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a b s t r a c t
This study examines the velocity structure of Makarov Basin and the adjacent Alpha Ridge to determine the tectonic origins of these features and link them to the larger Amerasia Basin. Seismic data from sonobuoys distributed along a 650 km-long line extending from Alpha Ridge and across Makarov Basin to the Lomonosov Ridge
were analyzed for this purpose. Forward modelling of traveltimes, supported by coincident multi-channel seismic reﬂection and shipborne gravity data, were used to determine the P-wave velocity structure along the
line. The sedimentary cover averages 0.5 km-thick on Alpha Ridge and 1.9 km-thick in Makarov Basin, but
reaches up to 5 km-thick at the base of Lomonosov Ridge. Velocities in the sedimentary section range from 1.6
to 4.3 km s−1. As suggested by relatively high velocities, interbedded volcaniclastic or volcanic rock may occur
in the deep sedimentary section. The shallow basement of Alpha Ridge (3.3 to 3.6 km s−1) is characterized by
semi-continuous high amplitude reﬂections and is interpreted as volcanic rock possibly intercalated with sedimentary rock. Velocities do not vary signiﬁcantly in the upper and mid-crustal layers between Alpha Ridge
and Makarov Basin. Total crustal thickness decreases from 27 km beneath Alpha Ridge to 5 km-thick in Makarov
Basin then thickens to N 20 km over a short distance as part of Lomonosov Ridge. The crustal structure of Alpha
Ridge is consistent with previous studies suggesting that the Alpha-Mendeleev ridge complex is part of a large
igneous province (LIP) with thick igneous crust. The lack of change in crustal velocities between Alpha Ridge
and Makarov Basin suggests that the basin, at least partly, either formed during or was inﬂuenced by LIP-related
magmatism. The rapid transition of crustal thicknesses from Makarov Basin to Lomonosov Ridge supports the
interpretation that this section of the ridge is a transform margin.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
While recent geophysical studies (e.g., Mosher et al., 2012; Chian et
al., 2016; Shimeld et al., 2016) shed light on the evolution of the southern part of Amerasia Basin, the origins of Alpha Ridge and Makarov
Basin, in the northernmost part of Amerasia Basin, remain enigmatic
(Fig. 1). This lack of understanding is in part due to the challenges
of data acquisition in this remote ice-covered environment and its
complex geology. Attempts at deciphering the crustal afﬁnity of the
Alpha-Mendeleev ridge complex have led to contradictory models for
its origin. Funck et al. (2011) favour an oceanic origin for the Alpha
Ridge based on the apparently homogenous crustal velocity structure
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of the ridge complex, which is similar to other large igneous provinces.
Conversely, Døssing et al. (2013) interpreted sub-linear magnetic
anomalies in the southern part of the ridge (near Ellesmere Island) as
Late Jurassic–Early Cretaceous dykes intruded into thinned continental
crust (Fig. 1). The type of crust beneath Makarov Basin is likewise not
well known; it may consist of thinned continental crust, as argued for
nearby Podvodnikov Basin (Lebedeva-Ivanova et al., 2011), or of thick
oceanic crust, as argued by Forsyth and Mair (1984). Jokat and Ickrath
(2015) concluded that, along their transect (Fig. 1), almost 50% of
Podvodnikov Basin is underlain by extended continental crust of the
Lomonosov Ridge. The thinned continental crust terminates against
thick igneous crust west of the Mendeleev Ridge.
The objective of this paper is to constrain the origin and relationship
between Alpha Ridge and Makarov Basin by studying their sedimentary
and crustal structure. To achieve this aim, we rely on new coincident
seismic refraction and reﬂection data supplemented by gravity data.
The distribution of data along a line that covers both the Alpha Ridge
and Makarov Basin offers the opportunity to address some of the
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Fig. 1. Colour-shaded bathymetric map of northern Amerasia and Eurasia basins. Labels A and B indicate the end points of the seismic proﬁle shown in Figs. 4 and 5, and labels A′ and B′ are
the end points of the gravity model shown in Fig. 7. Makarov Basin is delineated by a dashed black line representing the 3700 m bathymetric contour. Acronyms used in this ﬁgure and
Figs. 2 and 10 are: AA – Arctic Alaska, AB – Amerasia Basin, AG – Arlis Gap, BS – Barents Shelf, CA – Canadian Arctic margin, CK – Chukotka, EB – Eurasia Basin, GL – Greenland, LR –
Lomonosov Ridge, MB – Makarov Basin, MR – Mackenzie River delta, MS – Marvin Spur, NB – Nautilus Basin. (Note that several publications, e.g., Jokat and Ickrath (2015), include
Podvodnikov Basin as part of Makarov Basin.) Other studies shown in this ﬁgure are: Arctic-2000 (Lebedeva-Ivanova et al., 2006), ARTA (Funck et al., 2011), AWI 2008 (Weigelt et al.,
2014; Jokat and Ickrath, 2015), LOREX (Forsyth and Mair, 1984), LORITA (Jackson et al., 2010) and TransArctic 1989–1991 (Lebedeva-Ivanova et al., 2011), and linear magnetic
anomalies interpreted by Døssing et al. (2013). Bathymetry and elevation are from the International Bathymetric Chart of the Arctic Ocean (IBCAO), version 3.0 (Jakobsson et al.,
2012). The map projection for this ﬁgure and other map ﬁgures is North Pole Stereographic with a latitude of origin of 75° N and a central meridian of 90° W.

uncertainties regarding the interpretation of these submarine features
and thus improve our understanding of the geological history of the
Amerasia Basin.
2. Geological setting
Amerasia and Eurasia basins are the two major deep-water basins
comprising the Arctic Ocean (Fig. 1). Lomonosov Ridge separates the
two basins, extending from the North American shelf off Ellesmere Island and Greenland to the Siberian Shelf. The continental origin of
Lomonosov Ridge is conﬁrmed by various investigations (Karasik et
al., 1971; Sweeney et al., 1982; Backman et al., 2008; Jackson et al.,
2010). Lomonosov Ridge was once part of the palaeo-Barents Shelf,
but rifted and drifted away from the shelf in the early Palaeogene due
to the opening of Eurasia Basin (Lawver et al., 2002; Pease et al.,
2014). The evolution of this basin is documented by well-developed
magnetic reversal anomalies (Brozena et al., 2003) associated with
Gakkel Ridge, the active spreading centre (Fig. 2). Analysis of the magnetic spreading anomalies indicates that Eurasia Basin expanded at
ultra-slow spreading rates throughout its history (Coakley and
Cochran, 1998; Jokat and Schmidt-Aursch, 2007).
Amerasia Basin is enclosed by the Canadian Arctic margin, the Alaskan and Siberian shelves, and Lomonosov Ridge (Fig. 1). Bathymetric
and sedimentary basins within Amerasia Basin include the Canada,

Makarov, Nautilus and Podvodnikov basins. The Alpha-Mendeleev
ridge complex and the Chukchi Plateau are also part of Amerasia
Basin. The Alpha-Mendeleev ridge complex extends from the Canadian
Arctic margin near Ellesmere Island to the Siberian Shelf, separating
Makarov and Podvodnikov basins from the rest of Amerasia Basin.
Makarov Basin is bounded almost entirely by Alpha and Lomonosov
ridges, and is connected to Podvodnikov Basin through the Arlis Gap
(Fig. 1). The processes that shaped Amerasia Basin and formed the various physiographic features within the basin are seemingly complex.
Consequently, new geoscientiﬁc data are needed to unravel the details
of the geological evolution of Amerasia Basin. For example, unlike Eurasia Basin, the existence of seaﬂoor spreading in Amerasia Basin, as evidenced by magnetic isochrons, is contested (Vogt et al., 1982; Grantz et
al., 2011; Chian et al., 2016). Such uncertainty has led to numerous
plate-reconstruction models for the origin of Amerasia Basin (summarized in Lawver and Scotese [1990] and Cochran et al. [2006]). The widely supported “rotational” model, championed by Grantz et al. (1979,
1998, 2011), amongst others, attributes opening of Amerasia Basin to
counter-clockwise rotation of the Arctic Alaska–Chukotka microplate
away from the Canadian Arctic margin about a pole of rotation in the
area of the Mackenzie River delta (Fig. 2). A linear gravity low that bisects Canada Basin (Laxon and McAdoo, 1994), and is shown in seismic
reﬂection proﬁles to coincide with a negative basement structure
(Mosher et al., 2012), is interpreted as an extinct spreading centre
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Fig. 2. Simpliﬁed tectonic map of Amerasia Basin and surrounding regions is shown (after Pease et al. [2014]). Other sources shown in the ﬁgure are: marine heat ﬂow data (data available
at http://www.heatﬂow.und.edu; see also Pollack et al. [1993]), pole of rotation for opening of Amerasia Basin (Grantz et al., 1979), sonobuoys and seismic line LSSL2011-03/04 (this
study), 3700 m isobath produced using the IBCAO compilation (Jakobsson et al., 2012), deep subbasin of Makarov Basin (Evangelatos and Mosher, 2016), Alpha-Mendeleev LIP
magnetic domain (Saltus et al., 2011) and oceanic crust in Canada Basin (Chian et al., 2016).

(Fig. 2). This interpretation supports the rotational model. The northern
extent of this gravity anomaly terminates at the edge of the magnetic
domain associated with the Alpha-Mendeleev Large Igneous Province
(LIP) (Saltus et al., 2011; Fig. 2). Whether the spreading centre actually
terminates at that location or is masked by the LIP is undetermined. The
tectonic model of Grantz et al. (2011), supported by morphological evidence presented by Cochran et al. (2006) and Evangelatos and Mosher
(2016), suggests it propagated to Lomonosov Ridge.
Alpha Ridge and Mendeleev Ridge form a distinct physiographic entity that spans 1800 km from the Siberian Shelf to the Canadian Arctic
shelf off Ellesmere Island. The Alpha-Mendeleev ridge complex is characterized by elevations up to 2000 m above the adjacent Canada and
Makarov basins, and its width varies from 200 to 600 km along its
length (Fig. 1). The ridge complex and surrounding areas exhibit a chaotic pattern of alternating high and low amplitude and short wavelength magnetic anomalies (Gaina et al., 2011). Saltus et al. (2011)
deﬁned this region as the Alpha-Mendeleev LIP magnetic domain.
These authors suggested a large magnetic thickness based on a
pseudogravity transformation. The interpretation of the AlphaMendeleev ridge complex as a LIP is supported by basalt recovered in
dredges, cores and drilling (Van Wagoner et al., 1986; Andronikov et
al., 2008; Jokat et al., 2013; Petrov et al., 2016), its magnetic signature
(Vogt et al., 2006) and the seismic velocity structure of its crust (e.g.,
Funck et al., 2011). Mineral textures from volcaniclastic samples

dredged from the Alpha Ridge during the CESAR (Jackson et al., 1985)
and HEALY0805 (Mayer and Armstrong, 2008) expeditions indicate
shallow-water eruptions (b 800 m; Van Wagoner et al., 1986). The origin of these ridges, however, is still not clear (Dove et al., 2010). The recognition of maﬁc volcanism of Cretaceous age in the circum-Arctic led
researchers to include the ridge complex as part of the greater High Arctic Large Igneous Province (HALIP) (Maher, 2001). While early HALIPrelated magmatic suites are predominantly tholeiitic, later magmatism
is more alkaline (Tegner et al., 2011). The genetic relationship between
these different suites and their connection to Arctic tectonics is not
known (Estrada, 2015). Various authors have proposed that a mantle
plume, focused offshore of Ellesmere Island, initiated rifting in Amerasia
Basin and sustained over ~50 Myr of circum-Arctic magmatism (Embry
and Osadetz, 1988; Buchan and Ernst, 2006; Døssing et al., 2013).
The rhomboid-shaped Makarov basin is approximately 300 by
400 km wide. The abyssal plain of Makarov Basin is well-outlined by
the 3700 m bathymetric contour (Fig. 1) with seaﬂoor depths reaching
down to 4000 m. Marvin Spur is a linear ridge in northern Makarov
Basin that trends sub-parallel to Lomonosov Ridge (Fig. 1). Isolated
basement protrusions also occur near Alpha Ridge in the southern
part of the basin. Seismic refraction studies (Forsyth and Mair, 1984;
Lebedeva-Ivanova et al., 2011) and interpreted magnetic reversal
anomalies near the Canadian Arctic margin (Døssing et al., 2013) are
compatible with normal oceanic crust in Makarov Basin (Figs. 1 and

102

J. Evangelatos et al. / Tectonophysics 696–697 (2017) 99–114

2). Cochran et al. (2006), Doré et al. (2015) and Evangelatos and Mosher
(2016) showed evidence that Makarov Basin, at least in part, formed as
a result of transtensional tectonics adjacent to the palaeo-Barents Shelf
(now Lomonosov Ridge) during opening of Amerasia Basin. Based on
studies conducted onshore, Miller and Verzhbitsky (2009) argued that
the Alpha-Mendeleev ridge complex rifted off the margin of the
palaeo-Barents Shelf, thus forming the Makarov and Podvodnikov basins in between these ridges. The results of this study can elucidate
the geological connection between these submarine features.

the Louis S. St-Laurent, thus sustaining signiﬁcantly more accelerations
that led to more noise on the gravimeter on board the Healy. Our
study primarily uses gravity data from the Louis S. St-Laurent (Mosher,
2012). Further details on geophysical acquisition are provided in
Mosher (2012) and Mosher et al. (2013). The seismic reﬂection data
are publicly available through the Geological Survey of Canada
(Mosher et al., 2016).

3. Methodology

Static corrections were applied to the seismic data to account for the
trigger/gun ﬁring delay. Data were de-spiked using a spike-zeroing ﬁlter
(Stanghellini and Bonazzi, 2002). As the sonobuoys were not equipped
with a navigational device, the source–receiver offsets were derived
using the traveltime of the direct wave. For this correction, we applied
the following quadratic equation:

3.1. Data acquisition
Coincident seismic refraction and multi-channel seismic (MCS) data
were acquired in Amerasia Basin in 2011 (Mosher, 2012). During seismic operations, data were collected aboard the Canadian Coast Guard
Ship Louis S. St-Laurent. Meanwhile, the US Coast Guard Cutter Healy
broke ice ahead of the Louis S. St-Laurent. This conﬁguration allowed
for continuous seismic acquisition in heavy ice cover (Mayer and
Armstrong, 2011; Mosher, 2012; Mosher et al., 2013). Expendable
sonobuoys,2 model 53C from Ultra-Electronics, were deployed either
off the stern of the Louis S. St-Laurent or ahead of the ship via helicopter.
Upon deployment, a sonobuoy released a hydrophone that suspended
60 m below the water surface. The signals recorded by the hydrophone
were transmitted to the vessel by radio and digitally recorded in SEG-Y
format. The sonobuoys were not ﬁtted with a navigational device, and,
once deployed, drifted freely with the ice pack. The maximum operating
time for a sonobuoy is about eight hours, during which the ship generally sailed between 35 and 50 km. Straight lines and a constant ship
speed were not possible in heavy ice. Seismic energy was not observed
beyond offsets of 27 to 43 km (Fig. 3) with the exception of sonobuoy 9
that only had a maximum offset of 19 km. Source energy is inferred to
control maximum offsets in Alpha Ridge due to the observation of the
direct wave beyond the last recognizable arrival associated with a crustal phase. For Makarov Basin, the maximum offsets for the direct wave
and crustal phases are close (b5 km apart), suggesting that radio
range is the limiting factor in this case. Fourteen sonobuoys were deployed along a line LSSL2011-03/04 extending from Alpha Ridge and
across Makarov Basin to the Amerasian ﬂank of the Lomonosov Ridge
(Fig. 1). Of those deployments, nine sonobuoy records are included in
this study. The ﬁve excluded sonobuoys either malfunctioned or
returned data only for very short offsets before failing. Water depths
along the line range from about 1500 m on Alpha Ridge to almost
4000 m in Makarov Basin.
The MCS data were acquired using a 16-channel digital streamer
with a group spacing of 6.25 m. The streamer was 230 m long. The seismic source was arranged as a three-airgun array with a total volume of
1150 in3 (~19 l). Towed at 11.5 m below sea surface, this conﬁguration
yielded a frequency spectrum of 5 to 60 Hz, resulting in a maximum vertical resolution of about 8 m (1/4 wavelength). Firing on distance was
not practical in ice. The ﬁring interval was adjusted according to water
depth to avoid interference from multiple reﬂections. This adjustment
resulted in a variable ﬁring interval, ranging between 14 and 19 s. Because of the irregular geometry and shot interval, traces were gathered
into bins of 25 × 25 m intervals along a curved line for MCS stacking.
Processing of the MCS data is described in Shimeld (2011) and
Mosher et al. (2013).
In addition to the seismic acquisition system, both the Louis S. StLaurent and the Healy were equipped with Bell BGM-3 gravimeters.
Gravity data recorded on board the Louis S. St-Laurent are less affected
by noise. This result is because the Healy typically broke ice ahead of
2
For brevity, we refer to sonobuoys according to their order of deployment rather than
their full name (e.g., SB2011-6 is simply sonobuoy 6; refer to Chian and Lebedeva-Ivanova
[2015]).

3.2. Seismic refraction and gravity data processing

X ¼ a þ bT þ cT 2 ;
where X is the offset in km, T represents the traveltime of the direct
wave in seconds, and coefﬁcients a, b and c are − 0.006, 1.441 and
0.00075, respectively (Lebedeva-Ivanova and Lizarralde, 2011). This
formula was empirically derived using CTD (conductivity, temperature,
depth) measurements in High Arctic waters. Most records from sonobuoys have a high signal-to-noise ratio.
Barring periods of instrument failure, marine gravity data were acquired continuously during the expedition. The raw data were corrected
for Eötvös effects and latitude. The data were then ﬁltered with a 2-min
Gaussian moving-window to correct for ship heave and re-sampled at
1 min intervals. Long-term instrument drift was addressed by tying
back to an absolute gravity station at the end of the cruise (Mosher,
2012). Finally, the gravity data were de-spiked with an 8-min median
ﬁlter and reduced to free-air gravity anomalies.
3.3. Geophysical modelling
3.3.1. Modelling seismic velocities
The development of a two-dimensional representation of the subsurface velocity structure requires that the calculated arrival times of
reﬂected and refracted seismic waves, based on the velocity model,
match the observed arrival times on wide-angle reﬂection and refraction data within the range of the data uncertainty. Observed arrival
times for the various phases were determined using ZPLOT, a program
designed for interactive picking of traveltimes (Zelt, 1994). Calculated
arrival times were derived by forward modelling using RAYINVR, a seismic program developed by Zelt and Smith (1992) that uses the ray-tracing technique. The velocity model divides the subsurface into distinct
layers (Figs. 4 and 5) deﬁned by boundary and velocity nodes. Velocity
gradients between nodes are linear.
The sonobuoy position is assumed to be constant; however, variable
relief at the seaﬂoor and in subsurface structure can introduce errors as
the sonobuoy drifted. If the drift of the buoy is along the shot line, the
effects can be corrected by using a variable sonobuoy position in the
modelling. However, the drift presumably has an unknown component
perpendicular to the line where information on water depth or deeper
structures is unavailable. For this reason, only the offset correction between the sonobuoys (source) and the shots (receiver) was applied.
Seismic velocities for a given phase were determined one station at a
time and each layer in the velocity model was analyzed in sequence
from shallowest to deepest. The ﬁnal model is the result of multiple iterations (Figs. 3, 4 and 5). Converted shear waves were not included
in this study. The depth of the seaﬂoor was measured with a Knudsen
12 kHz echo sounder mounted on the hull of the Louis S. St-Laurent
(Mosher, 2012). The layer boundaries identiﬁed at individual sonobuoys were converted from depth to two-way traveltime (TWTT) to
check for correlation with the seismic reﬂections on the MCS record.
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Fig. 3. Records and modelling of sonobuoy stations a) 10 (Alpha Ridge), and b) 14 (Makarov Basin) are depicted. The top panels show the seismograms with overlain calculated
traveltimes, and the bottom panels outline the raypaths through the velocity model. The green dashed box outlines the portion of station 14 shown in Fig. 6. Names and P-wave
velocities (km s−1) for select crustal phases and layers are labelled (refer to Section 4). Displayed seismic records were band-pass ﬁltered between 4 and 20 Hz. Deployment positions
are shown in Fig. 1.

Where there is such a correlation, the MCS record was used to deﬁne the
detailed geometry of these layer boundaries, which would not have
been possible with the resolution of the data from sonobuoys alone. Although some coherent signal is present within basement, seismic reﬂection imaging was inadequate to resolve upper crustal interfaces. Below
the imaging depth of the MCS data, therefore, boundaries were
constrained by refraction and wide-angle reﬂection data and represented as horizontal surfaces. It is difﬁcult to independently assess the
geometry of intra-crustal layer boundaries without reversed ray

coverage. Near Alpha and Lomonosov ridges, however, relief was
added to deeper layer boundaries to ﬁt the free-air gravity anomalies.
The crustal velocity structures derived by Funck et al. (2011)
(Alpha Ridge), Lebedeva-Ivanova et al. (2011) (Makarov Basin) and
Poselov et al. (2012) (Lomonosov Ridge) were used as guides only
for early iterations of the velocity structure at deep crustal levels. As
there is no overlap in ray coverage between neighbouring stations
(Fig. 4), the transition in velocity across layer segments is smoothed
(Fig. 5).
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Fig. 4. (Top panel) observed traveltime picks are shown with the calculated traveltimes overlain. Traveltime picks are represented by vertical error bars. (Bottom panel) raypath diagrams
from velocity modelling. Labels for select phases and layers are shown (refer to Section 4).

3.3.2. Error analysis of velocity model
To quantify the accuracy of the velocity model, a formal error
analysis was carried out in which the root-mean-square of the misﬁt

between observed and modelled traveltimes (rms error) was calculated
(Table 1). Uncertainties were assigned to traveltime picks based on visual inspection, which relied on the frequency content of the phase

Fig. 5. P-wave velocity model for line LSSL2011-03/04 is shown. Pale colours indicate sections unconstrained by MCS or data from sonobuoys. Ray coverage is shown in Fig. 4. “Bend” marks
the location along line LSSL2011-03/04 where the orientation of the line changes (Fig. 1). Velocities are speciﬁed in km s−1.
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Table 1
Results of error analysis for the individual phases are listed. n, trms, and χ2 are the number
of observed traveltime picks, the root-mean-square difference between observed and calculated traveltimes, and normalized χ2. Column “Identiﬁcation” describes which stations
were deﬁned for a particular phase. Pwater and PwaterP are the direct wave (water wave)
and seaﬂoor reﬂection, respectively. All other phases are deﬁned in Section 4.
Phase

Identiﬁcation

n

trms (s)

χ2

Pwater
PwaterP
PS1
PS1P
PS2
PS2P
PS3
PS3P
PS4
PS4P
PS5
PS5P
PS6
PS6P
Puc1
Puc1P
Puc2
Puc2P
Puc3
Puc3P
Pmc
PmcP
Plc
PmP
Pm
All phases

All
All
None
All
17
All, except 12
8
All, except 12
17
12, 14, 16, 17
16, 17
14, 17
17
None
6, 8, 9, 10, 11
6, 8, 9, 10, 11
6, 8, 9, 10, 11
11
All, except 9, 16
11
All, except 16, 17
16
All, except 9, 16
14
None
All

1583
1685
–
460
6
356
6
315
27
183
56
77
74
–
52
138
177
16
327
16
649
120
471
37
–
6848

0.022
0.018
–
0.026
0.026
0.025
0.037
0.028
0.030
0.027
0.017
0.027
0.022
–
0.032
0.028
0.022
0.026
0.025
0.033
0.025
0.036
0.038
0.026
–
0.025

0.730
0.513
–
0.460
0.496
0.284
0.255
0.337
0.584
0.244
0.152
0.171
0.186
–
0.323
0.260
0.297
0.110
0.189
0.318
0.179
0.372
0.234
0.097
–
0.436

Fig. 6. Record from station 14 centred on the PmP reﬂection phase. Orange arrows point to
the ends of the phase.

3.3.3. Two-dimensional gravity modelling
The base of the crust is poorly resolved by the data from sonobuoys
(Fig. 4). Depth to the Mohorovičić discontinuity (Moho) along line
LSSL2011-03/04 is seismically constrained based on PmP reﬂections
from station 14 (Fig. 6). In addition, at the intersection with line
TransArctic 1989–1991 (Figs. 1 and 7), Moho is constrained at a depth
of 14.0 ± 1.5 km, as determined by PmP and Pn phases (LebedevaIvanova et al., 2011). Elsewhere along the line, the Moho depth was adjusted by gravity modelling to ﬁt the long wavelength component of the
observed gravity.
Our velocity model was converted to a density model using the empirical relationship derived by Osler (1993) from the work of Ludwig et
al. (1970):
ρ ¼ −2:83Vp4 þ 70:4Vp3 −598Vp2 þ 2230Vp–700;

being picked and interfering signal from other phases. Uncertainties
ranged from 20 ms to 80 ms with an average value of 41 ms. As the signal-to-noise ratio increases with offset, the pick uncertainty increased
accordingly. χ2 quantitatively represents the ﬁt between model and
data. The ideal χ2 is unity (Zelt and Smith, 1992). Values b1 indicate
over-ﬁt of the data, but can also be caused by an overestimation of
pick uncertainty. Perfectly ﬁt data have χ2 = 0. In practice, low values
for χ2 were fairly simple to obtain as the experiment has no reversed
ray coverage.
Because uncertainty is not represented entirely by χ2, uncertainty in
velocity and depths to layer boundaries are also estimated by sensitivity
analysis. This process involved noting the rms error of a given phase
after systematically varying depth and velocity. This information is
used to identify the best values (i.e., pairs with minimum RMS error)
for boundary depths and layer velocities and to estimate uncertainty.
Table 2 lists the uncertainties assigned to the sedimentary and upper
crustal layers.

where Vp and ρ are P-wave velocity (in km s−1) and density (in
kg m−3), respectively. Mantle density is assumed to be 3300 kg m−3.
The gravitational response of the density model is calculated according
to the method of Talwani et al. (1959) and then compared with the
shipborne gravity (Fig. 7). The density model was extended on either
end of the velocity model to account for edge effects (Fig. 1). Seaﬂoor
depths were extracted from the International Bathymetric Chart of the
Arctic Ocean (IBCAO version 3.0 by Jakobsson et al. [2012]). The observed gravity for the section of the model extending into Nautilus
Basin was ﬁt by incorporating seaﬂoor depths, setting sedimentary
layer boundaries parallel the seaﬂoor down to the basement and extending deeper layer boundaries horizontally southward. For the section extending across Lomonosov Ridge and into Amundsen Basin, the
model incorporates seaﬂoor depths and seismic data constrain the sedimentary succession and crust (Jokat et al., 1992; Jokat et al., 1995;
Weigelt and Jokat, 2001; Jackson et al., 2010; Poselov et al., 2012;
Døssing et al., 2014).
4. Results and interpretations

Table 2
General properties of sedimentary layers S1 to S6 and upper crustal layers UC1 to UC3 are
listed. Alpha Ridge is from 0 to 340 km along line and Makarov Basin is from 340 to 625 km
along line (Fig. 5).
Layer Velocity
Average thicknesses Average thicknesses
(km s−1) for Alpha Ridge (km) for Makarov Basin
(km)

verror
derror
(km s−1) (km)

S1
S2
S3
S4
S5
S6
UC1
UC2
UC3

0.1
0.1
0.1
0.2
0.2
0.2
0.2
0.2
0.2

1.6–1.8
2.0–2.2
2.1–2.5
2.8–3.4
3.1–3.8
3.9–4.3
3.3–3.6
4.0–4.6
4.8–6.0

0.2
0.1
0.2
–
–
–
0.4
1.1
1.6

verror: uncertainty of velocity.
derror: uncertainty of top layer boundary.

0.3
0.4
0.3
0.3
0.3
0.4
–
1.3
1.5

0.05
0.05
0.05
0.1
0.1
0.2
0.1
0.2
0.3

A velocity model representing the earth structure extending from
Alpha Ridge through Makarov Basin was developed. It is divided into
the sedimentary cover, crust and mantle (Fig. 5). The distinction between sedimentary cover and crust is largely based on the MCS data.
Table 2 lists the velocity range, average thickness and estimated uncertainties of modelled velocity and the top of layer boundaries for sedimentary and upper crustal layers.
4.1. Sedimentary layers
MCS reﬂection data in this study typically recover coherent signals
down to 1.5 s TWTT (~1.5 km) below seaﬂoor along Alpha Ridge, and
down to 3.5 s TWTT (~5 km) below seaﬂoor in Makarov Basin (Fig. 8).
These data clearly resolve the base of the sedimentary cover and the
upper parts of the crust. We identify three and six sedimentary layers
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Fig. 7. Two-dimensional gravity model for line LSSL2011-03/04 is shown. (Top panel) observed magnetic anomaly data extracted from a grid. (Middle panel) observed free-air gravity
anomaly (FAA) is compared to calculated gravity. (Bottom panel) subsurface gravity model shown with representative densities speciﬁed in kg m−3. “TRA-1” marks the cross-point
with line TransArctic 1989–1991 (Fig. 10). FAA data are a combination of shipborne gravity (Mosher, 2012) and the compilation of Gaina et al. (2011). Magnetic data are a
combination of compilations by Brozena et al. (2003) and Gaina et al. (2011). Refer to Fig. 1 for location.

for Alpha Ridge and Makarov Basin, respectively (Fig. 5). Refractive
phases for shallow sedimentary layers (Ps1 to Ps3) are typically secondary
arrivals. They are difﬁcult to identify because of interference with reverberations of ﬁrst arrivals. In Makarov Basin, refractive phases for the
deep sedimentary layers (Ps4 to Ps6) are ﬁrst arrivals and, therefore, easier
to identify. Layer boundaries constrained by reﬂective phases (Ps1P to
Ps6P) correlate with continuous high amplitude reﬂections in MCS data.
Velocities in the sedimentary layers range from 1.6 km s− 1
to 4.3 km s− 1 (Table 2). These velocities are used to convert seismic
reﬂection data from traveltime to depth. Average thickness of the sedimentary cover is 0.5 km for Alpha Ridge and 1.9 km for Makarov Basin
with a maximum of up to 5 km near Lomonosov Ridge.
Sedimentary layers S1, S2 and S3 exhibit velocities of 1.6–2.2 km s−1
on Alpha Ridge, and 1.6–2.5 km s−1 in Makarov Basin. The combined
sedimentary thickness for these three layers ranges from 0 to 1.3 km,
with the thickest sections found in Makarov Basin. Layers S1 to S3 coincide with seismic reﬂection facies (Fig. 8) that were interpreted as
hemipelagic to pelagic deposits (Bruvoll et al., 2010; Evangelatos and
Mosher, 2016) and/or distal turbidites (Johnson et al., 1990; Langinen
et al., 2009). The drape-like character of these layers supports either of
these interpretations.
Sedimentary layer S4 is present only in Makarov Basin (Fig. 5). Velocities vary between 2.8 and 3.4 km s−1 with an average layer thickness of 0.3 km and a maximum of 1.4 km. The upper part of S4 (above

horizon L; Fig. 8b) corresponds to units 3 and 4a from Evangelatos and
Mosher (2016), who interpreted these units to consist of hemipelagic
sediments. The lower part of S4 (below horizon L; Fig. 8b) coincides
with Unit 2 (Evangelatos and Mosher, 2016) and exhibits basinward
dipping reﬂections that grade into more horizontally stratiﬁed reﬂections at the base of the Lomonosov Ridge. This part of S4 consists mainly
of sediments that were deposited in Makarov Basin and on the slope of
Lomonosov Ridge while the latter was still connected to the Barents
Shelf (Evangelatos and Mosher, 2016).
Velocities of 3.1 to 4.3 km s−1 were determined for layers S5 and S6
(Fig. 5). These layers are observed mainly in the deep subbasin of
Makarov Basin (Fig. 8b). They range in thickness from 0 to 3.4 km
with an average of 0.7 km. Layer S5 has high amplitude, semi-continuous and stratiﬁed reﬂections (Fig. 8b). Layer S6 is similar, but of lower
amplitude and less coherency. The two layers correspond to Unit 1 of
Evangelatos and Mosher (2016), and are interpreted as a mix of volcanic
and sedimentary material based on their acoustic character.
The base of the sedimentary cover is mapped along a high amplitude
reﬂection that is traceable across line LSSL2011–03/04 (Fig. 8). This horizon separates relatively continuous and stratiﬁed seismic facies,
interpreted as sedimentary layers S1 to S6, from underlying semi-continuous seismic facies that have high amplitudes and poor to moderate
coherence (Fig. 8). Shallow intra-basement reﬂections appear offset by
faulting.
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Fig. 8. Multi-channel seismic proﬁles along line LSSL2011-03/04 are shown from a) Alpha Ridge and b) Makarov Basin. Layer boundaries from the velocity model, displayed as red lines,
were converted from depth to time. Horizon L demarcates the boundary between units 2 and 3 from Evangelatos and Mosher (2016). Basement top is deﬁned based on changes in acoustic
character. Annotations for P-wave velocities are speciﬁed in km s−1.

4.2. Upper crustal layers
The velocity model of this study distinguishes ﬁve crustal layers.
Three layers, UC1, UC2, and UC3, have velocities less than or equal to
6 km s− 1 and together deﬁne the upper crust. The upper crust is resolved by refractive (Puc1, Puc2, and Puc3) and reﬂective (Puc1P, Puc2P
and Puc3P) phases.
Layer UC1 has an average thickness of 0.4 km and is only observed
on Alpha Ridge. UC2 is present from 0 to 560 km along the line and
has a variable thickness of 0.5 to 2.7 km, excluding a ﬁlled valley between 272 and 282 km distance along line (Fig. 8a). UC3 is the lower
part of the upper crust. Its thickness is between 0.8 and 2.8 km.
On Alpha Ridge, velocities for UC1, UC2 and UC3 are 3.3–3.6 km s−1,
4.1–4.6 km s−1 and 4.8–5.6 km s−1, respectively. In Makarov Basin, between 360 km and 560 km along line (Fig. 5), velocities for layers UC2
and UC3 are 4.4–4.5 km s−1 and 5.4–6.0 km s−1, respectively. These velocities are derived solely from station 14, as ray coverage in the upper
crust of station 16 is poor. Beneath the deep subbasin (560 to 625 km
along line; Fig. 5) and near the slope of Lomonosov Ridge, layer UC3
has a velocity of 5.5–6.0 km s−1.
Although P-wave velocities for layer UC1 overlap with different
types of sedimentary rock (Sheriff and Geldart, 1995), we suggest that
UC1 is composed of volcaniclastic or volcanic rock possibly intercalated

with sedimentary rock. This interpretation is based on its stratiﬁed and
semi-continuous seismic character (Fig. 8a). Such seismic facies are
interpreted as sills, tuff and/or volcanic ﬂows in other parts of Alpha
Ridge and Mendeleev Ridge (Bruvoll et al., 2012). Recovery of volcanic/volcaniclastic rocks from shallow coring (Jokat et al., 2013) and
dredging (Mayer and Armstrong, 2012; Mayer et al., 2016) from disparate locations corroborate this interpretation. Correlation between
basement topography and high amplitude magnetic anomalies at
Alpha Ridge (Vogt et al., 1979; Kovacs and Vogt, 1982) implies that
the upper crust is composed of maﬁc rock, which is typically more magnetic than felsic rock (Hunt et al., 1995). High porosity in the basalts
(Wilkens et al., 1991) may also contribute to the lower than expected
velocities.
The acoustic signature of UC2 is amorphous, possibly due to lithological change or lack of acoustic energy at this imaging depth. We interpret the upper crust of Alpha Ridge and part of Makarov Basin (360 to
560 km along line; Fig. 5) as a thick magmatic succession (with possible
intercalated sedimentary rock in the shallow parts).
4.3. Mid- and lower crustal layers
The middle (MC) and lower (LC) crustal layers are constrained by refractions Pmc and Plc, respectively. On Alpha Ridge, the mid-crustal layer
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(6.0–6.5 km s−1) has a thickness of 1.4–2.1 km. In Makarov Basin, from
360 to 540 km, these values are 6.2–6.7 km s−1 and 1.1–2.6 km, respectively. Uncertainties in mid-crustal velocities are estimated to be
± 0.3 km s− 1. The base of layer MC has an uncertainty of ± 0.4 km.
Layer MC pinches out beneath the slope of Lomonosov Ridge (575 to
605 km along line; Fig. 5).
The rays associated with the observed Plc arrivals sample only the
uppermost part of the LC layer (Fig. 4). The velocity at the top of the
lower crust is estimated at 6.9 ± 0.4 km s−1. The Moho is constrained
by PmP reﬂections (Figs. 4 and 6) at station 14 at a depth of about
14 km. This depth corresponds well with a cross-tie between lines
LSSL2011-03/04 and TransArctic 1989–1991 (Fig. 7). Gravity modelling
was used to deﬁne the Moho for the remainder of the proﬁle. The Moho
depth ranges from b 30 km at Alpha Ridge to 14 km beneath Makarov
Basin (Fig. 7). Interpretations of the MC and LC layers are discussed in
Section 5.
4.4. Mantle
Seismic energy was not observed on any sonobuoy beyond an offset
of 43 km; a limitation imposed by radiowave transmission of the received signal back to the ship and/or due to the seismic source energy.
In comparison, along the ARTA line (Funck et al., 2011), the minimum
offset for the mantle refraction Pn beneath Alpha Ridge is ~ 70 km.
Along the TransArctic 1989–1991 proﬁle, the Pn phase was observed
at a minimum offset of 35 km in Makarov Basin (Lebedeva-Ivanova et
al., 2011). No Pn phases were noticed in our sonobuoy data. As such,
this study provides no information on upper mantle velocities.
5. Discussion
5.1. Sedimentary succession of Makarov Basin
The sedimentary history of Makarov Basin appears distinct from that
of Canada Basin. Initial sediment input to Makarov Basin came from the

Lomonosov Ridge/Barents Shelf (Evangelatos and Mosher, 2016), while
in Canada Basin ﬁrst sedimentary deposition on basement originated
from the Alaskan margin (Mosher et al., 2012). After the separation
and subsequent subsidence of Lomonosov Ridge from the Barents
Shelf, topographic barriers (Alpha and Lomonosov ridges) hindered
sedimentation into Makarov Basin from proximal sources. Consequently, mid-Upper Cretaceous to present sedimentary deposits in Makarov
Basin are largely hemipelagic to pelagic (Evangelatos and Mosher,
2016), while turbidite deposition dominates in Canada Basin (Mosher
et al., 2012).
Fig. 9 shows velocity-depth proﬁles of sedimentary layers from
Makarov Basin plotted against the velocity-depth functions derived by
Shimeld et al. (2016) for the Alpha-Mendeleev LIP magnetic domain
and the abyssal plain of Canada Basin. In addition, a curve representing
deep-sea sediments from the Gulf of Mexico and North Atlantic (Nafe
and Drake, 1961) is also plotted in this ﬁgure. For depths of burial corresponding with layers S1–S3 (from 0 to ~1–1.3 km depth below seaﬂoor;
Fig. 9), velocities do not discriminate between the different functions.
For the deeper succession (N ~1.3 km depth below seaﬂoor), velocities
from Makarov Basin best match the function for the Alpha-Mendeleev
LIP magnetic domain (Fig. 9). This function is characterized by a high velocity gradient. Shimeld et al. (2016) argued that this trend cannot be
readily explained by likely lithological variations and proposed enhanced chemical compaction due to “episodic high palaeo-heat ﬂow”
as an alternative. In their model, the anomalous heat ﬂow values were
caused by late magmatism related to the Alpha-Mendeleev LIP. The
latest conﬁrmed age of such magmatism is ~ 89 Ma, constrained by
40
Ar/39Ar isotopic dating of basalt recovered in situ (Jokat et al., 2013).
Assuming that its sedimentary succession consists of “siliciclastic sediments and sedimentary rocks” (Shimeld et al., 2016) typical of deepwater marine basins, this process could hypothetically explain the
high velocities in Makarov Basin. Existing heat ﬂow data is sparse and
unevenly distributed (Fig. 2); hence, it cannot be used to validate the
possibility that the deep succession was inﬂuenced by late magmatism.
We thus prefer to attribute the high velocity of sedimentary layers to
lithological factors including possible cementation/lithiﬁcation. Volcanic or volcaniclastic material such as tuff that is cemented as part of its
process of formation, intercalated with sediments, might also explain
the higher than expected velocities. Such a relationship is suggested
by high amplitude and semi-continuous reﬂections from these intervals
(Evangelatos and Mosher, 2016; Fig. 8b). Volcanogenic material are
plausibly related to mid-Late Cretaceous to Palaeocene volcanism on
Ellesmere Island and northern Greenland (Estrada et al., 2010; Tegner
et al., 2011). Diagenetic biosiliceous units may be a contributing factor.
Biosiliceous ooze was identiﬁed in dredge samples from Alpha Ridge
(CESAR; Mudie and Blasco, 1985) and in core from Lomonosov Ridge
(IODP 302; Backman et al., 2006, 2008).
5.2. Crust of Alpha Ridge

Fig. 9. Data from sonobuoys 14, 16 and 17, deployed in Makarov Basin, are plotted against
regional velocity-depth curves calculated by Shimeld et al. (2016). The “abyssal plain”
curve (black line) represents central Canada Basin, while the “AMLIP MD” curve (red
line) is for sonobuoy locations enclosed by the area deﬁned by the Alpha-Mendeleev LIP
magnetic domain (Saltus et al., 2011; Fig. 2). The grey and pink shaded areas illustrate
the range in data points (from Chian and Lebedeva-Ivanova [2015]) used to calculate
the curves for the abyssal plain and AMLIP MD regions, respectively. The brown curve
labelled “deep sediments” is a square root function derived from seismic refraction
measurements made in deep-sea sediments (N ~3.6 km water-depth) from the Gulf of
Mexico and North Atlantic (Nafe and Drake, 1961). TRA-1, -2, -3 and -4 are extracted
from the velocity model of line TransArctic 1989–1991 (Lebedeva-Ivanova et al., 2011)
at the points shown in Fig. 10. TRA-3 and TRA-4 were converted to the depth domain
using interval velocities derived by Langinen et al. (2006).

In our study, the velocity of the uppermost volcanic crust ranges
from 3.3 to 3.6 km s−1. The location and results from other studies are
shown in Figs. 10 and 11, respectively. Funck et al. (2011) reported velocities of up to 4.7 km s−1, while Bruvoll et al. (2012) showed it to be as
low as 3.0 km s−1. Two possibilities are offered to explain the variation
in velocities for the uppermost crust shown in Fig. 11:
1) The resolution of the various data sets is different depending on acquisition parameters, processing and data quality. For example, a velocity layer similar to UC1 was not identiﬁed in the ARTA experiment
(Funck et al., 2011; Fig. 11), yet the seismic reﬂection data from their
study show intra-basement acoustic facies similar to that described
here for UC1. We assume that a layer similar to UC1 is unresolved
in the ARTA experiment due to the difference in seismic trace spacing between our study (20–30 m; Mosher, 2012) vs. ARTA (1200–
1500 m; Funck et al., 2011). For the Polarstern 1998 (Jokat, 2003)
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Fig. 10. Colour-shaded magnetic map of northern Amerasia and Eurasia basins. Makarov Basin is delineated by a dashed black line representing the 3700 m bathymetric contour. Thin black
lines are bathymetric contours for 1000, 2000, 2500, 3000 and 4000 m. The white dashed line delineates the Alpha-Mendeleev LIP magnetic domain (Saltus et al., 2011). Other studies
shown in this ﬁgure are: sonobuoys from Healy 2005 (Bruvoll et al., 2012), sonobuoys from Polarstern 1998 (Jokat, 2003), LOREX (dip line) (Forsyth and Mair, 1984), the TransArctic
1989–1991 line (Lebedeva-Ivanova et al., 2011) and the deep subbasin of MB (Makarov Basin) (Evangelatos and Mosher, 2016). The magnetic compilation is from Gaina et al. (2011)
and the isobaths were produced using the IBCAO compilation (Jakobsson et al., 2012). Values above 800 nT and below −800 nT are saturated.

and Healy 2005 experiments (Bruvoll et al., 2012) (Fig. 11), modelling did not resolve crustal velocity structures below shallow basement as seismic energy was generally only recorded to offsets
b 15 km.
2) Variation in seismic velocities may reﬂect lithological heterogeneity
in the composition of shallow basement. Seismic patterns and facies
in layer UC1 resemble basement as identiﬁed by Jokat (2003) and
Bruvoll et al. (2012) in their respective studies of seismic reﬂection
proﬁles over the Alpha-Mendeleev ridge complex. Jokat (2003) reported that a basaltic fragment recovered at the base of a sediment
core (Jokat, 1999) is representative of basement. Dredging on the
Canada Basin-facing ﬂank of Alpha Ridge recovered tuff (Mayer et
al., 2016). Bruvoll et al. (2012) interpreted basement at the AlphaMendeleev ridge complex as composed of massive lava ﬂows, tuff
and pillow basalts. They attributed the presence of relatively low
P-wave velocities to intercalated sedimentary rock between volcanic
beds. Intra-basement seismic facies and P-wave velocities from the
Alpha and Mendeleev ridges (Jokat, 2003; Bruvoll et al., 2012; this
study) resemble results from Manihiki Plateau (Pietsch and
Uenzelmann-Neben, 2015). Hochmuth (2015) assigned P-wave velocities as low as 3.0 to 4.3 km s−1 for the upper crust at the western
part of Manihiki Plateau. At the eastern part of this feature, basalts,
intercepted near the top of basement in drill core (DSDP Leg 33
Site 317; Schlanger et al., 1976), correspond with interval velocities
of 3.5–4.0 s−1 (Pietsch and Uenzelmann-Neben, 2015).
The MCS record mostly shows incoherent noise in layer UC2 (Fig. 8).
Based on previous studies, Alpha Ridge formed or was signiﬁcantly altered as a result of a LIP. The upper crust of Alpha Ridge is, therefore,
interpreted as a magmatic succession with a combined average thickness of 3.2 km and a velocity range of 3.3–5.6 km s−1 (Fig. 5). The
thick successions of basalt at the Faroe Islands, at least 6.6 km (Passey
and Bell, 2007), present a plausible analogue to the magmatic upper
crust of Alpha Ridge. Along line Arctic-2000 (Fig. 12), LebedevaIvanova et al. (2006) interpreted layers with P-wave velocities of 5.0–
5.4 km s−1 (their layer IV) as “dominated by carbonate and terrigenous
sedimentary rocks, with some igneous intercalations”. This interpretation is based on the assumption that recovered dredge samples of

such rock types in the vicinity of the line are in situ (Kaban'kov et al.,
2004). Coincident seismic reﬂection data are available; however, layer
IV is inadequately resolved (Lebedeva-Ivanova et al., 2006). During the
more recent Arctic-2012 expedition, a mix of carbonate (dominant),
terrigenous, metamorphic and igneous rock types were recovered
along steep slopes of the Mendeleev Ridge (Morozov et al., 2013;
Gusev et al., 2014), which Petrov et al. (2016) interpreted as evidence
in support of the continental afﬁnity of this ridge. Assuming that
Alpha and Mendeleev ridges represent a single geological entity, as suggested by studies of potential ﬁelds and seismic refraction modelling
(e.g., Dove et al., 2010; Funck et al., 2011), then layer IV in the
model of Lebedeva-Ivanova et al. (2006) and our layer UC3 are
stratigraphically equivalent. We question, however, the interpretation
of these layers as chieﬂy sedimentary. Shallow drilling (b2 m) through
basement conﬁrmed only the presence of basalt from Mendeleev Ridge
(Petrov et al., 2016). With respect to this study, the MCS data do not
show seismic facies consistent with carbonates or terrigenous sedimentary rock (e.g., stratiﬁcation, progradation structures, carbonate platforms), but imaging is admittedly limited at these depths.
Velocities for the MC layer (6.0–6.5 km s−1) are fast relative to fresh
basalts. Grevemeyer et al. (1998) modelled layer 2A oceanic crust using
P-wave velocities of 2.9–4.3 km s−1 and Bourbié et al. (1987) lists the
maximum value for basalt at 6 km s−1. The velocities for the MC layer
are also slower than those reported for mid-crustal gabbros (6.95 ±
0.22 km s− 1; Holbrook et al., 1992). Such intermediate values (6.0–
6.5 km s−1) are more consistent with metabasalts and metadolerites
(≤6.25 km s−1) measured from rock samples from the Bay of Islands
ophiolite complex in Newfoundland, Canada (Salisbury and
Christensen, 1978). These lithologies represent the sheeted dykes that
deﬁne oceanic layer 2C (Becker et al., 1989; Carlson and Herrick,
1990), where velocities of 5.8–6.5 km s−1 are reported (Ewing, 1976).
Alternatively, Lebedeva-Ivanova et al. (2006), who favoured a
continental origin for Mendeleev Ridge, interpreted their layer V (5.9–
6.5 km s−1) as magmatically altered crystalline basement. Their interpretation is based on correlations with the TransArctic 1989–1991 line
and similarities to velocities derived from outcropping granite at
Henrietta Island on the Siberian Shelf. If the continental model is correct,
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Fig. 11. Comparison of P-wave velocities from this study with other experiments from the Alpha and Mendeleev ridges. ARTA (main line) is from Funck et al. (2011), Arctic-2000 is
from Lebedeva-Ivanova et al. (2006), Healy-S56, -S58, -S71, -S72 are from Bruvoll et al. (2012), PS-9801, -9802, -9803, -9805 are from Jokat (2003), and labels 6, 8, 9, 10 and 11 are
stations from this study. Velocities for the Arctic-2000 and ARTA columns are extracted from 265 km and 80 km distance along their respective lines (Fig. 1). Note, we re-interpret
layers III (3.0–3.2 km s−1) and IV (5.0–5.3 km s−1) from Arctic-2000 as part of the crust (refer to Section 5.2). Velocities are speciﬁed in km s−1.

Fig. 12. Comparison of P-wave velocities from the Alpha-Mendeleev ridge complex with other LIPs. Vertical proﬁles extracted for Mendeleev Ridge: Arctic-2000 (Lebedeva-Ivanova et al.,
2006); Alpha Ridge: ARTA (main line) (Funck et al., 2011) and station 10 (this study); Ontong Java Plateau: OJP (Gladczenko et al., 1997), Iceland: Ice (Darbyshire et al., 1998), North and
South Kerguelen Plateau: N. Kerg. (Charvis et al., 1995) and S. Kerg. (Operto and Charvis, 1995), respectively; Thick Oceanic Crust and Intruded Continental Crust of Vøring Marign: VørTOC and Vør-ICC (Mjelde et al., 2005), respectively. Velocities are speciﬁed in km s−1. For station 10, Moho depth is based on gravity modelling (refer to Section 3.3.3).
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the Alpha-Mendeleev ridge complex is similar to the southern Kerguelen Plateau, which is inferred to represent stretched continental crust
overprinted by plume-related magmatism (Operto and Charvis, 1995).
The thickness of the LC layer is based on gravity modelling calibrated
at a single station (Fig. 6). Despite this limitation, even by the most conservative estimate, the lower crust constitutes a large fraction of the
total crustal thickness of Alpha Ridge (Fig. 12). The thickness of the
lower crust, and overall crustal thickness (25–30 km; Fig. 12), is consistent along the length of Alpha and Mendeleev ridges (Lebedeva-Ivanova
et al., 2006; Funck et al., 2011; this study). It should be noted, however,
that deep seismic studies of Alpha and Mendeleev ridges are few relative to the size of the ridge complex. As such, the apparently homogeneous structure of those ridges may be due to aliasing and/or data
resolution.
In summary, the internal crustal velocity structure of Alpha Ridge
consists of a 2.3–4.5 km-thick succession of magmatic rock (chieﬂy extrusive rock) lying above a 1.4–2.1 km thick middle layer with intermediate velocities (6.0–6.5 km s−1) that, in turn, overlies a relatively thick
lower crust with high velocities (N 6.9 km s−1). Together with the basement pattern from the MCS data and its magnetic character, Alpha Ridge
is consistent with other LIPs with thick igneous crust (Fig. 12). This velocity structure differs from magmatically overprinted thinned continental crust (e.g., intruded continental crust on the Vøring margin;
Mjelde et al., 2005) (Fig. 12). This interpretation suggests that the
Alpha-Mendeleev ridge complex initially formed as an Iceland-type
structure during seaﬂoor spreading in Amerasia Basin (Vogt et al.,
1979; Forsyth et al., 1986; Jackson et al., 1986; Asudeh et al., 1988;
Weber, 1990; Lane, 1997); or at a later stage in the history of the
basin (Grantz et al., 2011). With respect to an Iceland-type model,
Brumley (2009) argued that the stress ﬁeld implied by the extinct
spreading centre in Canada Basin (Fig. 2) is inconsistent with the general orientation of rift structures (troughs and ridges) on the AlphaMendeleev ridge complex (Fig. 1). Aside from discriminating largescale crustal types based on velocity structure, the seismic and gravity
data cannot resolve possible continental fragments entrained within
predominantly magmatic crust or if magma intruded original continental material.
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Basin was probably underlain by oceanic crust, except for continental
fragments or slivers that rifted off Lomonosov Ridge (e.g., Marvin
Spur; Fig. 1). Models of the crustal velocity structure for Makarov
Basin differ between this study and the TransArctic 1989–1991 proﬁle
(Fig. 13). Discrepancies are attributed to resolution of the data sets. Speciﬁcally, the TransArctic 1989–1991 experiment involved a receiver
spacing of 7–14 km (Lebedeva-Ivanova et al., 2011). Consequently,
some of the layer boundaries for the upper and mid-crustal layers for
the TransArctic 1989–1991 line are modelled based on only a few seismic traces and, therefore, are not well constrained. In comparison, the
seismic trace spacing for our experiment was 20–30 m (Mosher,
2012), thereby resulting in denser ray coverage in the vicinity of the sonobuoy stations.
In Makarov Basin, between 360 and 560 km along line (Fig. 5), velocities for layers UC2, UC3 and MC are similar or slightly faster relative to
layers from Alpha Ridge. We propose that the absence of signiﬁcant lateral variations in velocity structure between Alpha Ridge and part of
Makarov Basin (from 360 to 560 km; Fig. 5) is due to lithological homogeneity. If the Alpha-Mendeleev LIP was emplaced late in the history of
Amerasia Basin, lithological homogeneity results from signiﬁcant magmatic overprinting of the crust of Makarov Basin. A large part of
Makarov Basin closest to Alpha Ridge is, indeed, included within the
Alpha-Mendeleev LIP magnetic domain (Saltus et al., 2011; Oakey and
Saltus, 2016; Figs. 2 and 10), which corroborates this tectonic model.
The change in crustal thickness from the foot of Alpha Ridge to central
Makarov Basin (360 km to 560 km along line; Fig. 7) is gradual, thinning
from 10 km to 8–9 km over a distance of 200 km. Such a relationship is
noted between the Manihiki Plateau and the adjacent Samoan Basin
(Hochmuth, 2015). Passive rift margins may also exhibit gradual transitions from shallow shelves to deep basins, but lateral changes in velocity
structure are much more apparent in such cases (e.g., southeast Greenland margin; Korenaga et al., 2000). The tectonic model of Grantz et al.
(2011) shows Makarov Basin forming during the initial phases of opening of Amerasia Basin. According to this model, the Alpha-Mendeleev
ridge complex was emplaced later on oceanic crust. Velocity-depth proﬁles indicate that crustal layers for Makarov Basin are generally thick
relative to normal oceanic crust of comparable age (Fig. 14). Assuming

5.3. Crust of Makarov Basin
Based on their interpretation of the TransArctic 1989–1991 seismic
refraction data, Lebedeva-Ivanova et al. (2011) concluded that Makarov

Fig. 13. Comparison of P-wave velocities from this study with other experiments from
Makarov Basin. LOREX (dip line) is from Forsyth and Mair (1984), LORITA (NS line) is
from Jackson et al. (2010), TRA-1 and TRA-2 are extracted along line TransArctic 1989–
1991 from Lebedeva-Ivanova et al. (2011), and stations 14 and 17 are from this study
(locations shown in Fig. 10). Velocities are speciﬁed in km s−1. For stations 14 and 17,
Moho depth is based on gravity modelling (refer to Section 3.3.3).

Fig. 14. P-wave velocity proﬁles of stations 14, 16 and 17 (this study), LOREX (dip line)
(Forsyth and Mair, 1984), and TRA-1 and TRA-2 are extracted along line TransArctic
1989–1991 (Lebedeva-Ivanova et al., 2011). Locations are shown in Fig. 10. Grey and
orange shaded areas illustrate the range in data points for normal oceanic crust from the
Atlantic (59–127 Ma) and Paciﬁc (29–140 Ma) oceans (White et al., 1992), respectively.
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that the crust is oceanic in origin, thickening is attributed to magmatism
related to the Alpha-Mendeleev LIP. Alternatively, the LIP extruded
through and on top of stretched continental crust, as Chian et al.
(2016) described extensive regions of stretched continental crust within Canada Basin. Døssing et al. (2013) proposed that linear magnetic
anomalies close to the Canadian Arctic margin (Fig. 1) are caused by a
Upper Jurassic–Lower Cretaceous dyke swarm related to initial rifting
of the Amerasia Basin. Assuming this rift zone extends farther west
and away from the Canadian Arctic margin, the implication is that the
crust of Makarov Basin is continental in origin. The general orientation
of the stress ﬁeld responsible for the dyke swarm, however, is at odds
with the observed extensional fabric of Alpha Ridge (Fig. 1).
The top of a basement structure at 550–570 km along line (Fig. 8b)
is resolved by the MCS data. The velocity structure of this feature
(6.2–6.6 km s− 1) is constrained by the PmcP phase (Figs. 4 and 5).
Evangelatos and Mosher (2016) suggested that this structure splayed
off of Lomonosov Ridge as a result of transtension, similar to Marvin
Spur (Cochran et al., 2006). As shown in Fig. 7, the lack of a corresponding magnetic response, as one would expect if this feature was magmatic, supports a continental origin for this structure. The TransArctic
1989–1991 line resolves a similar basement structure between Marvin
Spur and Lomonosov Ridge (Lebedeva-Ivanova et al., 2011; TRA-2 in
Fig. 10). Modelled velocities for this feature resemble upper crustal
velocities (5.8–6.5 km s−1) from the LORITA line on Lomonosov Ridge
(Jackson et al., 2010; refer to Fig. 1 for location).
In the deep subbasin of Makarov Basin, bounded by Lomonosov
Ridge and the pronounced basement structure at 550–570 km along
line (Fig. 8b), there is disagreement in velocity structure between
station 17, the TransArctic 1989–1991 proﬁle and the LOREX line
(Fig. 13). Again, the deviations are attributed to differences in resolution
due to inconsistent acquisition methods. Morphological evidence
(horsetail splays and a rhomboid shape) suggests that the subbasin is
a pull-apart basin formed by transtension (Evangelatos and Mosher,
2016). If this interpretation is correct, the narrow width of the subbasin
(Figs. 2 and 10) favours highly stretched continental crust beneath this
part of Makarov Basin. Assuming a genetic tie between the subbasin and
the Lomonosov Ridge, velocities for layer UC3 (5.4–6.0 km s−1) are
plausibly equivalent to pre-Cenozoic (meta-)sedimentary rock from
the ridge where P-wave velocities of ~ 3.7–5.9 km s− 1 (Jokat, 2005)
and 5.4–5.9 km s−1 (Jackson et al., 2010) are reported. Alternatively,
the subbasin may be underlain by oceanic crust, as proposed by
Forsyth and Mair (1984) for the LOREX line. As shown in Fig. 14, velocities for station 17 are compatible with normal oceanic crust; however,
results from LOREX and the TransArctic 1989–1991 line (TRA-2) are less
consistent.
In contrast to the gradual transition between Alpha Ridge and
Makarov Basin, the crust thins over a lateral distance of 70 km from
20 km at Lomonosov Ridge to 5 km in Makarov Basin (Fig. 7). This
abrupt transition is also noted in the LOREX line (Forsyth and Mair,
1984) and is consistent with crustal studies at transform margins (e.g.,
southwest Newfoundland margin; Todd et al., 1988). This interpretation
corroborates previous work that concluded that the Makarov Basin-facing side of Lomonosov Ridge is part of a strike-slip system (e.g., Cochran
et al., 2006; Evangelatos and Mosher, 2016). Lateral changes in lower
crustal velocities are also more apparent from Makarov Basin to
Lomonosov Ridge (Fig. 13) compared to the transition from Alpha
Ridge to Makarov Basin (Fig. 5). The properties of the LC layer are, however, principally constrained by gravity modelling.

the upper sedimentary layers of Makarov Basin do not deviate signiﬁcantly from velocity-depth curves for typical siliciclastic deep-sea sediments. Deeper sedimentary layers have velocities that are similar to
those of equivalent burial depth found within the Alpha-Mendeleev
LIP magnetic domain in northern Canada Basin. We attribute the high
velocities of this section to interbedded volcanic/volcaniclastic rock.
Biosiliceous sediments may have also contributed to the high velocities.
The shallow part of the upper crust for Alpha Ridge and part of
Makarov Basin (360 to 560 km along line; Fig. 5) is interpreted as
volcaniclastic/volcanic rock, possibly intercalated with minor sedimentary rock. Overall, however, the upper crust of Alpha Ridge is a thick succession (2.5–3.5 km) of magmatic (primarily extrusive) rock. The midcrustal layer is 1.4–2.1 km thick with velocities intermediate between
those of fresh basalts and gabbro. Gravity modelling suggests that the
lower crust constitutes more than half of the total thickness of the
crust beneath Alpha Ridge. These characteristics of the crustal structure
of Alpha Ridge are consistent with a tectonic and magmatic origin similar to other LIPs with thick igneous crust. The presence of continental
crust in Alpha Ridge, however, cannot be ruled out.
The crustal velocity structure of Alpha Ridge and Makarov Basin (between 360 and 560 km distance) is similar with deviations b0.3 km s−1
(Fig. 5), which is within the uncertainties of the velocity model. The implication is that these two features share a common geological origin, or
that the emplacement of Alpha-Mendeleev LIP modiﬁed the crust of
Makarov Basin to such extent that it resembles a condensed version of
the crust of Alpha Ridge. Crustal thickening towards Alpha Ridge is
also attributed to the emplacement of the LIP.
The results from density modelling suggest that the transition from
Lomonosov Ridge to Makarov Basin is characterized by a 15 km decrease in crustal thickness over a distance of only 70 km. Such a sharp
transition is consistent with past interpretations of the Amerasian
ﬂank of Lomonosov Ridge as a transform/transtensional margin. A
non-magnetic basement structure in Makarov Basin, previously
interpreted as a splay structure related to transtension, is genetically
tied to the upper crust of Lomonosov Ridge by similarities in seismic velocity structure.

6. Conclusions
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From a geological perspective, the northern Amerasia Basin in the
Arctic Ocean is amongst the least understood regions on Earth. To gain
insight on the tectonic history of this region, nine seismic records
from sonobuoys spanning almost 650 km from Alpha Ridge and across
Makarov Basin to Lomonosov Ridge were analyzed. Velocities from
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