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[1] Gravity-derived crustal thickness models were calculated for the North Atlantic Ocean between 76°N
and the Chain Fracture Zone and calibrated using seismically determined crustal thickness. About 7% of
the ocean crust is <4 km thick (designated as thin crust), and 58% is 4-7 km thick (normal crust); the
remaining 35% is >7 km thick and is interpreted to have been affected by excess magmatism. Thin crust
probably reflects reduced melt production from relatively cold or refractory mantle at scales of up to
hundreds of kilometers along the spreading axis. By far the most prominent thick crust anomaly is asso-
ciated with Iceland and adjacent areas, which accounts for 57% of total crustal volume in excess of 7 km.
Much smaller anomalies include the Azores (8%), Cape Verde Islands (6%), Canary Islands (5%),
Madeira (<4%), and New England—Great Meteor Seamount chain (2%), all of which appear to be asso-
ciated with hot spots. Hot spot-related crustal thickening is largely intermittent, suggesting that melt pro-
duction is episodic on time scales of tens of millions of years. Thickened crust shows both symmetrical
and asymmetrical patterns about the Mid-Atlantic Ridge (MAR) axis, reflecting whether melt anomalies
were or were not centered on the MAR axis, respectively. Thickened crust at the Bermuda and Cape
Verde rises appears to have been formed by isolated melt anomalies over periods of only ~20-25 Myr.
Crustal thickness anomalies on the African plate generally are larger than those on the North American plate;
this most likely results from slower absolute plate speed of the African plate over relatively fixed hot spots.
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1. Introduction

[2] Crustal accretion at the northern Mid-Atlantic
Ridge (MAR) (Figure 1a) is generally considered
to be magma-limited because of the slow spreading
rate of the ridge (Figure 1b). This results in a rel-
atively cold thermal structure with a strong litho-
sphere, leading to a deep axial rift valley and
rugged terrain created by large and widely spaced
normal faults at the ridge axis [Macdonald, 1982;
Chen and Morgan, 1990; Shaw and Lin, 1993].
Mantle upwelling and crustal accretion at slow
spreading ridges is believed to be a 3-D process
that gives rise to significant segment-scale varia-
tions in crustal thickness, with enhanced magma
supply toward segment centers and less magma at
segment ends [Kuo and Forsyth, 1988; Lin et al.,
1990; Minshull et al., 1991; Chen, 1992; Lin and
Phipps Morgan, 1992; Tolstoy et al., 1993; Canales
et al., 2000; Hooft et al., 2000]. Thus, overall, we
expect rougher topography, larger relief, and thinner
and less uniform crust at slow spreading ridges than
at fast spreading ridges.

[3] Major exceptions to the magma-limited charac-
ter of the MAR are hot spot—influenced regions, with
Iceland and the Azores being the most prominent
examples (Figure 1a). These areas are characterized
by elevated topography [Vogt, 1976; Schilling,
1985], pronounced negative Bouguer anomaly or
mantle Bouguer anomaly (MBA) [Thibaud et al.,
1998; Gente et al., 2003; Fedorova et al., 2005] and
enriched mantle chemical compositions [Schilling,
1973, 1975; Schilling et al., 1983; Yu et al., 1997;
Dosso et al., 1999]. These anomalies have been
attributed to hot spots that generate enormous
volumes of basaltic magma on or near the ridge
axis [Schilling, 1991; Ito et al., 1996; Cannat
et al., 1999]. Other, volumetrically less important
anomalies have been created by the New England,
Madeira, Canary, and Cape Verde hot spots. Some
features, notably the Bermuda Rise, are not so
clearly related to hot spot activity.

[4] While many gravity and seismic investigations
have been conducted locally in the North Atlantic,
few studies have evaluated gravity anomalies and
crustal thickness variations throughout the entire
region. Crosby and McKenzie [2009] examined the
global relationship between residual topography
and gravity, and they estimated the volume and
buoyancy flux of several plume swells based on
residual topography. Unlike the individual ex-
amples discussed by Crosby and McKenzie [2009],
we here use geophysical data to calculate model
crustal thickness throughout the entire North
Atlantic from the Chain Fracture Zone in the equa-
torial Atlantic to 76°N, and we thereby investigate
the complete regional spatial distribution and vo-
lumes of potential melt anomalies. Louden et al.
[2004] calculated isostatic crustal thickness for the
northern North Atlantic region (30°-70°N); our
results show generally similar patterns in this region
but differ in detail because we used different meth-
odology (see section 5.4).

[5] Here we use combinations of seafloor bathym-
etry (Figure 1a) [Smith and Sandwell, 1997], crustal
age data (Figure 1¢) [Miiller et al., 2008], satellite-
derived free-air gravity (Figure 1d) [Sandwell and
Smith, 2009], and sediment thickness (Figure le)
[Divins, 2009] to calculate the residual mantle
Bouguer anomaly (RMBA), which we invert to
obtain model crustal thickness. Using this result, we
divide the modeled crustal thickness into categories
of thin (<4 km), normal (4—7 km) and thick (>7 km)
crust, and we discuss the distribution and likely
origins of these variations.

2. Geological Background

[6] The North Atlantic Ocean basin contains the
oldest in situ oceanic crust on the Earth, excepting a
small area in the western Pacific Ocean. Seafloor
spreading in the central North Atlantic Ocean star-
ted in the Middle Jurassic (~180 Ma) when the

Figure 1.

(a) Bathymetry of the North Atlantic Ocean [Smith and Sandwell, 1997] in Albers Conic Equal-Area

projection. Features marked are Azores-Biscay Rise (ABR), Atlantis seamounts (ATS), Azores, Baffin Bay (BB),
Bermuda Rise (BR), Charlie Gibbs Fracture Zone (CGFZ), Charcot seamounts (CHS), Canary Islands (CI), Ceara
Rise (CR), Corner seamounts (CS), Cape Verde Islands (CVI), Davis Strait (DS), East Thulean Rise (ETR), Fogo
seamounts (FGS), Fifteen Twenty Fracture Zone (FTFZ), Great Meteor seamounts (GMS), Hayes Fracture Zone
(HFZ), Horseshoe seamounts (HS), Iceland, J Anomaly Ridge (JAR), Jan Mayen Fracture Zone (JMFZ), Kane
Fracture Zone (KFZ), Kings Trough (KT), Milne seamounts (MS), Madeira-Tore Rise (MTR), New England sea-
mounts (NES), Newfoundland seamounts (NFS), Southeast Newfoundland Ridge (SENR), Sierra Leone Rise (SLR),
Vema Fracture Zone (VFZ), and West Thulean Rise (WTR). (b) Map of spreading half rate in the North Atlantic
Ocean [Miiller et al., 2008]. (c) Map of crustal age in the North Atlantic Ocean [Miiller et al., 2008]. (d) Map of
satellite-derived free air anomaly (FAA) for the North Atlantic Ocean [Sandwell and Smith, 2009]. (e) Map of
sediment thickness in the North Atlantic Ocean [Divins, 2009].
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North American plate separated from the African
plate (Figure 1¢) [Klitgord and Schouten, 1986] (the
timescales of Cande and Kent [1995] and Gradstein
et al. [1994] are used in this study). Farther north,
the Newfoundland-Iberia margins rifted apart in
Late Jurassic to Early Cretaceous and seafloor
spreading there started no later than about 112 Ma
[Tucholke et al., 2007]. During the Late Cretaceous,
rifting moved farther north into Rockall Trough
and the Labrador Sea [Srivastava and Tapscott,
1986], although rifting in Rockall Trough proba-
bly did not reach the seafloor spreading stage
[Klitgord and Schouten, 1986]. The time of initial
seafloor spreading in the Labrador Sea and Baffin
Bay has been debated, with interpretations varying
from 80 Ma to 62 Ma (chrons 33 to 27) [Roest
and Srivastava, 1989; Chian and Louden, 1994;
Chalmers and Laursen, 1995]. A significant change
in spreading direction took place there at 59-56 Ma
(chron 25-24), at the same time that seafloor
spreading initiated in the Norwegian-Greenland Sea
[Klitgord and Schouten, 1986; Srivastava and
Tapscott, 1986]. Spreading in the Labrador Sea
and Baffin Bay stopped at 35 Ma (chron 13).

[7] We expect three primary geological causes
for variations in oceanic crustal thickness: (1) the
fertility of upwelling mantle at the ridge axis,
(2) spreading/upwelling rate, and (3) hot spots.
Oceanic crust is formed along mid-ocean ridges
where upwelling mantle undergoes decompression
melting. The amount of melting and crustal accre-
tion is affected by variations in mantle composition,
water content, and thermal state [e.g., Langmuir
et al., 1992; Bonatti et al., 2003]. Because these
variations occur beneath the ridge axis, they pro-
duce axial-symmetric changes in crustal thickness.

[8] Studies have shown that strongly thinned crust
is produced under very slow spreading rate (e.g.,
half rate of <7.5-10 mm yr ') [Reid and Jackson,
1981; Bown and White, 1994; White et al., 2001],
and this is an axial-symmetric effect along the
ridge axis. Spreading half rates in the North
Atlantic (Figure 1b) generally have varied from 7 to
25mmyr ' with an average rate of about 16 mm yr '
[Miiller et al., 2008]. Overall, spreading rate in the
south is higher than that in the north due to greater
distance from the poles of rotation of North Atlantic
opening. The central Atlantic spread at ~19 mm yr'
from 170 Ma until around 155 Ma (chron M25),
when a sharp increase to 25 mm yr ' occurred. The
spreading half rate decreased at ~145 Ma (chron
M19) and was less than 10 mm yr ' around 130 Ma
(chron M10). The spreading rate in the central
Atlantic averaged 24 mm yr ' throughout the Cre-

taceous Magnetic Quiet Zone (~120 to 84 Ma,
chrons MO to 34), but it could have varied signifi-
cantly from this value because there are no chrons
to constrain the rates during this period. Following
~84 Ma (chron 34), the spreading rate remained
low (below ~18 mm yr ') except for an increase
to about 22 mm yr ' at 60-50 Ma (chron 26-22).
At present, the Atlantic is spreading at a half rate
of 12 to 13 mm yr .

[s] On-ridge-axis and near-ridge-axis hot spots
generally produce crustal thickness patterns that are
symmetrical about the axis, while intraplate hot
spots generate asymmetrical patterns. The magni-
tude of crustal thickening is influenced both by the
rate at which excess melt is introduced and by the
speed of the plate moving over the hot spot, with
slower motion producing a thicker crust. The
African plate has been moving with a much slower
speed than the North American plate [Miiller et al.,
1993], as indicated for example by calculated hot
spot tracks [Duncan, 1984; Miiller et al., 1993].
As we will discuss, the difference in plate speed
introduces different degrees of crustal thickening in
the two plates.

3. Data and Analysis

3.1. Bathymetry and Free-Air Gravity
Anomaly

[10] Bathymetric data used in this study are from
the Global Topography data set (V12.1) [Smith and
Sandwell, 1997], derived from a combination of
ship track measurements and satellite altimetry
data. We extracted the North Atlantic bathymetric
data from a global 1 min grid (Figure 1a). In gen-
eral, we found that bathymetry extracted from this
global data set is in good agreement with that
determined from shipboard measurements in spe-
cific areas (see Figure S3).!

[11] We also used Geosat and ERS-1 satellite-
derived free-air anomaly (FAA) gravity data
(Figure 1d) [Sandwell and Smith, 2009] in a 1 min
grid database. Previous studies have shown that
satellite-derived free-air anomalies are close to
shipboard measurements for wavelengths longer
than 25-30 km [Neumann et al., 1993; Marks, 1996].

3.2. Sediment Thickness

[12] To correct for gravitational and loading effects
of sediments, we extracted sediment thickness data

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GC003402.
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Figure 2. Exponential density-depth curve (dotted dashed
line) following Cowie and Karner [1990, Figure 2b]. The
solid line shows stepwise density-depth ranges that we
used to calculate sediment corrections.

(Figure le) from the 5 min global database of
Divins [2009]. In most of the North Atlantic away
from continental margins the sediment thickness is
less than 1 km. Thicker sediments occur primarily
along the continental margins and can exceed 10 km
on the older margins. When comparing sediment
thickness from the global data set with local sur-
veys we find that there is generally a reasonable
fit, although differences in details do exist (see
Figure S3). Such discrepancies may introduce
uncertainties in calculated gravity anomalies, espe-
cially for margins with great sediment thickness.

[13] Sediment density increases with depth as sed-
iment compacts, and Cowie and Karner [1990]
described this relationship as an exponential func-
tion (Figure 2) with parameters varying with dif-

ferent lithologies. The exponential function fits
well-log data in several sediment basins, but there
are significant uncertainties in density versus depth
for depths greater than 5 km. In our gravity cal-
culations we used the Cowie and Karner [1990]
density-depth function, dividing the sedimentary
section into 6 layers with stepwise density values
(Figure 2).

3.3. Crustal Age

[14] Global crustal age data in a 6 min grid
(Figure 1c) from Miiller et al. [2008] were used
when calculating lithosphere cooling effects, as
discussed in section 3.4. Age errors are a function of
errors in magnetic anomaly identification and they
also depend on distances between grid elements and
the nearest magnetic anomaly identification [Miiller
etal.,2008]. Overall, age errors do not exceed 3 Myr
for most of our study area, although larger errors can
be associated with narrow zones associated with
offsets at fracture zones and other sharp age dis-
continuities. In general, age errors of ca. 3 Myr have
no appreciable effect on lithosphere thermal cor-
rections; this is especially true in older crust where
the difference in thermal correction is relatively
small for moderate age differences.

3.4. Thermal Correction

[15] We calculated the gravitational effect of lith-
ospheric cooling, i.e., the thermal correction, using
a 3-D thermal model. The thermal structure was
calculated from 0 to 100 km depth using the age
grid (Figure 1c) and a simple 1-D plate cooling
model [Turcotte and Schubert, 2002] with tem-
peratures of T;=0°C at the surface and T,,, = 1350°C
at 100 km depth (Table 1). The thermal structure was
then converted into a 3-D density grid using the
thermal expansion equation, Ap = (Tg — T) « po,
where Ty and p, are reference temperature and
density, respectively. We used Ty = 1350°C and
po =33 x 10° kg m>.

Table 1. Parameters Used in Calculations

Parameter Definition Value
Pw Water density, kg m > 1.03 x 10°
De Crust density, kg m™— 2.7 % 10°
Pm Mantle density, kg m > 3.3 x 10°
H Plate thickness, km 100
@ Volumetric coefficient of thermal expansion, °C"' 3x107°
T, Temperature at the surface of the plate, °C 0
Tm Temperature at the bottom of the plate, °C 1350
o Reference density, kg m™> 33 x10°
Ty Reference temperature, °C 1350
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Figure 3. (a) Map of calculated residual mantle Bouguer anomaly (RMBA) for the North Atlantic. Crustal age iso-
chrons are from Miiller et al. [2008]. (b) Map of calculated residual bathymetry anomaly.

6 of 25



gedet. ~ Geochemistry 7
* Geophysics Y
| Geosystems '

WANG ET AL.: CRUSTAL THICKNESS OF THE NORTH ATLANTIC

10.1029/2010GC003402

a)

b) 30

25}

20}

o—22 +—328

Seismic crustal thickness (km)
o

—23 +=—20
—24 =an
5f o—25 +—31 |
—28 +=—32
0—27 +—33
ol " " " " A
0 5 10 15 20 25 30

Gravity crustal thickness (km)

Figure 4. (a) Locations of seismic refraction profiles
used for comparison of gravity-derived and seismically
determined crustal thickness in Figure 4b. See Figure S3
for comparisons within individual seismic profiles. (b)
Comparison of gravity-derived crustal thickness (Figure 5)
with seismically determined crustal thickness from 33
seismic refraction profiles in the North Atlantic Ocean.
Each point corresponds to a sample every 2 km along the
seismic profile. Symbols are identified with profile
numbers shown in Figure 4a.

[16] In our thermal model we ignored the effect of
near-ridge-axis hydrothermal cooling and thus the
resultant temperature for the ridge axis may be
hotter than reality. Using such hotter mantle tem-
perature in the thermal model can lead to thinner
calculated crustal thickness. However, this effect is
limited to within ~10-20 km of the ridge axis and it
therefore does not affect the main conclusions of
this study.

3.5. Residual Mantle Bouguer Anomaly

[171 Weused the spectrum method of Parker [1972]
to first calculate the mantle Bouguer anomaly by
subtracting from the free-air anomaly the predicted
attractions of the water-sediment, sediment-crust,
and crust-mantle interfaces, assuming a constant
reference crustal thickness of 7 km. Densities of
water, crust, and mantle were assumed to be 1.03,
2.7, and 3.3 x 10° kg m >, respectively. Residual
mantle Bouguer anomaly (RMBA) (Figure 3a) was
then calculated by removing from the mantle Bou-
guer anomaly the gravitational effect of lithospheric
cooling (Figure S1).! The parameters that we used
in the calculation are summarized in Table 1.

[18] We performed a series of calculations to test
the sensitivity of the results to the assumed model
parameters. We found that as long as the density
contrast between water and mantle remains the
same, changing the value for crustal density has no
detectable effect on the RMBA signal.

3.6. Crustal Thickness

[19] Both crust and mantle density variations con-
tribute to the RMBA [Magde et al., 1995; Canales
et al., 2002]. In this paper we investigated end-
member models in which the RMBA signal is
assumed to be caused only by crustal thickness
variations.

[201 We calculated a series of crustal thickness
models, corresponding to assumed crustal densities
0f2.71t03.0 x 10> kgm " in 0.05 x 10° kg m > steps,
while fixing mantle density at 3.3 x 10° kg m . All
calculations were done by downward continuing the
RMBA to a constant depth using the method of
Kuo and Forsyth [1988]. There is a trade-off
between the calculated relative crustal thickness and
the crust-mantle density contrast at the Moho. For
the same RMBA, a larger density crust-mantle
density contrast will produce smaller lateral crustal
thickness variation.

[21] We tested downward continuation depths at 5,
6,7,8,9,10, 11 km, respectively. It turned out that
the results from different downward continuation
depths have no appreciable difference after shifting
to fit to the seismic determined crustal thickness (see
section 3.7). In this study we presented the results
from downward continuation depths of 10 km.

[22] We filtered the RMBA data before downward
continuation. A cosine taper was performed at a
wavelength range from 25 km to 135 km. Signals
with wavelengths less than 25 km were cut off and
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Table 2. Sensitivity of Model Results to Assumed Crustal

Density

Assumed Crustal Best Fitting RMS

Density (kg m™) Slope® (km)®
2.7 0.88 2.07
2.75 0.80 2.25
2.8 0.73 2.55
2.85 0.66 3.03
29 0.59 3.71
2.95 0.51 4.67
3.0 0.44 5.99

Fit to the data using the relationship: seismic thickness Tgigm =
T. + R X Ty, where T, is the y intercept, R is the best fitting slope,
and Ty, is gravity-derived thickness.

Root mean square for the difference between gravity-derived and
seismically determined crustal thickness.

signals with wavelengths larger than 135 km were
kept in their entirety.

3.7. Comparison With Seismic Studies

[23] To calibrate our gravity-derived crustal thick-
ness model, we compared our results to crustal

| North,
' Amefica
o oy

thickness determined in 33 representative seismic
refraction profiles in the North Atlantic (Figure 4a
and Figure S3). For each model of different crustal
density we shifted the gravity-derived crustal
thickness values as a whole to obtain minimum
root mean square (RMS) of the difference between
gravity-derived and seismically determined crustal
thickness. We also calculated the best fitting slope
between gravity-derived and seismically deter-
mined crustal thickness for each of the models
(Table 2). We found that the model with average
crustal density of 2.7 x 10° kg m™ has both the
smallest RMS and best fitting slope close to 1
(Table 2), and we therefore consider this to be the
best model. The resulting crustal thickness map is
shown in Figure 5.

[24] Figure 4b summarizes the relationship between
gravity-derived and seismically determined crustal
thickness for the 33 seismic refraction profiles (see
also Figure S3) for our best fitting model with
crustal density of 2.7 x 10° kg m>. The gravity and

Crustal
thickness
(km)

-
(=]

o = N W ko O~ o

Figure 5. Map of crustal thickness based on the assumption that all RMBA variations are caused by crustal thickness
variations. The result shown is the best fitting model based on sensitivity tests; it corresponds to an average crustal
density of 2.7 x 10° kg m> and mantle density of 3.3 x 10° kg m>.
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Figure 6. Map of modeled crustal thickness showing areas of thin crust (<4 km).

seismic results broadly agree in defining areas of
thin versus thick crust. However, the gravity-
derived and seismically determined crustal thick-
ness values rarely correlate closely along any given
profile. The causes of these differences can arise
from a number of effects. In particular, lateral
mantle and crustal density variations not consid-
ered in our gravity models may account for much
of the variation. There are also significant resolu-
tion differences between our bathymetry and sedi-
ment thickness data and the higher-resolution data
of seismic surveys that contribute to the variation.
Considering these factors, it is clear that our model
results do not necessarily predict local (less than a
few tens of kilometers) crustal thickness accurately.
However, they do provide important information
about variations at subregional to regional scales,
and we use our results in this context.

3.8. Residual Bathymetry Anomaly

[25] We define residual bathymetry anomaly (RBA)
(Figure 3b) as the observed seafloor bathymetry

minus the predicted effects of plate cooling after
correcting for sediment loading. The sediment cor-
rection is applied assuming Airy compensation of
the sediment load AZ = h; (p,, — p)(Pm — Pw)s
where AZ is the correction to bathymetry, A is
sediment thickness, and p,,, ps and p,, are densities
of the mantle, sediment, and water, respectively.
Depth-dependent sediment densities (Figure 2) and
mantle and water densities are the same as used in
gravitational calculations (Table 1). The predicted
effect of plate cooling is calculated using the same
plate-cooling model [Turcotte and Schubert, 2002]
as for the RMBA calculation.

4. Results

[26] Based on our model crustal thickness results
we partition the oceanic crust in the North Atlantic
between the Chain Fracture Zone and 76°N into
three categories: (1) thin crust (<4 km; Figure 6),
(2) “normal crust” (4-7 km; Figure 7), and (3)
thickened crust (>7 km; Figure 8). The Caribbean

9 of 25
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Figure 7. Map of modeled crustal thickness for areas of normal crust (4-7 km).

is not included. Within the North Atlantic region,
we calculated the area of oceanic crust in each of
the above three categories (Figures 9a and 10a) and
we also calculated the crustal volume for each
category (Figures 9b and 10b). These results and
comparison with the total volume of North Atlantic
oceanic crust are summarized in Table 3.

4.1. Thin Crust

[27] Major regions of modeled thin crust (Figure 6)
in the North Atlantic are observed between 20°N
and 28°N, extending from crustal ages of about
40 Ma out to about 110 Ma. To the north, a small but
prominent area of thin crust appears next to the Nova
Scotia margin. West-southwest of the Cape Verde
Islands, a zone of thin crust lying at 60—100 Ma is
found between the Fifteen Twenty Fracture Zone
and Vema Fracture Zone; a less developed zone of
thin crust is observed on the conjugate flank of the
MAR just east of the Lesser Antilles island arc.

Farther south, a prominent ~400 km wide zone of
generally thin crust is centered along the Chain
Fracture Zone. Elsewhere, scattered small areas of
thin crust are associated with major fracture zones.
Notably, modeled crust is also thin along the MAR
ridge axis south of 30°N and south of the Charlie
Gibbs Fracture Zone. As discussed later, at least part
of this is likely an artifact of our thermal model.
Overall, thin crust is observed over 7% of the total
area of ocean crust in the North Atlantic and it
accounts for 4% of the total crustal volume in this
area (Table 3).

4.2. Normal Crust

[28] Normal crust (Figure 7), here defined as crust
4-7 km thick, constitutes 58% of the total crustal
area and 47% of the total crustal volume in the
North Atlantic between the Chain Fracture Zone
and 76°N (Table 3).
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Figure 8. Map of modeled crustal thickness for areas of thick crust (>7 km).

4.3. Thick Crust

[29] Based on our crustal thickness model, about
35% by area of the North Atlantic Ocean crust is
identified as thickened (>7 km) (Figure 8), and it
accounts for 49% of the total volume of ocean crust
in the North Atlantic (Table 3). Of this 49%, by far
the largest proportion (44% of the total crustal vol-
ume) is associated with well-known melt anomalies.
The remaining 5% is in regions that do not have clear
correlations with known hot spots. We integrated
areas and volumes for individual regions; results are
shown in Figure 11 and Table 4.

5. Discussion

5.1. Thin Crust in the North Atlantic

[30] As previous studies [e.g., Reid and Jackson,
1981; Bown and White, 1994] have shown, there

is a correlation between reduced crustal thickness
and very slow spreading rates, and this might help
to explain the main zones of thin crust between
20°N and 28°N on the two flanks of the MAR
(Figure 6). Although there is some variation, the
overall spreading half rate between 80 and 40 Ma
was relatively low (~16 mm yr '; Figure 1b) [Miiller
et al.,2008], while at 110 to 80 Ma it was nominally
~24 mm yr '. The latter rate is an average for the
Cretaceous magnetic quiet period (~125 to 80 Ma),
which lacks internal chrons that would allow
determination of true, shorter-term rates. Thus, it is
possible that the rate in the younger part of the quiet
zone was lower than 24 mm yr * and that low rates
overall contributed to formation of relatively thin
crust between ~110 and 40 Ma. This explanation,
however, is unsatisfactory. First, the crust is too thin
for even a rate of ~16 mm yr ' in ~80-40 Ma crust.
Bown and White [1994] suggested that crustal
thickness is relatively normal except for very slow
rates of <7.5 mm yr ' and therefore the crust
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a) Crustal Area

Newfoundland-Milne-Kings Canary
NES-CS-AT-GM JAR-MTR-Horsehoe

Bermuda Sierra Leone-Ceara
unnamed anomaly. /

b) Crustal Volume

Newfoundland-Milne-Kings Canary
NES-CS-AT-GM JAR-MTR-Horsehoe

Bermud. Sierra Leone-Ceara
unnamed anomaly Cape Verde

Iceland

Figure 9. (a) Area and (b) volume of North Atlantic
crust, with area of thickened crust subdivided according
to seafloor provinces.

between 80 and 40 Ma should not be obviously
thinner than in other areas. Second, modeled crust of
normal thickness is present between 40 Ma and 0 Ma
at the same latitude (~20°N—28°N), but the spread-
ing half rate during this period was even lower
(~13 mm yr ' on average) than that between 80 and
40 Ma. Thus, spreading rate dependence of crustal
thickness appears not to explain the observed zones
of thin crust.

[31] Ruedas and Schmeling [2008] modeled the
interaction of accretion and strain at spreading axes
and concluded that thin crust is produced when the
accretion zone is narrower than the strain zone.
This is the common configuration along the MAR
outside areas influenced by the Iceland and Azores
hot spots. Thus we expect to see this effect broadly
manifested in the North Atlantic. However, the
zone of thin crust at 20°-28°N is latitudinally
restricted, which suggests that the zone was not
produced by this mechanism.

[32] Another possibility is that the zone of thin
crust was a result of reduced magma supply from
relatively cold or refractory mantle at the MAR

axis as shown in Figure 12a. This should produce
symmetrical zones of thin crust on the conjugate
ridge flanks, which we do observe in broad scale,
although not in detail. It is well established that
lateral changes in mantle temperature, water con-
tent, and composition occur at scales up to hundreds
of kilometers in the North Atlantic [e.g., Schilling,
1985; Bonath, 1990; Bonatti et al., 1992], so this
mechanism is reasonable.

[33] An additional, related consideration is that the
apparently thin crust may be at least in part an
artifact resulting from our modeling assumptions.
We assumed a constant mantle density of 3.3 x
10° kg m > throughout the North Atlantic, but
somewhat higher actual mantle density in this
region, related for example to the presence of cold
mantle, would produce our modeled result of thinner
crust and it would also explain the associated depth
anomaly (Figure 3b). Observed departures from
cross-axis symmetry might be explained by differ-
ences in cooling history of the mantle on the two
sides of the MAR, possibly as a result of differing
patterns of faulting and off-axis hydrothermal cir-
culation. All these arguments may apply equally
well to the conjugate zones of thin crust between the
Fifteen Twenty and Vema fracture zones (Figure 6).

[34] The broad zone of apparently thin crust cen-
tered around the Chain Fracture Zone probably can
be attributed to similar causes. Bonatti et al. [1993]

1/e of the maximum value

Area x10° (km?)

Volume x10° (km?)

10 15 20 25 30
Crustal thickness (km)

Figure 10. Distribution of (a) integrated ocean crustal
area and (b) volume in the North Atlantic as a function
of crustal thickness at 0.2 km intervals. Peak value in the
crustal thickness distribution is 5.5 km for the North
Atlantic. Crustal thickness values of 4.12 and 7.04 km,
respectively, correspond to (1-1/e) of the peak value.
We use rounded values of 4 km and 7 km as boundary
values between thin, normal, and thick crust. Shading:
thin crust (<4 km, white bars), normal crust (47 km,
gray bars), and thickened crust (>7 km, dark bars).

12 of 25



gedst. ~ Geochemistry 7
* Geophysics Y
| Geosystems ' Jr

WANG ET AL.: CRUSTAL THICKNESS OF THE NORTH ATLANTIC

10.1029/2010GC003402

Table 3. Crustal Thickness Distribution

Crustal Thickness

Thin® Normal Thick (>7 km) Associated Thick (>7 km)

(<4 km) (47 km) With Hot Spots Unassigned
Crustal Area (km?) 2.24 x 10° 1.84 x 10’ 9.79 x 10° 125 x 10°
Crustal Area/Total Area® 7% 58% 31% 4%
Crustal Volume (km?®) 7.84 x 10° 1.01 x 10® 9.52 x 107 1.13 x 107
Crustal Volume/Total Volume® 4% 47% 44% 5%

?About one fourth of the thin crust lies along the MAR axis, and some of this thin crust might be an artifact of our thermal model, which ignored

near-ridge-axis hydrothermal cooling.
®Total area of oceanic crust is 3.17 x 107 km>.
°Total volume of oceanic crust is 2.16 x 10% km®.

documented cold, undepleted mantle and a low
degree of mantle melting in this region. The reduced
melt supply would result in accretion of thin crust
(Figure 12a), while the increased density of the cold
mantle would enhance “crustal thinning” in our
model results as noted above.

[35] In contrast to the above areas, the presence of
thin crust off the Nova Scotia margin is substanti-
ated by seismic results (see Figure S3, profiles 15
and 16) and however, it is not matched by any kind
of thin crust in its conjugate off Morocco (Figure 6).
It is likely that both the Moroccan crust and its Nova
Scotian conjugate were originally accreted at the
MAR axis above relatively cold or refractory mantle
but the Moroccan margin could later be strongly
affected by off-axis melt anomalies.

[36] Finally, we consider the apparently thin crust
along the MAR axis south of about 30°N and south
of the Charlie Gibbs Fracture Zone (Figure 6).
Comparison of our modeled crustal thickness with
on-axis seismic results south of Kane Fracture
Zone (Figure S3, profiles 5 and 6) shows that the
modeled thickness is consistently less than the seis-
mic thickness. At least some of the thin model crust
may be an artifact of our thermal model at the ridge
axis, which does not take into account hydrothermal
cooling there; it thus commonly overpredicts nega-
tive MBA values, resulting in under prediction of
crustal thickness (see, for example, profiles 14, 15,
and 17 in Figure S2).

5.2. Thickened Crust Associated With Melt
Anomalies

[37] We divide areas of thickened crust into three
categories, as follows.

[38] The first category is thickened crust symmet-
rical about the MAR axis. Symmetrical crustal
thickening on the flanks of the ridge is attributed to
enhanced melt supply at the ridge axis. Prominent

examples include pronounced thick crust created
by interaction between the (on-axis) Iceland hot
spot and the (off-axis) Azores hot spot and Mid-
Atlantic Ridge (Figure 12c¢); and thick crust at the
conjugate West and East Thulean rises, Sierra
Leone and Ceara rises, and J Anomaly Ridge and
Madeira-Tore Rise.

[39] The second category is thickened crust along
hot spot tracks. As a plate moves relative to an
underlying plume, a volcanic trail can be produced
on the plate; this trail is not symmetrical about the
MAR axis provided that the hot spot is not located
at the axis (Figure 12c). A typical example in our
study area is the New England—Corner—Atlantis—
Great Meteor Seamount chain (Figure 8). Volcanic

5[a) Iceland|
0 T
5[b) Azores|
0 L Bl
5 _C) Cape Verde
0 PRRRMUONOE 1111 T 1 .
5 _d) Sierra Leone-Ceara
— 0 1 I TiRinereeeees L L L
§, 5-e) Canary|
é 0 . " . 1
é 5[ JAR-MTR-Horsehoe|
E 0 L . L L
5[g) Newfoundland-Milne-Kings|
0 . . . . .
5[h) NES-CS-AT-GM
0 A
5[ Bermuda
0 . . . . .
0 5 10 15 20 25 30
Crustal thickness (km)
Figure 11. Bar plots showing distribution of excess

crustal thickness (in excess of 7 km thick, 0.2 km inter-
vals) for individual areas affected by melt anomalies.
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Table 4. Crustal Volumes and Areas for Individual Regions of Thickened Crust
Regional Total Regional Regional Total Regional Regional Excess
Regional Area/North Total Volume/North Excess Volume/North
Total Area Atlantic Total Volume® Atlantic Total Volume® Atlantic Excess
Region (km?) Area® (km?®) Volume (km®) Volume!
Iceland 411 x 10° 13% 4.53 x 107 21% 1.65 x 10’ 57%
Azores 1.30 x 10° 4% 1.15 x 107 5% 236 x 10° 8%
Cape Verde 9.00 x 10° 3% 8.19 x 10° 4% 1.89 x 10° 6%
Sierra Leone—Ceara 9.42 x 10° 3% 8.28 x 10° 4% 1.68 x 10° 6%
Canary 6.64 x 10° 2% 6.24 x 10° 3% 1.59 x 10° 5%
J Anomaly Madeira 499 x 10° 2% 470 x 10° 2% 1.21 x 10° 4%
Tore—Horseshoe
Newfoundland-Milne-  4.94 x 10° 2% 3.9 x 10° 2% 5.13 x 10° 2%
Kings Trough
New England—Corner—  4.53 x 10° 1% 3.72 x 10° 2% 5.49 x 10° 2%
Atlantis—Great Meteor
Bermuda 423 x 10° 1% 3.27 x 10° 1% 3.12 x 10° 1%
Unassigned Crustal 1.25 x 10° 4% 1.13 x 107 5% 2.62 x 10° 9%

Thickness Anomalies

"Regional total area is the area with crustal thickness > 7 km.
®Area of the region x crustal thickness of the region.
“Area of the region x crustal thickness in excess of 7 km.

dAtlantic excess volume is the Atlantic area with crust >7 km thick x crustal thickness in excess of 7 km.

features produced by the Canary and Madeira hot
spots also show an asymmetrical pattern.

[40] The third category is isolated anomalies with
no clear hot spot association: These are anomalies
that do not show clear evidence for either a volcanic
track or interaction with the MAR axis. The thick-
ened crust found at Bermuda and possibly at the
Cape Verde Islands lack apparent hot spot tracks
and seems to be related to isolated melt anomalies.

5.2.1. Symmetrical Off-Axis Features
Generated by MAR-Centered Melt Anomalies

5.2.1.1. West and East Thulean Rises

[41] The West and East Thulean rises are located
just south of the Charlie Gibbs Fracture Zone and
were formed at the MAR axis between 58 and 53 Ma
[Vogt and Jung, 2005]. Crustal thickness south of
the fracture zone is less than 7 km except at these two
rises. Thickened crust at the rises appears abruptly at
~55 Ma and trends parallel to the seafloor isochrons.
The crust thins gradually in younger seafloor, with
thickened crust persisting the longest near the frac-
ture zone. Overall, the area of thickened crust at the
East Thulean Rise is less than that of the West
Thulean Rise.

[42] Vogt and Jung [2005] proposed that this ridge
pair was formed over a mantle source of high fer-
tility. An alternate possibility is that melt from the
Iceland hot spot reached across the fracture zone to

form the rises, despite a transform offset of ~270 km
at the time [Klitgord and Schouten, 1986]. There is
some support for this idea in that crust associated
with the Iceland hot spot north of the fracture zone
is thickest between about 60 and 40 Ma and has
thinned progressively since that time (Figure 8). In
either case, the pattern of crustal thickness at the
rises suggests that the onset of melt input was abrupt
and that it tapered off over a period of ca. 15 Myr.

5.2.1.2. Sierra Leone—Ceara Rises

[43]1 The conjugate Sierra Leone and Ceara rises lie
at ages of >80 Ma to ~60 Ma and have crust 8—15 km
thick. The Ceara Rise forms an elongated band of
thick crust that extends more than 700 km from
northwest to southeast with a width of ~200-300 km
(Figure 8). The conjugate Sierra Leone Rise is
somewhat broader and irregular in shape, but it
exhibits an overall NE-SW trend. The length and
width of the Sierra Leone Rise are roughly similar
to those of the Ceara Rise.

[44] These two rises are thought to have formed at
the MAR axis, probably because of excessive
magmatism related to the presence of fertile mantle
[Vogt and Jung, 2005]. Schilling et al. [1994]
attributed a La/Sm anomaly along the MAR axis,
now centered at 1.7°N £ 300 km, to a “Sierra Leone
plume” that constructed the Ceara and Sierra Leone
rises by plume-ridge interaction between 75 and
48 Ma. The southward and ridgeward trends of
the two rises, as well as similar, continuing trends
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a)

Symmetric thin crust
(<4 km) due to cold
or refractory mantle

—

Lithosphere
Asthenosphere cold/refractory mantle
b) Symmetric
normal crust
(4-7 km)

/\
Normal crust (-7 km) Normal cryst
Normal
Lithosphere melt supply

Asthenosphere
C) Symmetric
thick crust (>7 km) Asymmetric
from near-axis plume thick crust (>7 km)
from off-axis
|<—>| plume

Enhanced ) —_—
melt supply Lithosphere
Asthenosphere
Off-axis
plume

On- or near-axis
plume

Figure 12. (a) Schematic diagram showing that thin crust is emplaced at the ridge axis above relatively cold or
refractory mantle. (b) Schematic diagram of normal crust accretion at the ridge axis. (c) Schematic diagram showing
that thick crust is produced when affected by melt anomaly (e.g., plume).
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ew England (D84)

-30°

Figure 13. Major hot spot tracks in the North Atlantic. Red, blue, purple, and black solid lines are tracks for
Madeira, Canary, Azores, and New England hot spots, respectively, based on the model of Duncan [1984].
Dashed lines are revisions made to Duncan’s [1984] model in order to show where age intersections of the hot spot
tracks with corresponding crustal isochrons would result in transfer of the hot spot track from the North American to
the Eurasian and African plates. Green solid line follows the track of New England hot spot calculated by Miiller et al.
[1993]. New England (D84) and New England (M93) refer to the New England hot spot track of Duncan [1984] and
Miiller et al. [1993], respectively. Ages along tracks are shown by crosses at 10 Myr intervals. Black dashed lines with
circled numbers denote the “M shape” traces of a band of thick crust associated with the Newfoundland-Milne
seamounts, Kings Trough, and the Azores-Biscay Rise. Gray-shaded areas show areas of thick crust (>7 km) from

Figure 8, with smoothed boundaries.

of scattered patches of thick crust at younger ages
(Figure 8), suggest a southward propagation of the
magma source relative to the MAR axis that is con-
sistent with the “Sierra Leone plume” hypothesis.

5.2.1.3. J Anomaly Ridge and Madeira-Tore Rise

[4s] The J Anomaly Ridge (JAR) and Madeira-
Tore Rise (MTR) are conjugate features that are
located on old (~130-120 Ma) oceanic crust and
extend parallel to isochrons. The northern end of
the J Anomaly Ridge merges with the NW-SE
trending Southeast Newfoundland Ridge (Figure 8).
The Fogo seamounts are minor features associated
with thickened crust to the west. This group of
features forms a pseudotriangular zone of thick
crust with a thin tail extending northwestward along
the southwest margin of the Grand Banks. In the
eastern Atlantic, the Madeira-Tore Rise is part of a
region of thickened crust that includes the Horse-
shoe Seamount chain. This area extends northward

to ~40°N and southward to ~32°N between the 120
and 150 Ma isochrons.

[46] Tucholke and Ludwig [1982] interpreted the
JAR and MTR as paired aseismic ridges formed at
the MAR axis when it encountered a large magma
source (possibly a mantle plume) beneath the
southern edge of the Grand Banks—Iberia rift sys-
tem. This magmatism also formed thick crust at the
Southeast Newfoundland Ridge [Tucholke and
Sibuet, 2007]. The conjugate JAR and MTR are
suggested to have formed above the Canary hot
spot [Geldmacher et al., 2006]. However, the
Canary hot spot did not pass the JAR until about
100 Ma according to Duncan [1984] (Figure 13),
which is more than 20 Myr later than the formation
of the JAR (prior to late Barremian—early Aptian,
ca. 121-125 Ma [Tucholke et al., 1979; Tucholke
and Ludwig, 1982]).This implies that the Canary
hot spot was not the magma source for the conju-
gate ridges. To the west, an **Ar/*’Arage 0f 130.3 +
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1.3 Ma was determined for a basalt clast dredged on
the flanks of one of the Fogo seamounts along the
southern margin of the Grand Banks [Pe-Piper et
al., 2006]. This age is closer to, but still older than,
the proposed timing for the passage of the Canary
hot spot. As an alternate to hot spot volcanism,
Pe-Piper et al. [2007] suggested that the Fogo sea-
mounts were formed by magmatism associated with
margin tectonics, specifically small-scale mantle
upwelling related to an edge effect of the transform
transition between the spreading ocean and the
continental block. Based on available evidence, it
seems likely that the JAR-MTR conjugates were
formed above an ephemeral melt anomaly at the
MAR axis, perhaps later enhanced by passage of the
Canary hot spot.

5.2.2. Symmetrical Features: The Present
On- and Near-Axis Hot Spots

5.2.2.1. Iceland

[47] Among the hot spot—influenced regions, the
most prominent is associated with the Iceland hot
spot that occupies a huge area north of the Charlie
Gibbs Fracture Zone (CGFZ) (Figure 8). Thick
crust (generally 10-15 km, locally > 20 km) has
been generated on both flanks of the Reykjanes and
Kolbeinsey Ridges since ~50 Ma, with a maximum
thickness exceeding 25 km where the hot spot is now
located east of central Iceland [Lawver and Miiller,
1994]. In general, these values are in agreement
with seismic studies (e.g., 11 km at ~63°N in
Reykjanes Ridge and 21 km in southwest Iceland
[Weir et al., 2001]; ~9 km on 1-2 Ma old flank of
Kolbeinsey Ridge [Kodaira et al., 1997]). Crustal
thickness at the MAR axis decreases northward
from Iceland to the Jan Mayen Fracture Zone
(JMFZ) with a gradient of ~0.02 km/km. Southward
thinning of ~0.012 km/km is observed from Iceland
to the CGFZ. The influence of the Iceland hot spot
on the rest of the North Atlantic Ocean basin seems
to have been blocked by the Charlie Gibbs Fracture
Zone, with the possible exception of the West and
East Thulean rises as previously discussed. At the
northern end of the Iceland hot spot influence, the
JMFZ may have acted as a “leaky barrier” to along-
axis melt transport to the north. Large portions of
the seafloor older than ~20 Ma north of the JMFZ
have thickened crust and seem to have been influ-
enced by the hot spot, although there is a clear
decrease in crustal thickness across the fracture
zone. There has been a significant decrease in
crustal thickness north of the fracture zone since
~20 Ma, roughly synchronous with the decrease

south of Iceland near the CGFZ. Seismic refraction
study has shown that the oceanic crust for ages
between 0 and 22 Ma off the ultraslow spreading
Mohns Ridge has a thickness of 4.0 £ 0.5 km
[Klingelhifer et al., 2000]. We infer these ob-
servations might imply that there has been a waning
of melt supply from the Iceland plume over the
past ~20 Myr.

[48] The influence of the Iceland hot spot was not
confined to the MAR, but is also evident in the
Labrador Sea, Davis Strait, and Baffin Bay. Thicker
than normal crust is modeled throughout these
areas. The first effects of the hot spot appeared
between Greenland and Baftin Island about the time
that the Labrador Sea and Baffin Bay began to open.
Large volumes of basaltic lavas are present in
eastern Baffin Island and along the west Greenland
coast in the area of Disko Island [Clarke, 1970], and
dates on interbedded sediments suggest that the
oldest volcanic rocks have an age of 64.4 Ma
[Larsen et al., 1992]. In east Greenland, the first
extrusion of flood basalts occurred between 57 and
53 Ma [Noble et al., 1988]. Larsen et al. [1999]
proposed that the near simultaneous onset of vol-
canism at the west and east Greenland margins can
be explained by fast horizontal spreading of the
plume head when it impinged on the lithosphere,
with the location of the stem remaining stationary
under Greenland. White and McKenzie [1989] pro-
posed that the plume was located under east
Greenland and that volcanism in the adjacent con-
tinental areas is explained by lithospheric stretching
and thinning above a thermal anomaly in the mantle.
Lawver and Miiller [1994] computed the hot spot
path of Iceland since 130 Ma by keeping it fixed
relative to major hot spots beneath the African,
Indian-Australian, and North American plates.
Their results suggest that the Iceland hot spot was
located beneath the western margin of Greenland
between 70 Ma and 60 Ma and beneath the eastern
margin at 40 Ma, but this track does not fit the
observed ages of volcanism very well. Norton
[2000] proposed that the Iceland hot spot is in fact
not fixed to the other Indo-Atlantic hot spots, which
could allow for a track that better fits the volcanic
ages. Whichever may be the case, the crustal thick-
ening effects of the Iceland hot spot have extended
far beyond the immediate vicinity of any likely
track. From the northern part of Baffin Bay to the
southern end of the Labrador Sea, and from west
to east Greenland, the hot spot influence has
extended more than 1,000 km both latitudinally
and longitudinally.
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5.2.2.2. Azores

[49] The second most important crustal thickness
anomaly is associated with the Azores hot spot
(Figure 8). The area affected by the Azores hot spot
extends northward to the Milne seamounts—Kings
Trough—Azores-Biscay Rise chain and southward
to about 30°N. Rayleigh wave dispersion analysis
by Searle [1976] showed that the crust of the
Azores Plateau is about 60% thicker than “normal”
oceanic crust and we find from our gravity analysis
that crust >15 km thick is present in the shallowest
parts of the plateau. The rift valley of the MAR on
the Azores Plateau is observable on Figure 8,
separating the plateau into two parts. The influence
of the hot spot along the MAR axis extending
southward is characterized by a decrease in crustal
thickness of ~0.015 km/km. The northward gradi-
ent is steeper, with a value of ~0.03 km/km.

[s0] Crustal thickening in the Azores region began
at about 50 Ma to the south of the Azores triple
junction on the North American plate but occurred
progressively later toward the north, where it is
observed at about 25-20 Ma. These observations
are consistent with findings of Gente et al. [2003]
that plateau formation began about 20 Ma in the
northern area.

[s1] The older thickening toward the south is part of
a trend extending from the Corner seamounts into
the southwest Azores Plateau and is probably asso-
ciated with the New England hot spot, as discussed
later in section 5.2.3.4. Thickening on the African
plate south of the Azores is observed in crust as old
as 90 Ma; this is associated with the prominent
Atlantis—Great Meteor Seamount groups, which
are also a product of the New England hot spot.
The main Azores Plateau east of the MAR axis
encompasses the triple junction between the North
American, Eurasian-Iberian and African plates.
Crustal thickness patterns in this area have been
complicated by intense tectonic activity which has
resulted in thickened crust, mainly concentrated at
the plate boundary [Rovere et al., 2004]. This thick
crust extends out to ~80 Ma on the northeastern
flank of the plateau.

[52] The widespread, thick crust area centered on the
Azores Plateau has been attributed to the interaction
between the Azores hot spot and seafloor spreading
at the MAR axis [Cannat et al., 1999; Gente et al.,
2003]. The Azores hot spot is considered to be
now located about 200 km east of the MAR axis,
under the Azores archipelago [[to and Lin, 1995].
Clearly observed low-velocity anomalies in the

mantle, centered to the east of the MAR [Zhang and
Tanimoto, 1992], suggest a similar location. Based
on Duncan’s [1984] hot spot track, the Azores hot
spot was once located in the Gulf of St. Lawrence
(Figure 13). As the plates moved, the hot spot was
overridden by the MAR axis at ~15 Ma [Duncan,
1984] and has remained close to the spreading
ridge since then. However, we see no indication of
thick crust that could be associated with a hot spot
track to the west of the Azores Plateau. This suggests
either that the activity of the hot spot was very
intermittent or that the hot spot only developed
within the past 20-30 Myr. Silveira et al. [2006]
proposed that the plume beneath Azores is cur-
rently dying. This decrease in melt supply is con-
sistent with our observation that the hot spot
influence appears to have retreated along axis from
south of the Hayes Fracture Zone well to the north in
the last ~20 Myr (Figure 8).

5.2.3. Asymmetrical Hot Spot Effects

5.2.3.1. Newfoundland-Milne Seamounts, Kings
Trough, and Azores-Biscay Rise

[53] Between 42°N and 45°N, a band of thickened
crust with a N-S width of ~100-200 km extends
from near the Newfoundland margin to the Bay of
Biscay (Figures 8 and 13). From west to east on the
west side of the ridge axis, the band includes the
Newfoundland seamounts, the Milne seamounts,
and a basement high oriented NE-SW and then
slightly NW-SE. On the east side of the MAR axis,
it extends northeast to the NW-SE trace of Kings
Trough and then the SW-NE-oriented Azores-
Biscay Rise before reaching eastward along the
Charcot seamounts into the outer limits of the Bay
of Biscay. Overall, the band follows a wide “M”
shape on each side of the MAR axis, and this is
symmetrical about the axis.

[54] It is tempting to attribute this symmetrical
pattern to ridge-centered magmatism above a plume
that migrated northward and southward along the
axis. However, the pattern seems not to be related so
simply to axial melt anomalies on the MAR.

[5s] The first pair of legs consists of the New-
foundland seamounts and the northwestern part of
the Milne seamounts on the North American plate
and the Charcot seamounts on the Eurasian plate
(Figures 8 and 13). The Newfoundland seamounts
lie on crust ~130-110 Ma old that passed over the
Madeira hot spot at about 95-85 Ma and over the
Azores hot spot at ~70 Ma (Figure 13) [Duncan,
1984]. Considering the apparent age of the New-
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foundland seamounts (one date of ~98 Ma
[Sullivan and Keen, 1977]), they probably formed
above the Madeira hot spot. This hot spot and the
Azores hot spot did not cross the MAR axis until
~78 Ma and ~15 Ma, respectively (Figure 13).
Then they moved south relative to the Eurasian-
African plate, so they could not have formed the
Charcot seamounts on >80 Ma crust. Instead, the
Charcot seamounts are thought to have formed by
volcanism associated with a triple junction that
connected the MAR with a spreading center (now
extinct) in the Bay of Biscay [Williams, 1975].

[s6] The second pair of legs is formed by the
southeast extension of the Milne seamounts and the
conjugate Azores-Biscay Rise (Figures 8 and 13).
These legs are positioned symmetrically about the
MAR axis in a south directed V shape. One
hypothesis for their origin is that they were gener-
ated on the MAR between ~76-56 Ma as aresult of a
ridge-centered, southward migrating melt anomaly
[Whitmarsh et al., 1982]. Louden et al. [2004] rec-
ognized the Milne seamounts and Azores-Biscay
Rise from basement highs and attributed them to a
Milne hot spot that was active from about 76 Ma to
53-36 Ma. According to Duncan’s [1984] hot spot
model (Figure 13), the Madeira hot spot was close to
the MAR axis and not far from the latitude of the
Milne seamounts and Azores-Biscay Rise pair at
~80 Ma. Thus it is possible that the Madeira hot spot
was the magma source for the formation of these
conjugate crustal thickness anomalies.

[s71 West of the Azores-Biscay Rise, Kings Trough
forms a prominent feature oriented in a northwest-
southeast direction, and its conjugate on the North
American plate is a basement high [Louden et al.,
2004] with a mirror image trend. The resulting
north pointing V-shaped feature (Figures 8 and 13)
comprises the third pair of legs. Kings Trough was
once the plate boundary between Eurasia and Iberia
[Srivastava et al., 1990] and is suggested to have
formed as a shear zone by the northward propa-
gation of the spreading rift, with the conjugate high
on the western flank being the trace of the mirrored
pseudofault [Srivastava and Roest, 1992]. As such,
these legs have no apparent relation to a hot spot,
although the thickened crust could have been
associated with elevated melt production in fertile
mantle rising at the plate boundary.

[ss] Two southward trending bands of somewhat
thinner crust that close to the present ridge axis
constitute the fourth pair of legs (Figures 8 and 13).
They are at the northern limit of thickened crust
associated with the Azores hot spot. They might have

originated from a fertile mantle source that migrated
south along the MAR axis. Alternately, the pattern
could have been generated by decreasing influence
of the Azores hot spot with time; this would be
consistent with the similar decrease observed along
the southern margin of the Azores Plateau.

[59] In summary, although the features discussed
above exhibit a remarkably symmetrical pattern about
the MAR axis, they have resulted from a mixture of
volcanism and tectonic effects. The Madeira and
possibly the Azores hot spot appear to have contrib-
uted to parts of the pattern at different times.

5.2.3.2. The Madeira Hot Spot

[0] The Madeira hot spot passed from the northeast
coast of Canada beneath the Grand Banks and New-
foundland Basin and was located under the North
American plate until ~78 Ma (Figure 13) [Duncan,
1984]. Based on our observations (Figure 8), the
Newfoundland seamounts and perhaps the Milne
seamounts are the only features associated with the
Madeira hot spot on the North American plate. The
gap between Newfoundland and the Milne seamounts
suggests episodic activity of the hot spot. After it was
crossed by the MAR at ~78 Ma, the relative motion of
the hot spot was southward beneath the Eurasian and
then the African plate, passing by the southern part of
the Madeira-Tore Rise and terminating at the south-
em end of the Horseshoe seamounts (Figure 13)
[Duncan, 1984]. The NNE-SSW oriented Horseshoe
seamounts have ages of ~67 to 5 Ma, progressively
decreasing from north to south [Geldmacher and
Hoernle, 2000], which is consistent with the time
and motion of the Madeira hot spot.

5.2.3.3. The Canary Hot Spot

[61]1 South of the Madeira province, the Canary hot
spot produced a track (Canary Islands) with ori-
entation and age progression (~68—3 Ma) similar to
that of the Madeira hot spot [Geldmacher et al.,
2001] after it crossed the MAR axis at ~85 Ma
(Figure 13) [Duncan, 1984]. Late Cretaceous vol-
canic rocks (~80-95 Ma) from the Madeira-Tore
Rise show isotopic compositions similar to those
from the Canary Islands [Geldmacher et al., 2006],
providing evidence that the Canary hot spot passed
through the Madeira-Tore Rise during that time
and generated overprinting volcanism. In contrast
to its readily identified hot spot track on the African
plate, no clear indicator of a volcanic track associ-
ated with the Canary hot spot is found on the North
American plate. According to Duncan’s calculated
track (Figure 13) [Duncan, 1984], the Canary hot

19 of 25



gedet. ~ Geochemistry 7
* Geophysics Y
| Geosystems '

WANG ET AL.: CRUSTAL THICKNESS OF THE NORTH ATLANTIC

10.1029/2010GC003402

spot passed near the Fogo seamounts and the J
Anomaly Ridge between ~120-100 Ma. However,
as already discussed (section 5.2.1.3), this does not
fit the ages of the Fogo seamounts (~130 Ma [Pe-
Piper et al, 2006]) and the J Anomaly Ridge
(older than 118 Ma [Tucholke and Ludwig, 1982]).
Thus the volcanism on the African plate seems to be
the only surface expression of the Canary hot spot,
suggesting that the hot spot might not have been
active until it was overridden by the African plate.

[62] Both the Madeira and Canary hot spots pro-
duced significantly thickened crust on the eastern
side of the MAR. This can mainly be attributed to
the slow absolute motion of the African plate over
the hot spots [Miiller et al., 1993].

5.2.3.4. New England, Corner, Atlantis, Cruiser,

and Great Meteor Seamounts

[63] The New England seamounts are associated
with a narrow belt of ~8-10 km thick crust that
starts near the U.S. east coast margin and extends
ESE to near the 100 Ma isochron (Figure 8). There
is a ~300 km gap between the New England sea-
mounts and Corner seamounts, which lie between
53°W and 47°W and are associated with thickened
crust that generally parallels the Hayes Fracture
Zone. In the eastern Atlantic a group of seamounts
positioned north and south of the Hayes Fracture
Zone, including the Atlantis, Cruiser, and Great
Meteor seamounts, are genetically related to the
New England seamounts and Corner seamounts
[e.g., Tucholke and Smoot, 1990], and these sea-
mounts are associated with a band of thickened
crust that trends slightly NNW-SSE. This band is
coincident with the southeast part of the area
influenced by the Azores hot spot and has a crustal
thickness >10 km, thicker than that associated with
the seamounts in the western North Atlantic.

[64] The New England seamounts form a northwest-
southeast trending volcanic track with decreasing
age (~103-82 Ma) toward the southeast [Duncan,
1984] (Figure 13), reflecting northwest motion of
the North American plate over the New England hot
spot between about 110 and 80 Ma. The Corner
seamounts farther to the east also lie on the track of
the New England hot spot at ca. 80 Ma [Duncan,
1984; Miiller et al., 1993] (Figure 13). Seamount
subsidence analysis estimated a formation age of the
Corner seamounts at ~80-76 Ma [Tucholke and
Smoot, 1990], which is consistent with this corre-
lation. As the central Atlantic opened, the New
England hot spot was crossed by the MAR at ~70—
60 Ma and it then generated an arcuate track to the

south on the African plate, forming the Atlantis and
Cruiser seamounts, and ending at the Great Meteor
Seamount [Duncan, 1984].

[6s] Two important features are worth noting. First,
volcanism above the hot spot seems to have been
episodic, much like the episodic behavior of the
Madeira hot spot suggested by the gap between the
Newfoundland and Milne seamounts. For example,
the Corner seamounts are separated from the New
England seamounts by ~300 km, and there is no
indication of crustal thickening between them
(Figure 8). Second, the hot spot track on the African
plate is associated with much thicker crust than that
on the North American plate. Although part of this is
because of overlap with the area affected by the
Azores hot spot, much of this thickening is probably
due to the slow absolute motion of the African plate
over the New England hot spot [e.g., Miiller et al.,
1993], which for a given melt flux will result in
increased crustal volume per unit area of seafloor.

5.2.4. Isolated Crustal Thickness Anomalies:
Hot Spot or Non—Hot Spot Processes?

5.2.4.1. Bermuda

[6] The Bermuda Rise is associated with thickened
crust over an area ~250 km wide that is elongated
~500 km along crustal isochrons (Figure 8). The
uplift of the rise initiated at ~40—45 Ma [Tucholke
and Vogt, 1979; Jaroslow and Tucholke, 1994] and
was followed by volcanism that continued until
about 25 Ma [Vogt and Jung, 2007]. The thickened
crust associated with the Bermuda Rise seems to be
isolated, with no obvious relation to nearby fea-
tures and no indication of volcanism associated
with a prior or later hot spot track. Furthermore, the
elongation of thickened crust along crustal iso-
chrons (Figure 8) conflicts with a fixed hot spot
model that predicts a hot spot track orthogonal to
the isochrons [e.g., Vogt, 1991]. Detrick et al.
[1986] suggested that these observations could be
explained by transient hot spot activity and relative
motions between a Bermuda hot spot and the over-
lying North American plate. However, non—hot spot
alternatives such as an “edge-driven” convection
model [e.g., Vogt, 1991] seem to provide a better
explanation for the isolation, location, and orienta-
tion of thickened crust at the Bermuda Rise.

5.2.4.2. Cape Verde

[7] The Cape Verde Rise lies ~500 km west of
Africa and is the center of a prominent, pseudocir-
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cular, thick crust region with a diameter of ~700 km
(Figure 8). It is suggested to have been formed by a
Cape Verde hot spot beginning around 22 Ma
[Holm et al., 2008]. It occupies a position near
rotation poles of the slowly moving African plate
over the hot spot reference frame [e.g., Pollitz,
1991; Miiller et al., 1993; Kreemer, 2009], imply-
ing that the Cape Verde hot spot is almost stationary
with respect to the African plate. Thus the islands in
this region do not form a linear chain with obvious
age progression. Instead, melt input has produced a
broad zone of thickened crust (Figure 8).

5.3. Correlation With Mantle Tomography

[6s] Hot spots are surface manifestations of upwell-
ing mantle plumes that might be detected by seismic
tomography studies. For example, the Iceland hot
spot has been shown to be located above a cylindrical
zone of low-velocity anomalies in the upper mantle
down to at least 400 km [Wolfe et al., 1997]. Despite
discrepancies in depth and extent of low-velocity
anomalies between different tomographic models,
there is a reasonably good regional correlation
between the thickened crust that we associate with
hot spots and the existence of low-velocity anoma-
lies in the underlying mantle [e.g., Zhao, 2001; S. P.
Grand, Data publicly available at global tomogra-
phy, March 2010, www.geo.utexas.edu/faculty/
grand/global tomography.htm, 2003] that presum-
ably are associated with hotter, more melt-rich
mantle. The major exception is the Baffin Bay-
Labrador Sea region, where hot spot volcanism took
place mainly before 60 Ma. Changes in mantle
structure due to convection over the long time
interval since that event may explain why there is no
associated low-velocity anomaly in the mantle.
Comparison of observed thick crust regions with
mantle tomography at finer scales is not possible
because the tomographic models lack resolution at
these scales.

5.4. Comparison With Isostatic Crustal
Thickness North of 30°N

[69] Our study area overlaps with an area (30°—
70°N, 0°-70°W) where isostatic crustal thickness
calculations were made by Louden et al. [2004].
Louden et al. [2004] calculated anomalous base-
ment topography (similar to our Figure 3b) after
correcting for the effects of isostatic sediment
loading and conductive plate cooling. They then
calculated crustal thickness assuming isostatic
compensation after removing dynamic topography
from the anomalous basement depth. Overall, our

results and those of Louden et al. [2004] show,
qualitatively, consistent patterns in the spatial dis-
tribution of thickened crust. Our gravity-derived
crustal thickness variations are smaller in amplitude
than those determined from isostatic calculations by
Louden et al. [2004], and there are differences in
details of crustal thickness distribution patterns for
specific regions (Figure 14). Also, our results give
more reasonable crustal thickness values for mar-
gins (e.g., Nova Scotia, Morocco, and Iberia mar-
gins) where the isostatic calculations indicate zero
to negative crustal thicknesses. These kinds of dif-
ferences are not surprising, considering that our
respective analyses differ in terms of sediment
thickness data sets used, method of determining
sediment unloading, and assumptions and para-
meters used to make crustal thickness calculations.
Furthermore, the assumption of local isostasy might
not work well for off-ridge-axis features that were
accreted on lithosphere of considerable strength.

6. Conclusions

[70] Gravity-derived crustal thickness models were
obtained from residual mantle Bouguer anomalies
for the North Atlantic Ocean between 76°N and
the Chain Fracture Zone. Normal crust, defined as
4-7 km thick, constitutes 58% of the total crustal
area and 47% of the total crustal volume in North
Atlantic. About 7% of the area (and ~4% of the
volume) is identified as thin (<4 km) crust. Rough
symmetry of thin crust zones about the MAR axis
suggests that this crust was emplaced at the ridge
axis above upwelling mantle that was relatively
cold or refractory, which is consistent with geo-
chemical observations of along-axis variations in
melt supply at scales of hundreds of kilometers.

[71]1 Thickened crust (>7 km) constitutes about
35% of the total area and ~49% of the volume of
North Atlantic crust, and it is interpreted to be
affected by melt anomalies. The most prominent
anomaly by far is the region influenced by the
Iceland hot spot, which accounts for 57% of the
total excess crustal volume in the North Atlantic.
The crustal thickness anomaly associated with the
Azores hot spot is the second most important with
8% of the total excess crustal volume of the North
Atlantic, followed by the Cape Verde Rise which
contributes 6% of the excess volume. Small but
significant melt anomalies (2-5% of the excess
volume) are associated with the Madeira, Canary,
and New England hot spots, with mantle melting
that produced the J Anomaly Ridge—Madeira-Tore

21 of 25



et - Geochemistry |3

_* | Geophysics
_ | Geosystems |

WANG ET AL.: CRUSTAL THICKNESS OF THE NORTH ATLANTIC

10.1029/2010GC003402

Gravity-derived crust
- isostatic crust (km)

Figure 14. Difference map of our gravity-derived crustal thickness minus isostatic crustal thickness from Louden
et al. [2004]. Our gravity-derived crustal thickness variations are smaller in amplitude than those determined from the
isostatic calculations. In contrast to the isostatic calculations that gave negative crustal thickness for the margins
[Louden et al., 2004], our results give more reasonable values of crustal thickness for old oceanic crust near continental

margins.

Rise, and with a likely hot spot that formed the
conjugate Sierra Leone and Ceara rises. There are
large crustal thickness variations along the tracks of
these hot spots, indicating that their melt production
was intermittent on time scales of tens of millions of
years. Thickened crust exhibits both symmetrical
and asymmetrical patterns about the MAR axis,
which reflects whether melt anomalies were or were
not centered on the MAR axis, respectively. The
Bermuda and Cape Verde rises appear to be isolated
features that have been produced by local melt
anomalies with lifetimes of only ~20-25 Myr.
Finally, crustal thickness anomalies observed on the
African plate are larger than those on the North
American plate, and we attribute this to the result of
slower absolute plate speed of the African plate over
relatively fixed hot spots.
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