in explaining the

Nares Strait–Hazen Plateau gravity anomalies, the model seen in

Fig. 17a is compared with a simple two-layer model with only a

single density contrast at the Moho. The topography of the Moho

is a profile extracted from Fig. 15, and the same densities used in

the inverse modelling were adopted (ie. crust = 2670 kg m−3 and

mantle = 3300 kg m−3). Although the detailed fit of this model

is clearly degraded compared with the model incorporating upper

crustal and sediment layers, it is also apparent that Moho topogra-

phy is capable in itself of explaining most of the long-wavelength

component of the gravity field.

This inference is supported by additional modelling along the ten

parallel profiles shown in Fig. 14 (located in Fig. 12). Simple two-

layer models for profiles 5 and 7 are shown in Figs 17(b) and (c). In all

models, the Moho geometry was extracted from the gravity inversion

Moho map (Fig. 15), with crust and mantle densities of 2670 and

3300 kg m−3 respectively. Again, variation in Moho depth along the

profiles is almost sufficient to explain the observed Nares Strait–

Hazen Plateau gravity anomalies, with the small ‘high-frequency’

residuals easily accommodated by shallower sources.

4.4 Isostasy and isostatic admittance (‘Q’) in the

innuitian region

To assess the isostatic state of the Eurekan Orogen, the isostatic

response function—or admittance (Q)—was calculated for the study

area. Q is the ratio of the gravity power-spectrum and the gravity-

topography cross-spectrum and provides an averaged, quantifiable

expression to compare with theoretical models (e.g. Stephenson &

Lambeck 1985; Verhoef & Jackson 1991). It has been determined

from the Bouguer gravity field (Fig. 12) and the sub-ice topography

(Fig. 7b), regridded to a 20 km cell size within the area indicated by

the grey boxes in these figures, chosen to exclude deep-water areas

with associated oceanic crust.

The averaged Q (points with error bars) for the study area is shown

in Fig. 18. It exhibits near-zero values for wavenumbers greater than

0.06 km−1 (wavelengths less than 100 km), suggesting that the to-

pography is not in local isostatic equilibrium. The best fitting the-

oretical admittance, based on a thin elastic plate (flexure) model

with in-plane forces (e.g. Stephenson & Lambeck 1985), computed

on the basis of minimization of (rms) errors, is also shown in

Fig. 18 (grey line). Theoretical admittances were computing for

reasonable ranges of various input parameters, including Moho

depth (30 –40 km), elastic plate flexural rigidity (1016–1024 N m;

the smaller values effectively representing local isostasy), and the

absence or presence of an additional flexed density interface be-

tween an overlying sedimentary layer (0–10 km thickness) and crys-

talline crust. Additional tests for in-plane stresses (Stephenson &

Lambeck 1985) were checked, but no statistically significant results

were found. The best fitting model—which cannot be interpreted as

a specific crustal model for any particular part of the study area but

rather as a statistically best-fitting average model for the area as a

whole—possesses a moderate flexural rigidity of 1022 N m, a crustal

thickness of 30 km and no requirement for an additional shallower

density interface.

The isostatic admittance Q is normally assumed to be direc-

tionally isostropic. However, Stephenson & Beaumont (1980) and

Stephenson & Lambeck (1985) pointed out that, if the crust is

subject to a non-topographic load with a specific orientation, in-

cluding in-plane forces, or if the crust has some degree of me-

chanical/rheological anisotropy, then Q should be directionally

anisotropic. This study area has features preserved from the Palaeo-

zoic Franklinian margin as well as clearly developed regional

Eurekan structures developed during unidirectional Eocene plate

convergence. Accordingly, additional calculations were made to

check for the possible presence of anisotropic admittance. The re-

sult, shown in Fig. 19a, shows the low wavenumber Q (wavelengths

greater than 100 km) for the study area as a function of direction

(calculated within a moving window every 10◦). Long wavelength Q
with azimuth 120◦–150◦ (centred at 135◦) indicates a clear tendency

to be smaller than at other directions. No statistically significant

anisotropy exists for wavenumbers higher than this.

The observed 135◦ anisotropy can be the result of either a re-

duction of gravity signal corresponding to this orientation and

wavenumber or an increase in topographic signal. To visualize this,

a comparison of the log10 power-spectra for both are shown in

Fig. 19b. Most of the power in the gravity spectrum corresponds
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1058 G. N. Oakey and R. Stephenson

Figure 17. Density model (units of kg m−3) with four layers (sediments, upper and lower crust and mantle) across the EFTZ by Stephenson et al. (2003)

compared with the corresponding simple two-layer model based on the Moho inversion (upper panel). The observed gravity values for the two models differ

slightly because the profiles are not exactly coincident. The thick dashed line overlying the model is the Moho calculated from the gravity inversion (cf.

Fig. 15), in which densities of 2670 kg m−3 for crust and 3300 kg m−3for mantle were adopted. Lower panels show two-layer (crust and mantle) models for

profiles 5 and 7, derived from the Moho inversion (profiles located in Fig. 12). The observed gravity values are shown with ‘+’ symbols and the calculated

anomaly with a dotted black line as in the upper panel. Vertical exaggeration is approximately 4 : 1.
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Figure 18. The isostatic response function (or admittance), Q, between Bouguer gravity and sub-ice surface for the study area (shown in Figs 7 and 12) with

error bars. The best fitting theoretical model (grey line; see text for additional discussion) has a moderate crustal flexural rigidity of 1022 N m, a crustal thickness

of 30 km and no mid- or upper-crustal density contrast.

to wavenumbers less than 0.06 km−1 (wavelengths > 100 km), with

the drop-off in power being symmetric in all directions. In contrast,

the power spectrum for the topography has pronounced lobes (shown

by arrows) oriented at 135◦ for wavenumbers in the range 0.015–

0.06 km−1 (i.e. wavelengths of 100–400 km). Thus, the observed

power spectra suggest that the anisotropy is the result of a topo-

graphic signature that does not produce a corresponding gravity

anomaly (at least to the degree that flexurally compensated topogra-

phy would). Expressed physically, this means that there is less grav-

ity signal at this wavelength in this direction, normalized in terms of

the topography, than on average for the whole study area. That is to

say, even though regional topographic grain might be aligned (per-

pendicular) to this direction, the isostatic admittance in such a case

could still be isotropic if the respondent gravity field would also be

so aligned. These results suggest a different form of isostatic com-

pensation of topography in the 135◦ direction. Modelled in terms of

the thin elastic plate model used earlier, a stronger flexural rigidity

(1024 N m) is implied for the 135◦ direction, coincidently identical

with the direction of Eurekan convergence during the Eocene. This

is somewhat counte-rintuitive since the application of a horizon-

tal force should weaken the lithosphere, rather than strengthening

it. More realistically, the oriented topographic load produced from

the Eurekan shortening is still undergoing post-orogenic ‘collapse’

and exerting anisotropic forces. With either explanation, this ef-

fective anisotropically ‘stronger’ lithosphere indicates that remnant

interplate forces have not completely dissipated and a non-isostatic

topographic load is still being supported.

5 S U M M A RY O F R E S U LT S

The ability to differentiate between older Ellesmerian structures

and unique or overprinted Eurekan deformation within the Cana-

dian Archipelago has been an ongoing challenge. The presented

gravity compilation over the Innuitian Region of the Canadian

and Greenland Arctic provides new insights into the regional-scale

crustal structure and the overprinting of Cretaceous–Palaeogene in-

terplate tectonics culminating in the Eurekan Orogeny. Combined

with newly compiled digital bathymetric, topographic and sediment

thickness data, calculations of different gravity ‘Bouguer’ correc-

tions have allowed improved correlations of onshore–offshore geo-

logical provinces, geometry of the sedimentary basins, and positions

of continent–oceanic boundaries. Both 2-D and 3-D gravity mod-

elling have allowed for quantitative assessment of regional variations

in Moho-depth, crustal thickness and estimated β values for both

areas of crustal thinning and thickening. Further, a Fourier domain

transfer function (Q) analysis has provided estimates of lithospheric

strength and degree of isostatic compensation. By comparison, the

marginal basins around Baffin Bay are reasonable well modelled

compared with the Sverdrup Basin and the Sverdrup Rim, where

further investigations are required with improved mapping of the

sediment thickness and better definition of the geometry of Creta-

ceous volcanic systems.

The main results of this study can be summarized as follows.

(1) A crustal thickness of ∼35 km represents ‘normal’ unde-

formed Archaean crust in the study area.

(2) The large amplitude linear gravity low—‘Nares Strait Gravity

Low (NSGL)’—extends obliquely across Nares Strait from northern

Greenland to Ellesmere Island. This feature closely correlates with

the distribution of the Palaeozoic Franklinian Margin sequences and

is primarily the signature of a downwards flexure of the crust beneath

a northwards thickening (Palaeozoic) sedimentary wedge.

(3) The NSGL is cross-cut by the Eurekan Frontal Thrust (EFT),

which only locally enhances the gravity low in response to structural

stacking of the Palaeozoic Franklinian Margin sequences during the

Eurekan Orogeny.
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Figure 19. (a) Anisotropic Q-curves, calculated from ‘pie-slices’ with a

central orientation incremented at 10◦ intervals. The smallest wavenumber

(wavelength ∼400 km) from each curve is plotted with its corresponding

error bar. An average value of ∼0.1 is observed for most orientations. An-

gles between 120◦ and 150◦ have a statistically significantly reduced value

(∼0.03). Compared with theoretical curves, the results from the 135◦-centred

slice indicate a greater flexural rigidity (1024 N m) than in other directions.

(b) The log10 power-spectra for the Bouguer gravity field (left-hand side)

and the sub-ice surface (right-hand side) with wavenumbers. The increased

power ‘lobes’ for the sub-ice surface oriented at 135◦ are shown with arrows.

(4) The NSGL can be mapped to the south along the lower am-

plitude Prince of Wales Gravity Low (PWL). The decreased crustal

thickness values (∼38 km) along this feature suggest uplift and

erosion of the Palaeozoic strata during the Eurekan Orogeny.

(5) Newly identified gravity signatures are correlated with geo-

logically defined structural blocks north of the NSGL: the Hazen

Plateau Gravity High (HPGH) corresponds with the low-lying to-

pography of the Hazen Trough; and the Grantland Gravity Low

(GGL) corresponds with the elevated topography of the Grantland

Uplift (GU).

(6) The crustal thickness associated with the HPGH (∼35 km)

corresponds with a ‘stable’ block of crust, apparently undeformed

during Eurekan orogenesis.

(7) The crustal thickness associated with the GGL (>42 km)

probably represents an area of significant crustal thickening during

the Eurekan Orogeny associated with the exhumation of the east-

ernmost part of the Sverdrup Basin. It cannot be excluded that some

of the crustal thickening of the GU is ancestral, related to early

Palaeozoic orogenesis.

(8) The Sverdrup Basin has an average crustal thickness of

∼24 km. The eastern and western areas of the basin are divided by

a N–S oriented crustal block beneath Axel Heiberg Island ranging

from ∼26 km thickness in the north to over 30 km in the south. This

feature may represent crustal thickening in response to the Eurekan

Orogeny.

(9) A newly defined N–S oriented linear gravity high is iden-

tified along the western edge of Axel Heiberg Island (WAH), ap-

proximately equidistant between the Cornwall (CA) and Princess

Margaret (PMA) arches. The spacing between these structures is

∼100 km.

(10) The position of the continent–ocean boundary (COB) in

both the Arctic Ocean and Baffin Bay has been refined and improved.

The continental margin along the Melville Bay area of Greenland

appears to be very wide.

(11) The Lancaster Basin overlies extremely thinned crust and is

interpreted to be a failed ‘rift arm’ of the Eocene spreading system

in central Baffin Bay. β values of ∼1.6 suggest significant extension

across the basin (>40 km), enough to be relevant for plate kinematic

reconstructions.

(12) There is no equivalent crustal thinning associated with the

Jones Sound Basin, suggesting a different style (or age) of basin

development.

(13) An intermediate flexural rigidity of 1022 N m was deter-

mined for the study area from its isostatic admittance (Q), with a

notable anisotropy in Q corresponding with the direction of Eurekan

convergence, suggesting that there remain forces from the plate con-

vergence that are supporting an excess of topography without pro-

ducing a corresponding gravity signature.
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