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Structure of Archean Crust and Passive Margin of Southwest Greenland
From Seismic Wide-Angle Data

KARSTEN GOHL' AND SCOTT B. SMITHSON

Department of Geology and Geophysics, University of Wyoming, Laramie

To investigate the structure and composition of the Archean crust beneath the shelf of southwest
Greenland parallel to the passive margin, we conducted an onshore/offshore seismic wide-angle experiment
in 1989. One of our goals was to obtain a velocity/depth profile along the thinned continental or
transitional crust to place constraints on the magmatic rifting history in the northern Labrador Sea.
Seismic recording instruments at four locations along the coast recorded energy from an air gun array up to
400 km distance. Due to the dense shot spacing of 100 to 150 m we were able to identify continuous
reflected and refracted phases from the upper to lower crust. Results from a one-dimensional extremal

inversion indicated a high-velocity zone (HVZ) with

P wave velocities of more than 7.2 km/s at the bottom

of the transitional crust. Combined two-dimensional travel time forward modeling and inversion produced
a velocity/depth model that contains midcrustal and lower crustal discontinuities between 12 and 25 km
depth and a Moho dipping northward at 30 to 42 km depth. An average crustal velocity of about 6.6 km/s

indicates a high portion of mafic components in the crust.
maximum thickness of 8 km and temperature-corrected velocities of 7.5 to 7.85 km/s.

The lowermost crust consists of a HVZ with a
The HVZ may be

explained by an underplated igneous complex often observed under passive margins worldwide.
Metamorphism to gamet-pyroxene-granulite during postrift isobaric cooling of the 30- to 40-km-deep,

thinned continental crust could explain the velocities that are higher than on other margins.

A large

volume of magmatic material must have been added to the crust but did not produce extrusions. Magmatic
underplating of the thinned continental or transitional crust of SW Greenland is likely associated with a

possible hot spot magmatism in the Davis Strait and Baffin Bay region.

Magmatism associated with

continental rifting was found to reach farther south along the northern and central part of the Archean

block than previously thought.

INTRODUCTION

Rifting processes that lead to formation of new oceanic
crust develop magmatism that may be intrusive and/or
extrusive. Extrusive magmatism was very active during the
opening of the Davis Strait and Baffin Bay but was lacking
along the Labrador Sea margins during earlier stages of
rifting. The Labrador Sea and Davis Strait basins separate the
conjugate margins of oldest Archean crust in Greenland and
Labrador (Figure 1). To study the effect of Cretaceous and
early Tertiary magmatic rifting of an early Archean craton, a
large-offset wide-angle and normal-incidence seismic
experiment was conducted parallel to the southwest Greenland
coast and along two fjords. The goal of the experiment was 1o
obtain information on seismic velocities and structure along a
ransect from undisturbed continental crust into thinned
continental or transitional oceanic-continental crust in the
basin. The normal-incidence common midpoint (CMP) data
do not contain many events and are currently being
reprocessed, This paper analyzes the wide-angle seismic data
obtained along the Greenland shelf. An analysis of a seismic
transect from the shelf into the undisturbed Archean
continental crust will appear in a later paper.

Combined onshore/offshore wide-angle data acquisitions in
recent years have proven the advantage of large offset,
densely spaced recordings [i.e., GLIMPCE Seismic Refraction
Working Group, 1989; Brocher and Moses, 1990; BABEL
Working Group, 1991]. The experimental design allows the
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integration of processing techniques from ‘reflection
seismology, such as deconvolution and coherency filtering,
and forward/inverse modeling. To approximate an initial
model for a two-dimensional (2-D) inversion, we derived
localized one-dimensional (1-D) models using a tau-p
inversion. 2-D travel time inversion and forward ray tracing
were subsequently performed using the results from the 1-D
velocity/depth model as initial values. Our modeling results
provide new implications for the composition of the thinned
continental crust close to the passive margin in SW Greenland
with respect to the magmatic rifting history of the Labrador
Sea and Davis Strait. ,

GEOLOGY AND PREVIOUS GEOPHYSICS

Our study area is located on the shelf and western edge of the
Archean block of SW Greenland (Figure 2). The Archean block
consists of several gneissic, granitic, and supracrustal
complexes with ages between 2750 and 3800 Ma {Bridgwater
et al., 1976; McGregor et al., 1986]. Nutman et al. [1989]
suggest a juxtaposition of four Archean subterranes at about
2750 Ma, each terrane having evolved separately prior to
juxtaposition. Profile WA and receiver stations UM, KA, IK
are located along the Akia terrane. Station GR was placed on
rocks of the Tasiusarsuaq terrane.

The Labrador Sea rifting event separated the Archean block
of Greenland from its counterpart in Canada, the Nain
Province [Taylor, 1972]. Rifting started in the southern
Labrador Sea during the Late Cretaceous (75 Ma), expanded
into the northern Labrador Sea in the early Paleocene, and
ended in the Davis Strait and Baffin Bay during the early
Oligocene [Laughton, 1971, 1972; Le Pichon et al., 1971;
Hyndman, 1973, 1975; van der Linden, 1975; Srivastava,
1978, 1983; Hinz et al., 1979; Srivastava et al., 1980;
Johnson et al., 1982; Srivastava and Tapscott, 1986]. The
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Fig. 1. General map of the northeastemn Atlantic region. Greenland rifted from the North American continent between Late
Cretaceous and Oligocene time creating a relatively thick oceanic crust of the Davis Strait and northem Labrador Sea. The
narrow width of the SW Greenland shelf as opposed to the wider shelf off Labrador indicates asymmetric Labrador Sea
margins. Areas of heavy dots illustrate the North Atlantic Archean craton in Greenland and Labrador [after Bridgwater et al.,
1973]. The box marks our study area (Figure 2). The coastline and bathymetry map was adopted from Keen and Williams
[1990] and the Geological Survey of Canada, Department of Energy, Mines and Resources, and reproduced with permission
of the Minister of Supply and Services Canada, 1992.
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Fig. 2. Map of the general geology of study area in SW Greenland
including seismic source and receiver locations. The geologic
information is compiled from published maps from the Geological
Survey of Greenland [1982], Nutman et al. {1989), and Friend and
Nutman [1991]. Three-component seismic instruments located along
the coast (UM, KA, IK, GR) and two fjords, Godthabsfjord and
Ameralik (GO 110 11, AM 1 108, MA 1 and 2) recorded densely spaced
air gun shots from profiles WA, GO, and AM. Recordings from
coastline profile WA are used in this study.

Labrador Basin is characterized by asymmetric continental
margins (Figure 1). The SW Greenland shelf is particularly
narrow, being less than 70 km across in the south, and
gradually widens northward from the study area to about
930 km width. The Labrador shelf has a width of 110 km to
220 km [Srivastava et al., 1980], widening northward.
Srivastava [1978] and Hinz et al. [1979] observe a steep
continental slope along the SW Greenland coast between 60°
and 62° N latitude and attribute it to normal faulting. Gravity
and magnetic profiles across the Labrador Sea [Hinz et al.,
1979; Thorning, 1984, 1986; Geological Survey of Canada,
1988a,b; Woodside and Verhoef, 1989] indicate asymmetry of
the margins. The gravity field across the Greenland margin
shows steeper gradients and higher-amplitude anomalies than
that of the Labrador margin and can be associated with a
steeply dipping basement and a thin or, in places,
nonexistent sequence of shelf sediments [Hinz et al., 1979;
Woodside and Verhoef, 1989]. Gravity studies of the

Godthabsfjord and Ameralik region reveal a positive seaward
gradient of the long-wavelength Bouguer anomaly of
approximately 2 mGal/km, indicating a 15-20° slope of the

6625

crust-mantle boundary along the shelf [Speece, 1992].
Seismic reflection and refraction data across the Labrador shelf
show a thick sedimentary wedge, while thin or non-existent
sedimentary sequences lie on the Greenland shelf above a
strongly faulted acoustic basement [Hinz et al., 1979]. The
sedimentary cover thickens northward toward the Davis Strait
[Manderscheid, 1980]. The basement does not show any
major continuous reflections but contains diffractions,
possibly caused by steeply dipping normal faults. A new
model by Chalmers [1991] suggests a continental crust that
extends much farther into the northwestern Labrador Sea than
previously thought [Roest and Srivastava, 1989].

An apparent lack of exposed extensive volcanism along the
Labrador Sea margins suggests a nonvolcanic rifting event in
the Labrador Sea region [White and McKenzie, 1989].
Approximately 500 to 600 km north of our study area,
formations of basaltic volcanic rocks with thicknesses of up
to 8 km are present on Disko Island and the surrounding area
as well as on the conjugate margin on Baffin Island [Clarke,
1970; Clarke and Upton, 1971; Denham, 1974; Clarke and
Pederson, 1976]. The basalts on either side were extruded at
about 61-58 Ma [Clarke and Upton, 1971} during spreading of

" the Davis Strait and Baffin Bay and about 15 m.y. after the

initial opening of the Labrador Sea. Hinz et al. [1979],
however, related the flat acoustic basement on the Labrador
shelf and the subbasement reflectors to possible younger
basalt flows that overlay pyroclastic or sedimentary sequences
on top of a slightly older oceanic crust. Indications of high-
velocity zones (vp > 7.2 km/s) in the lowermost crust of the
Labrador shelf [Hinz et al., 1979] and at the bottom of the
oceanic crust adjacent to the Greenland margin
[Stergiopoulos, 1984] further imply a magmatic rift event in
the Labrador Sea region. Wide-angle data from the shelf
crossing the southern boundary of the Archean block of SW
Greenland do not contain evidence for a high-velocity zone at
the base of the transitional crust [Chian and Louden, 1992].
Hyndman [1975] developed a model for the region, in which
an active hot spot under the Davis Strait produced volcanism
and thickened the crust after sea floor was created, White and
McKenzie [1989] argue that extensive rift margin volcanism
and associated crustal thickening in the Davis Strait were
generated by an intersection of the rift with an asthenospheric
plume that caused rifting in the North Atlantic and migrated
underneath Greenland or that volcanism was caused by a
separate hot spot that had been initiated under the Davis
Strait.

DATA ACQUISITION AND PROCESSING

A major part of the seismic experiment in SW Greenland
was designed to obtain a velocity distribution from a profile
(WA) along the NNW-SSE striking shelf (Figure 2). The use of
an air gun array permitted the recording of densely spaced,
generally unaliased seismic data that allowed accurate
correlation of phases and detailed inverse and forward
modeling. A source array of five air guns (19.7 L or
1200 cubic inches each) with a peak pressure of 140 bars was
fired at 15 m depth at a spacing of 100 to 150 m. For this
study, we analyzed recordings of REFTEK PASSCAL 72A
digital instruments, situated on four bedrock locations (UM,
IK, KA, GR) along the coast (Figure 2). All instruments
recorded three components, but we used only the information
of the vertical components for this study. Processing of the
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horizontal components and a detailed § and converted wave
study is in progress.

The dominant signal frequency range is between 7 and
9 Hz, with smaller peaks at 15 to 17 Hz and 23 to 25 Hz. We
applied a band-pass filter from 7 to 30 Hz with a taper of one
octave on either side. Large variations in the alignment of the
first breaks are due to datum static shifts. We applied
elevation static corrections to all receiver gathers by
replacing the water column with 2 5.5 km/s velocity layer.
This correction velocity corresponds to a velocity of the near-
offset first breaks. Also, static corrections to compensate for
the air gun depth (correction velocity of 1.5 km/s) and for the
instrument elevation (elevations between 8 and 20 m;
correction velocity: 5.5 km/s) were applied. The results
improved the correlation of dominant phases, although some
static shifts remained, particularly in troughs and
overdeepened river valleys.

To eliminate bubble reverberations and sea bottom
multiples, we applied a predictive deconvolution. An operator
of 500 ms length with a gap of 125 ms, corresponding to the
second zero crossing of an 8 Hz wavelet, provided the best
results in compressing the wavelet (Figure 3). We chose a 5-s
design gate, beginning at the first arrival. The operator was
then applied to the entire trace. Deconvolution was
particularly successful as an aid in seismic phase
identification. Phases in close proximity are displayed as
distinct arrivals after deconvolution was applied, i.e., the
arrivals labeled as PP and PP (Figure 3).

We filtered near-offset traces in the frequency-wavenumber
(FK) domain to remove direct S and water waves that interfered
with several P wave arrivals. We applied a rejection range of
1400-1600 m/s for the water wave noise and 3600-3800 m/s
for the direct S waves. A previously applied automatic gain
control (AGC) of 3 s improved the filtered results because of
an improved signal-to-noise ratio (Figures 4a-4b).

Rejection of direct § wave and water wave noise in the
intercept time ray parameter (tau-p) domain also improves the
signal-to-noise ratio. A comparison with FK filtering shows
that more coherent seismic arrivals from the original x-t
domain were extracted by tau-p filtering (Figures 4c-4e).
Coherency filtering in the tau-p domain [Stoffa et al., 1981]
improves the signal-to-noise ratio but also generates
artifacts. We identified seismic phases by comparing FK and
tau-p filtered sections with unfiltered data.

We slant stacked [i.e., McMechan and Ottolini, 1980;
Diebold and Stoffa, 1981; Phinney et al., 1981] the receiver
gathers to obtain an immediate estimate of the apparent
arrival velocities and to identify precritical and postcritical
reflections and refractions. The signal-to-noise ratio of
arrivals in the tau-p domain is theoretically enhanced by the
square root of the number of traces in the stacking process. A
muting process can be performed in the tau-p domain to
eliminate arrivals within a defined slowness range (i.e., water
waves and direct waves). By applying a coherency filter
[Stoffa et al., 1981} using semblance calculations, regions
with low coherency were zeroed out and aliasing along with
other incoherent noise was suppressed.

We split every receiver gather into overlapping windows of
about 20-km aperture and transformed each window into the
tau-p domain. The coherency-filtered windows of one shot
direction with respect to the receiver location were
subsequently summed. Splitting the shots into several
windows before slant stacking has the advantage of
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Fig. 3. Seismic section before and after deconvolution.
Deconvolution eliminates the bubble reverberations and most of the
sea bottom multiples and is, therefore, a valuable aid for identifying
phases.

controlling unavoidable averaging effects by transforming
data from a large offset range. Each window in the tau-p
domain can be interpreted individually which is important in
areas of heterogeneity.

DESCRIPTION OF SEISMIC PHASES

The vertical components from the coast stations UM, KA,
IK and GR that recorded profile WA contain several middle and
lower crustal reflected and refracted P wave events (Figures S5a-
5d). The first arrival (Pg) shows highly varying apparent
velocities between 5.4 and 7.1 km/s in all receiver gathers,
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partly due to remaining static shifts and lateral velocity
variations. Midcrustal P wave reflections are very
discontinuous in all recordings. Their coherency and
amplitudes are low at precritical distances and increase with
larger offsets. One of the most prominent features of the
vertical component is a strong, continuous lower crustal
precritical and posteritical reflection (P1P) that converges with
an equally high-amplitude Moho reflection (PmP). This
convergence is a rare observation in deep crustal seismic
recordings; it illustrates the improvement of seismic data
quality with dense trace spacing. Despite interruptions of its
continuity at precritical distance, the PP event is traced to
near offsets. The observation of two distinct lower crustal
phases (PP and PnP) in the recordings of the northern section
of UM (Figure 5a) is not as obvious as it is for KA and IK. A
strong PP phase follows continuously through the section
into the coherency-filtered near-offset range. The PmP phase
appears at offsets greater than 60 km . Within the southern
section of recording UM (Figure 5b), both phases converge at
100 km distance.

Station IK recorded an upper mantle refraction (Pn) with an
apparent velocity of 8.1 1o 8.3 km/s. A portion of that phase
can be seen through the reverberations and coda of the first
arrival between offsets of 140 to 160 km (Figure 5d).

station UM-N

original section

24

Fig. 4.

offset (km)

0
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Plots of coherency-filtered and vertically stacked slant
stacks show strong P wave arrivals (Figure 6) that we
correlated with arrivals of the respective time-offset gathers.
The P, phase consists of several high-amplitude clusters
between ray parameters 0.185 and 0.140 s/km (apparent
velocities of 5.4 and 7.1 km/s) corresponding to variations in
the first-break alignment of the offset gather. Several
midcrustal phases show strong amplitudes from critical to
postcritical angles, indicated by their ray parameters of 0.160
to 0.140 s/km (apparent velocities of 6.3 to 7.1 km/s).
Locally dipping structures possibly generated smearing
effects of midcrustal phases in recording GR which makes an
identification difficult. Tau-p gathers of stations UM, IK, and
KA show clear images of precritical and posteritical
reflections from the lower crust and Moho. The PP and PmP
phases appear as high-amplitude events, corresponding to the
relatively high energy returning from those interfaces at
critical and posteritical distances.

INVERSION
[-D Inversion

As a preliminary step in the interpretation of the densely
spaced wide-angle reflection data from the coast line

shot profile WA
FK filtered

60

Elimination of near-offset S wave noise, (a) without coherency filter, (b) with coherency (FK) filter. PP and PP

phases appear at smaller offsets after elimination of most direct S wave arrivals. (¢) By transforming the offset data into the

tau-p domain, muting and coherency filtering in the tau-p domain, and transforming

back into the time-offset domain,

arrivals are enhanced. (d) A coherency filter in the tau-p domain uses the semblance calculation [Stoffa et al., 1981] with

different thresholds for noise rejection.

Isolated events of high-amplitude noise in the tau-p domain may transform back as

with seismic arrivals.

(e) The lower the threshold the more noise, and eventually signal, is rejected.

linear events that should not be confused
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Fig. 4. (continued)

recordings, we performed an inversion of individual receiver
gathers to estimate local depth bounds for the equivalent 1-D
structure [Gohl et al., 1991]. Although the bounds are biased
to some extent by local dip effects, the inversion results
provide useful starting values for deriving more realistic
models. We used an extremal inversion method [Bessonova et
al., 1974; Hawman and Phinney, 1991] based on picks in the
tau-p domain to invert for minimum and maximum depths of
horizontal layers of constant slownesses. Picks in the tau-p
domain were made at the onset of each amrival. Uncertainties
assigned to intercept-time picks were based on the signal
bandwidths [Kennett and Orcutt, 1976] and the S/N ratio of the
arrivals but did not incorporate scatter due to local dip effects.
These uncertainties ranged between 0.08 and 020 s. We
parameterized the model as a stack of layers of constant
slownesses (slowness increment is 0.001 s/km) with
slownesses decreasing (velocities increasing) with depth. The
slowness for the uppermost layer was chosen from the near-
offset first break velocities. The minimum slowness was
chosen to allow for the possibility of high velocities near the
base of the crust. We used tau-p picks from refracted as well as
precritical and posteritical reflected phases. By choosing as
many precritical and postcritical reflections from a single
interface as possible, the depth bounds are better constrained.
The extremal method produced a 1-D inverse model (Figure 7)
that incorporates data from a large offset range. Several
miderustal discontinuities appear with varying depths,
indicating a complex structure with latera] inhomogeneities at

midcrustal levels along the recording mid-points. A first-
order discontinuity or a strong, narrow gradient zone, 6 to
8 km above the Moho, is derived from the strong, coherent
PP phase from stations KA and IK. The inversion results infer
a crustal depth of 30 to 40 km, increasing northward. The
uppermost crust contains a high-velocity gradient. Velocities
exceed 6.0 km/s below depths of 4 to 6 km for most
recordings, but the gradient remains low for the remainder of
the crust. The bottom of the crust consists of a zone with
velocities between 7.2 and 7.8 km/s.

The shot profile is located on the shelf parallel to the
passive continental margin where the crust-mantle boundary
becomes shallower toward the oceanic crust. Therefore, the
results of the inversion are biased by a slope of the Moho
perpendicular to the profile [Larkin, 1992]. However, results
from extremal inversion place useful constraints on starting
models for more complete analyses in terms of 2-D and 3-D
structure.

2-D Inversion

The 2-D travel time inversion used in this study is a fast
generalized linear inversion that provides estimates of model
parameter uncertainties, resolution, and nonuniqueness [Zelt
and Smith, 1992]. The iterative character of the method
involves forward steps of the inverse approach, such as a ray
tracing algorithm [Zelt and Ellis, 1988] and an adjustment of
model parameters by applying a damped least squares
inversion of travel times [Zelt and Smith, 1992]. The model
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for the inversion is parameterized as a set of layers broken
into trapezoidal blocks with velocities and depths defined for
each corner. Block boundaries are smoothed to avoid
scattering and focussing of ray paths. Takeoff angles for ray
tracing are calculated automatically. A damped least squares
method is used to update the boundary and velocity nodes for
each iteration. The algorithm can perform simultaneous
velocity and boundary inversion. To quantitatively evaluate

station UM-N shot profile WA

a

deconvolution applied
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the best iterated model, RMS travel time iesiduals and
parameter resolution are calculated allowing an estimation of
the model reliability to be made with respect to the data. The
stability of the inversion scheme is increased by reducing the
number of independent model parameters, i.e., by keeping the
velocity gradient or thickness of a layer fixed or by
maintaining a constant velocity discontinuity at a layer
boundary, if there is evidence for that in the data. To increase

amplitude balanced

12
8
=
o
4
160 120 offset (km) 80 40
South

North

station UM-S shot profile WA

b

deconvolution applied

amplitude balanced

t-x/8 (s)

40
North

Fig. 5. Receiver gathers of WA profile. Shown are the vertical components with deconvolution
UM-South, (¢) KA, (d) IK. Note the high-amplitude lower crustal (PwP) and Moho (PP) arrivals
the PiP phase in some recordings (i.e., KA) can
high impedance contrast in the lower crust.
continuous than the PjP and PP phases.
recording IK.

offset (km) 120

applied. (a) UM-North, (b)
in all recordings. Note that

be traced throughout precritical distances to small offsets, an indication for a
Several midcrustal reflections are identified, but they are weaker and less
Station KA contains a high-amplitude SiS or SS phase. A Pa phase is observed in
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stability, we first inverted for the uppermost crust, then
continued with arrivals from the middle and lower crust,
keeping the parameters of overlying layers fixed.

Profile WA runs parallel to the strike direction of the
continental margin. The crustal structure is not strictly two-
dimensional, and this will introduce a bias in 2-D modeling.
Although 3-D modeling would be more accurate, we attempted
a 2-D inversion for various reasons. The observation of
continuous, high-amplitude lower crustal and Moho arrivais
suggests a laterally continuous lower crustal feature that can
be modeled in terms of its velocity and thickness. The large
offsets, over which these arrivals can be observed, range from
near-vertical to postcritical and place contraints on the
velocity estimation. Although calculations of layer depths
are biased by the eastward dipping geometry of seismic
interfaces within the thinned crust, we can estimate a general
trend of N-S dipping structures. We did not include arrivals
from receiver IK despite their good quality, because this
station is located too far off the profile line.

An initial crustal model was created based on the results
from the 1-D tau-p inversion. The model included a northward
dipping crust-mantle boundary, with its greatest dip in the
southern half of the model, a high-velocity zone at the bottom
of the crust and three midcrustal interfaces with small velocity
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first approach, we modeled each series of observed travel time
arrivals by iterative inversion. The model was parameterized
with six layers, and the number of boundary nodes was kept
constant for a distance increment of 40 km, except for the
northernmost part of the model where the increment was
increased to 80 km for the lower layers 2 to 6 due to the lack of
observable arrivals. We then corrected the inversion results
by manual smoothing and straightening of layer boundaries
that were obviously affected by the line geometry. It soon
became clear that local dipping structures or interfaces were
derived from individual travel time curves at small offsets.
Near-offset arrival curves whose hyperbola caused bending of
interfaces that could not be constrained from other stations
were rejected thereafter to allow rays to travel to the next
interface correctly.

After we completed the inversion for all P wave arrivals in
recordings UM, KA, and GR, the final inversion model served
as a highly improved starting model for the next series of
iterations. This time, we corrected nodes with unrealistically
low or high velocities manually and kept them fixed during
subsequent iterations. Also, the number of velocity nodes was
increased for layers in which large-offset recordings suggested
a variable interface depth, such as the boundaries for layers in
the southern half of the model. Most travel time branches

discontinuities and layers of small velocity gradients. As &  match the observed data for further offsets (Figures 8a-8c).
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Fig. 8. 2-D travel time forward and inverse model for profile WA. (a) UM, (b) KA, (c) GR. Rays were shot through the final
model. Heavy lines represent observed travel times, with width indicating uncertainties in phase picking. Thin lines
illustrate calculated travel times. P wave velocities (km/s) and phase labels are included. The distance axes are related to
absolute distance of model profile (0-400 km). Although more midcrustal reflections are observed in the data, only those
that could be correlated over, at least, two stations were included in the inversion.
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\
3 station GR In the final model, we matched the majority of travel time
240 280 320 360 400 picks by rejecting near-offset arrivals that were most

influenced by the fan geometry (Figures 9 and 10a). The data
do mot show evidence for a thick low-velocity sedimentary
sequence. A large vertical velocity gradient exists within the
uppermost crust, with velocities increasing to 6.3 km/s
within 1 km from the surface (Figure 9). First-arrival P wave
velocities of 6.3 to 6.5 km/s represent velocities of the upper
crust to about 12 km depth. Upper crustal zones having lower
velocities (i.e., 5.8 km/s at 120 km distance and 4.5 km
depth) correspond to areas of poor resolution (Figure 10b).
Between 12 and 25 km depth, the velocities increase from
about 6.5 km/s to 6.8 km/s (Figure 10a). A continuous high-
velocity zone with a thickness of 3 to 8 km and a velocity of
7.4 to 7.7 km/s, increasing with depth, is defined by the
continuous PP and PmP phases. Due to lack of refracted
: arrivals travelling through the lowermost layer, we relied on
: the relative move-outs of PmP to derive velocities. To test the
i reliability of the velocities in the lowermost layer, we

: replaced the velocities of this layer with a variety of initial
SUSNIETIOS i velocities ranging from 6.9 to 7.7 km/s (average velocity)
and applied the damped least squares inversion over several
e poP ' iterations. The initial velocities converged to a final average
', velocity of about 7.5 km/s after 3 or 4 iterations. Initial
Pg velocities below 6.9 km/s resulted in an unstable inversion.
’J : Table 1 illustrates that RMS travel time residuals and x? values
— reached their minima at an average velocity of the HVZ of 75
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c N orth DISTANCE (km) South observed travel times is minimized with this average velocity.
Fig. 8. (continued) The result of this test places confidence in the modeled
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Fig. 9. Two-dimensional P wave velocity/depth model of the upper crust along profile WA derived from first arrival

s of

recordings UM, KA, and GR. The numbers correspond to P wave velocities (km/s) along contour lines.

velocities of the lowermost layer which will be crucial for our

interpretation.

The Moho depth reaches 30 km in the southern part of the
profile and increases northward to about 42 km. The
northward deepening of the crust along the coast is in
agreement with a gravity study by Speece [1992].

b

P—wave velocity model of profile WA
UM

Resolution of 2-D Inversion

One advantage of using an inversion routine is the ability
to calculate the resolution of the model parameters. The
diagonal elements of the resolution matrix range between zero
and one. The calculated uncertainty of individual velocity and
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Fig. 10. (a) Final 2-D P wave velocity/depth model and (b) vel
the inversion of arrivals was manipulated so that near-offset arrivals

ted arrivals were straightened. The numbers correspond to P wave

forward and inverse modeling. Because of 3-D effects,
were ignored and oscillations of interfaces due to interpola

velocities (km/s) and resolution values (0sR<l) along contour lines.

depth resolution of larger than 0.5. The projected receiver locations
Note that velocities are better resolved in the upper crust and portions of the lower

The high-velocity zone (HVZ) at the bottom of the marginal crust is

mark areas without any ray coverage.
crust in which overlapping ray coverage exists.

constrained by the relative move-out of PP phases.

ocity resolution plot for profile WA derived from travel time

White lines illustrate wide-angle reflectors with a
are annotated by UM, KA, and GR. The white zones
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TABLE 1. Range of Average P Wave Velocities V,y to ustrate the
Velocity Reliability for the Lowermost Layer

Vav, km/s N TRMS, § x*
6.9 297 033 7.03
7.0 297 030 5717
7.1 299 0.26 428
7.2 298 022 3.03
73 297 0.19 1.97
7.4 297 0.16 1.28
7.5 299 0.13 0.87
7.6 290 0.13 0.81
7.7 291 0.16 1.24

N annotates the number of PmP travel time observations used.
Minima of RMS travel time residuals Trus and normalized %2 are
reached with an averags velocity between 7.5 and 7.6 km/s.

boundary nodes is obtained by taking the square root of the
diagonal elements of the covariance matrix [Zelt and Smith,
1992]. This quantitative calculation is best used in a relative
rather than absolute sense and does not take into account 2-D
modeling of a 3-D structure, misidentification of phases, and a
coarse block parameterization of the model through
neglecting fine heterogeneities (Zelt and Smith, 1992]. We
calculated the resolution of the nodes in our final
velocity/depth model to obtain an image of the distribution of
resolution kernels within the model. The velocity and depth
resolution depends on how each node is controlled by a
relative number of rays. Therefore, nodes with low ray
coverage have low resolution and vice versa. Velocity nodes
that are controlied by a high number of refracted or diving rays
from more than one location of origin have a good resolution.
The resolution of boundary nodes is best constrained by
reflected phases within the corresponding layer.

Our model P wave velocities (Figure 100) are well resolved
in the southern half of the upper crust and in distinct zones in
the lower crust. The small number of stations parallel to the
profile and lack of refracted midcrustal and lower crustal
arrivals limit the extent of well-resolved velocities. Reflector
depths, however, are better constrained given the trade-off
between velocity and depth. The depth resolution for
reflectors shown in Figure 10b ranges between 0.4 and 0.9
(uncertainty < 1 km). Velocity resolution kernels for layers

with overlapping refracted (or diving) rays lie between 0.3 and

0.75 (uncertainty < 0.15 km/s). The velocities in the lower
crust are controlled by overlapping and reversed rays of the
PP and PP phases and contain resolution kernels of up to 0.5
(uncertainty < 0.1 km/s). Numerical calculation of
uncertainties shows that modeled velocities derived from
overlapping rays of reflected wide-angle phases can be well
resolved without information from refracted waves. Due to the
sparse station spacing, high-velocity resolution is limited to
two zones within the HVZ. Both zones exhibit similar
velocities. Therefore, we suggest that these well-resolved
velocities are representive for the modeled HVZ along profile
WA.

Comparing 1-D and 2-D Inversion Results

We next compare results from the 1-D extremal inversion
(Figure 7) with the 2.D travel time inversion model (Figure
10a). As mentioned above, the recordings of station IK were
not included in the 2-D modeling process because of its

location farther inland over thicker crust than station KA. The
depth bounds of dipping lower crustal and Moho
discontinuities appear 3 to 5 km shallower in the 1-D models
of recordings GR, KA, and UM-North where the receiver gather
is located in down dip direction. Lower apparent velocities
and lower intercept times of arrivals force the 1-D inversion to
shallower depths. The opposite effect is the case in recording
UM-South where the shot spread lies in up dip direction of the
Moho boundary. Here, the crustal depth of the reflection
midpoints derived from the 1-D inversion is 1 to 2 km greater
than in the 2-D model (36-38 km). The high velocities of 6.9
to 7.7 km/s for the lower half of the crustal 2-D model lie
within the bounds of the 1-D models. We can conclude that
inverting for 1-D velocity-depth bounds provides useful and
objective initial boundary and velocity nodes for a 2-L
inversion. One-dimensional models from several station:
along dipping structure can provide estimates of dip angles.

INTERPRETATION AND DISCUSSION
OF MODELING RESULTS

Structure and Composition of the Margin

Inverse and forward modeling of the wide-angle data reveal
new results concerning the structure and composition of the
thinned or transitional Archean crust in SW Greenland. The
portion of the crust close to the passive margin is highly
affected by the Labrador Sea rifting event. The crust contains
numerous moderate and high-amplitude lower crustal
reflections both at near and far offsets, suggesting large
impedance contrasts, possibly related to emplacement of
high-velocity mafic rocks from the mantle during rifting. The
thinned crust beneath the shelf has a more mafic composition
than the Archean continental crust of SW Greenland, indicated
by a higher average crustal velocity of about 6.6 + 0.1 km/s as
opposed to about 6.3 + 0.1 km/s for the continental crust
[Larkin, 1992]. An addition of 20% mafic rock (7.3 km/s)
into the upper 20 km of a 40-km-thick crust and an addition of
50% mafic rock into the lower 20 km, assuming preexisting
average velocities of 6.1 km/s for the upper 20 km and
6.5 km/s for the lower 20 km, would increase the total
average crustal velocity from 6.3 to 6.6 km/s. Midcrustal
reflections might originate from intruded and elongated mafic
bodies emplaced during an early stage of rifting, possible
shear zones developed as a result of extension, or from mafic
rocks in the original Archean crust. Seismic studies of
metamorphic core complexes in the Basin and Range include
interpretations where a combination of mafic intrusions and
extensional processes might account for high-amplitude
reflection zomes in the midcrustal area [McCarthy and
Thompson, 1988].

The most prominent feature of the crust beneath the shelf is
a high-velocity zone, up t0 8 km thick, at the bottom of the
crust. The results of two independent inversion techniques
place confidence in the velocity range of 7.4 to 7.7 km/s.
This zone exists only within the thinned continental or
transitional crust and not at the bottom of the continental
crust farther inland [Larkin, 1992], indicating its probable
association with rifting processes. The high velocities
within that zone could be caused by mafic to ultramafic rocks
that were intruded or underplated [Furlong and Fountain, 1986;
Fountain, 1989]. These velocities are higher than those of
the lowermost transitional crust of the eastern U.S. and
Canada [LASE Study Group, 1986; Reid and Keen, 19900].
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The 7.2 km/s layer of the eastern United States continental
shelf is interpreted as being made of plutonic gabbroic rocks
[LASE Study Group, 1986]. High-pressure laboratory velocity
measurements of rock samples from the exposed lower crustal
Ivrea zone reveal P wave velocities from 7.2 to 7.5 km/s for
metagabbro and from 7.4 to 7.6 km/s for mafic granulite at
room temperature [Burke and Fountain, 1990]. These
velocities were measured between 600 and 1000 MPa (6 and
10 kbar), corresponding to a depth of 20 to 35 km.
Amphibolites and pyroxenites can exhibit P wave velocities
between 7.0 and 7.7 km/s at 600 to 1000 MPa, especially if
they contain garnet [Christensen and Fountain, 1975;
Fountain, 1976; Burke and Fountain, 1990; Fountain et al.,
1990]. Based on theoretical calculations of compressional
rock velocities with respect to pressure and temperature,
Furlong and Fountain [1986] estimate that underplated
olivine-gabbro can reach P wave velocities of up to 7.8 km/s
at 35 to 40 km depth assuming an intermediate surface heat
flow of 60 mW/m?. Kern and Richter [1981] measured the
effect of temperature on seismic velocities. They calculated
temperature derivatives between -1.6 and -4.9 x 10* km/s °C
for a variety of rock samples under 600 MPa pressure.
Gneisses, amphibolites, and eclogites exhibit temperature
derivatives of only -1.6 to -3.0 x 10 km/s °C. By assuming
a geotherm corresponding to a surface heat flow of about
50 mW/m? with respect to a thinned continental crust
(extension factor of about 1.5) 80 Ma after the initial rifting
event [McKenzie, 1978], our observed lower crustal velocities
need to be increased by 0.07 to 0.15 km/s for comparison
with lab measurements at room temperature. These
temperature-corrected velocities, between 7.5 to 7.85 km/s,
exceed the range of most observed laboratory data with the
exception of eclogite but lie within the calculated velocity
range of intermediate velocities appropriate for lowermost
crustal and uppermost mantle materials [Furlong and Fountain,
1986]. Considering the great depth of the marginal crust of
SW Greenland, it is likely that most of the magmatic
underplate underwent metamorphism to garnet-pyroxene-
granulite facies during cooling.

Implications for Evolution of the Labrador Sea

High-velocity layers at the bottom of the thinned or
transitional crust are observed on several passive margins
[Weigel et al., 1982; LASE Study Group, 1986; Keen and de
Voogt, 1988; Tréhu et al., 1989; Austin et al., 1990; Reid and
Keen, 1990a,b]. Chian and Louden [1992], however, do not
observe such a zone at the bottom (28 to 30 km depth) of the
thinned (?) continental crust of the SW Greenland shelf
approximately 500 km south of our profile. Our profile with
an up to 8 km thick HVZ is located in the proximity of the
Davis Strait where volcanic rocks cover large areas around
Disko Island. That implies that a magmatic layer might have
been emplaced at the bottom of the crust during "active”
rifting of the northern Davis Strait and Baffin Bay due to hot
spot activity but did not reach into the central and southern
Labrador Sea. White and McKenzie [1989] assumed that the
Labrador Sea region underwent "passive” rifting with no major
magmatism associated, due to the lack of volcanics in SW
Greenland and Labrador. Our observation of a thick HVZ
indicates that major magmatism occurred about 500 km south
of the Disko Island volcanics. A large volume of mantle-
derived material must have been added to the crust, without
being extruded. The high velocities of 7.5 to 7.85 km/s
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(temperature-corrected) suggest that the density of the igneous
rocks is intermediate between that of continental crust and
mantle.

Hinz et al.'s [1979] observation of possible flood basalts
on the Labrador shelf and the lack of extruded mafics on the
SW Greenland shelf might suggest an asymmetric structure of
both conjugate margins similar to the passive margin
geometries described by Lister et al. [1986, 1991]. This
suggestion is supported by the existence of a magmatic zone
at the bottom of the narrow Greenland transitional crust, and
by indications for a 15° to 20° eastward dipping Moho from
gravity data [Speece, 1992] and seismic data [Larkin, 1992]
along the SW Greenland fjords. The available seismic data,
however, are not sufficient to place more confidence in this
suggestion. More deep seismic data are needed from the
Greenland margin and, in particular, from the Labrador shelf.

CONCLUSIONS

An analysis of seismic data offers new insights into the
deep crust underneath the shelf parallel to the passive margin
of SW Greenland and provides new constraints on the
magmatic rifting history of the northern Labrador Sea. Land
stations along the coast recorded wide-angle reflection data
from a marine air gun shot profile along the shelf. Due to
dense shot spacing, we identified numerous upper, middle, and
lower crustal seismic phases. Correlations of phases from
near-vertical to postcritical offsets allowed us to derive a
velocity/depth model for the crust. High-amplitude lower
crustal and Moho reflections from the top and bottom of a
high-velocity zome at the base of the crust have been
identified. Tau-p analyses and 1-D inversion indicated a HVZ
at the bottom of the crust with velocities larger than 7.2 km/s.
Combined 2-D travel time forward modeling and inversion
produced a velocity/depth model that contains midcrustal and
lower crustal discontinuities between 12 and 25 km depth and
a Moho at 30 to 42 km depth, dipping northward. An average
crustal velocity of about 6.6 km/s indicates a high proportion
of mafic components in the crust. The lowermost crust
consists of an up to 8-km-thick HVZ of temperature-corrected
velocities between 7.5 and 7.85 km/s, suggesting mafic to
ultramafic composition. Recrystallization of mafic material
may have occurred under garnet-granulite facies condition
during emplacement in lower crustal depths.

Evidence for a high-velocity, underplated mafic to
ultramafic zone at the base of the thinned continental or
transitional crust suggests that magmatism was present during
the rifting and initial divergence of the northern and central
Archean block of Greenland and Labrador. Large amounts of
mantle-derived material must have been added to the crust but
did not penetrate it, as indicated by the lack of mafic
extrusives in SW Greenland. The lack of a HVZ at the bottom
of the transitional crust along the southern Archean block
about 500 km south of our profile [Chian and Louden, 1992]
indicates that mafic underplating did not continue farther
south. It seems reasonable to associate the underplated layer
with the presence of rift-related mafic extrusives farther north
on Disko Island and surroundings. This thick underplated
layer in our study area could, therefore, be related to a possible
hot spot magmatism in the Davis Strait [White and McKenzie,
1989] that produced volcanics in the Davis Strait region and
underplated mafics and ultramafics in the northern Labrador
Sea.
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The identification of continuous and distinct reflections
from the lower crust and Moho is a result of the high air gun
shot density (trace density). Without high-quality wide-angle
reflection data, the tremendous amount of unexposed
magmatism along the shelf of SW Greenland associated with
rifting would have gone unrecognized.
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