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Abstract Mapping and sampling four sections of the slow-spreading Reykjanes Ridge provide insight
into how tectonic and volcanic activity varies with distance from the Iceland plume. The studied areas are
characterized by significant variations in water depth, lava chemistry, crustal thickness, thermal structure, and
ridge morphology. For each study area, fault pattern and dimension, tectonic strain, seamount morphology,
and density are inferred from 15 m-resolution bathymetry. These observations are combined with geochemical
analysis from glass samples and sediment thickness estimations along Remotely Operated Vehicle-dive videos.
They reveal that (a) tectonic and volcanic activity along the Reykjanes Ridge, do not systematically vary

with distance from the plume center. (b) The tectonic geometry appears directly related to the deepening of
the brittle/ductile transition and the maximum change in tectonic strain related to the rapid change in crustal
thickness and the transition between axial-high and axial valley (~59.5°N). (c) Across-axis variations in the
fault density and sediment thickness provide similar widths for the neo-volcanic zone except in regions of
increased seamount emplacement. (d) The variations in seamount density (especially strong for flat-topped
seamounts) are not related to the distance from the plume but appear to be correlated with the interaction
between the V-shape ridges (VSR) flanking the ridge and the ridge axis. These observations are more
compatible with the buoyant upwelling melting instability hypothesis for VSR formation and suggest that
buoyant melting instabilities create many small magma batches which by-pass the normal subaxial magmatic
plumbing system, erupting over a wider-than-normal area.

Plain Language Summary Volcanic eruptions and faults growth are two important geologic
processes taking place along seafloor spreading centers. Their variations in space and time are displayed in
the morphology of the spreading centers. Investigating these morphological variations is key to understanding
the deeper processes of the oceanic crust formation. South of Iceland, the Reykjanes Ridge is the location

of increased volcanism due to the interaction between the mid-ocean ridge and the Iceland hotspot. Using
high-resolution seafloor topographic data, chemical analyses of volcanic rock, and videos of the seafloor from
a remotely operated vehicle, we investigated how volcanism and faulting change along the ridge. The increase
in fault dimensions (height, length) with distance from the plume center is probably the result of the crust

and mantle becoming cooler and stiffer and thus able to support larger faults. Fault density and thickness of
the sediment covering the lava flows near the ridge axis are used to delimit the region of young volcanism.
Seamounts often emplaced beyond that region. A peak in seamount abundance near 60°N suggests that the
thick crust here is generated from numerous small batches of magma possibly resulting from a migrating
instability in the melt production process beneath the axis.

1. Introduction

Hotspots influence 15%—20% of global mid-ocean ridges (Ito et al., 2003), modifying both their geophysical
and geomorphological characteristics (leading, e.g., to elevated topography, negative gravity anomalies, anom-
alous crustal production, e.g., Ito & Lin, 1995; Ito et al., 2003; Nadin et al., 1995; Richards et al., 1988; White
etal., 1995) as well as their magma composition (producing anomalies in noble gas and radiogenic isotope ratios,
and variation in trace element concentrations, e.g., Detrick et al., 2002; Hanan et al., 1986, 2000; Ito et al., 2003;
Keller et al., 2000; Sinton et al., 2003; R. N. Taylor et al., 1995). The effect of hotspot-ridge interaction on
mantle temperature, magma production, and magma composition has a direct influence on tectonic and volcanic
processes, with Colman et al. (2012) and McClinton et al. (2013), for example, showing that along the Galapagos
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Spreading Center, as the distance to the plume center increases, magma budg-
ets decrease and eruptive temperatures increase. This is reflected in eruptions
that are more voluminous away from the plume center but are dominated by
pillow flows, while smaller but more frequent eruptions dominated by lobate
and sheet flows are more common closer to the hotspot.

Of the 21 known and studied plume-ridge interaction, the Reykjanes Ridge
shows hotspot-influence over the greatest along-axis distance (Ito, 2001).
Thicker-than-average crust (Sinha et al., 1998; Weir et al., 2001), and

enriched mid-ocean ridge basalts (e.g., Murton et al., 2002) are examples
of the anomalies thought to show the transport of Iceland plume material
over several hundreds of kilometers southward along the Reykjanes Ridge
(Hart et al., 1973; Murton et al., 2002; Schilling, 1973a, 1973b; Schilling
et al., 1983; Sun et al., 1975). As magma budget, lava chemistry, and ther-
mal structure vary with distance from the hotspot (e.g., White et al., 1995),
the Reykjanes Ridge is an ideal location to observe the effects of a plume
on accretion processes along the ridge axis. Previous studies (Magde &
Smith, 1995; Murton & Parson, 1993; Parnell-Turner et al., 2013; Parson
etal., 1993; Searle et al., 1998) have used bathymetric data to look at volcanic
and tectonic patterns along the Reykjanes Ridge and found that they do not
appear to vary only with distance from the plume center, in contrast to what
is observed along the Galapagos Spreading Center or in other plume-ridge
interaction systems. However, these studies were based either on large-area
but low-resolution data (~100 m bathymetric grid; Magde & Smith, 1995;
Searle et al., 1998) or had a higher resolution (~30 m grid spacing) but over
a relatively small area (<6% of the ridge length; Parnell-Turner et al., 2013).

25.0°W

Figure 1. Map of the Reykjanes Ridge from the Bight Fracture Zone (~57°N)
to the Reykjanes Peninsula (~63.5°N). The red boxes show the extent of the
four areas studied in this paper (detailed map in Figure 2). V-shaped ridges
(dashed lines) are located based on free-air gravity anomalies and named using
the nomenclature from Jones et al. (2014). The axial magma lens evidenced
by Sinha et al. (1998) is located by a yellow star. The 50 m resolution

(CD87, Searle et al., 1998) and the section of the 30 m resolution data (JC50,
Parnell-Turner et al., 2013) previously used to analyze tectonic variation along
the axis are outlined in black. The low tectonic and seismic region defined by
Searle et al. (1998) is shown by a blue oval.

Additionally, a unique feature of the Reykjanes Ridge and its surrounding
seafloor is a pattern of “V-shaped ridges” (Vogt, 1971), which mark regions
of thickened crust apparently generated at the spreading axis and whose
sources appear to have migrated rapidly southward over time. Several expla-
nations for the generation of the V-shaped ridges have been proposed, rang-
ing from pulses of thermal anomalies that propagate away from the Iceland
Plume (Parnell-Turner et al., 2013, 2017; Poore et al., 2011; Vogt, 1971),
to propagating rifts (Hey et al., 2010) or propagation of robust upwelling
instabilities originating from the mantle underlying the Reykjanes Ridge
(e.g., Martinez & Hey, 2017). While some of the volcanic and tectonic vari-
ations along the Reykjanes ridges are proposed to result from VSR-ridge interactions (Magde & Smith, 1995;
Parnell-Turner et al., 2013), such relationship is not well constrained.

This paper presents ship-based bathymetry data gridded at 15 m, geochemical data, and ground-truth observa-
tions from Remotely Operated Vehicle (ROV) dives collected at four regions along the Reykjanes Ridge, between
100 and 850 km from the Icelandic coast. We use these data to investigate the faulting pattern along and across the
ridge axis as well as the distribution of seamounts and seamount morphotypes with respect of the neo-volcanic
zone. Our goal is to analyze the variation of tectonic and volcanic processes with respect to distance from the
hotspot in an attempt to provide additional geological constraints on mechanisms of hotspot-ridge interaction in
this model system and shed light on the origin of the V-shaped ridges.

2. Geological Setting

The Reykjanes Ridge is a slow-spreading ridge extending from the Bight Fracture Zone (~56.5°N) to the
Reykjanes Peninsula on Iceland (~63.5°N). It is the longest oblique spreading ridge on Earth (Hoskuldsson
et al., 2007) with a length of about 900 km (Figure 1). Its full spreading rate ranges from ~16.8 mm yr~!, near
Iceland, to ~20.4 mm yr~! close to the Bight transform fault (Argus et al., 2011). The average spreading direction
(~105°), oblique compared to the geographical bearing of the Reykjanes Ridge bathymetric feature (~036°)
(DeMets et al., 1994), results in accretion organized in an “en echelon” array of Axial Volcanic Ridges (AVRs,
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Figure 2. Bathymetric maps showing our data from the four study areas gridded at 15 m. Surrounding areas are shown with a gray-scale slope map extracted from the
pre-existing lower resolution (>30 m) ship-based bathymetry. The location of the axis of the axial volcanic ridges is indicated by black lines labeled by the latitude at
the center point. The Remotely Operated Vehicle (ROV) dives and the wax-coring stations are located by blue lines and white triangles, respectively. The insets show

the location of the rock samples (red circles) collected during the ROV dives.
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Searle & Laughton, 1981). Typical AVRs are 3—6 wide, 20-30 km long, 200-500 m high, and overlap with each
other over a distance of, on average, 1/3 of their length (Hoskuldsson et al., 2007; Keeton et al., 1997; Patgan
et al., 2017; Searle et al., 1998; Talwani et al., 1971).

The Reykjanes Ridge shows several unusual characteristics attributed to its interaction with the Iceland plume
(Talwani et al., 1971; Vogt, 1971; White et al., 1995). The axis, uninterrupted by first-order discontinuities,
shoals progressively from ~2,500 mbsl in the south (Keeton et al., 1997) to ~300 mbsl near 63°N (Hoskuldsson
et al., 2007; Palgan et al., 2017) and eventually emerges above sea level on the Reykjanes Peninsula in Iceland
(Seemundsson, 1979). This is attributed to two effects, both linked to a higher potential temperature in the asthe-
nosphere approaching Iceland (Poore et al., 2011; White et al., 1995). First, gradual thickening of the crust
(from ~7.5 km near the BFZ (Sinha et al., 1998) to ~14 km at the Icelandic coast (Weir et al., 2001; White
et al., 1995)) due to higher magma production rates close to the plume. This thickening might be related to more
frequent and/or more voluminous eruptions. Second, a decrease in mantle density at the higher temperatures
closer to the plume center (Hoskuldsson et al., 2007; White et al., 1995), resulting in the uplift of the ridge by
thermal buoyancy (White et al., 1995). The presumed variations in magmatic input and thermal buoyancy along
the ridge have also been used to explain the along-strike transition of axial morphology; from a 700 m deep and
8-13 km-wide axial valley in the south (Searle et al., 1998) to a prominent axial high in the north (with the tran-
sition lying at roughly 58°40'N) (Appelgate & Shor, 1994; Searle et al., 1998; Vogt, 1971).

Seismic reflection surveys conducted along some sections of the Reykjanes Ridge (Sinha et al., 1998) have only
imaged one intracrustal magma body. The 4 km wide and 100 m thick magma lens lies at a depth of 2.5 km
underneath the AVR located at ~57°45’N. The rough hummocky terrain, strong acoustic backscatter, and rela-
tively fresh-looking lava flows on the AVR, together with little indication of extensive tectonic deformation, were
interpreted as indicating that the magma lens underlies a region of young volcanic activity (Sinha et al., 1998).

Despite suggested excess magmatism, and hence, heat input into the ridge system, the Reykjanes Ridge is charac-
terized by an apparent paucity of high-temperature hydrothermal vents with presently only two known vent fields:
the Steinaholl (~63°06'N) and IceAGE (~60°N) hydrothermal fields (Brix et al., 2020; German et al., 1994; J.
Taylor et al., 2021).

Free-air gravity gradient data and seismic reflection profiles (Parnell-Turner et al., 2017) have shown the pres-
ence of V-shaped ridges (VSR) on each side of the Reykjanes Ridges (Figure 1). Two VSR intersect the ridge
axis: VSR-1 at ~60°N (Magde & Smith, 1995; Parnell-Turner et al., 2013; Searle et al., 1998; Vogt, 1971) and
VSR-2 at ~57°N close to the Bight transform fault (Jones et al., 2014). VSRs are associated with low incompat-
ible element concentrations and ratios in axial magmas (Jones et al., 2014) and are suggested to be the locus of
increased magmatic activity with apparent thickening of the crust (Smallwood & White, 1998). The intersection
of the ridge and VSR-1 is marked by a higher density of seamounts (Magde & Smith, 1995), with simultaneous
reduction of fault density and seismicity (Figure 1, Parnell-Turner et al., 2013; Searle et al., 1998).

3. Data and Methods
3.1. Data

Four sections of the Reykjanes Ridge were mapped and sampled (Figure 1) in 2018 during the research cruise MSM75
of the German Research Vessel “Maria S. Merian” (Devey et al., 2022). The bathymetry acquisition was carried out at
a speed of 5 knots using the hull-mounted Kongsberg EM712 75 kHz echo-sounder. A total surface of ~5,000 km?,
or 21% of the total ridge length, was mapped at a resolution of 5—-15 m (depending on the average water depth, which
varied from 300 to 2,300 m, respectively). The multibeam bathymetric data presented in the study (Devey et al., 2020)
are available on the PANGAEA repository (https://doi.org/10.1594/PANGAEA.922925). The combined data were
used to plan dives with the GEOMAR ROV “PHOCA” and to guide ship-based geological sampling. A total of 18
ROV dives were completed for an accumulative time of ~97 hr of seafloor observation. Geological samples were
collected during ROV dives and 153 wax cores for a total of 29 rock and 142 glass samples, respectively (Figure 2).

3.2. Methods
3.2.1. Delineation and Measurement of Tectonic and Magmatic Features

As a basis for the volcanological and tectonic interpretation presented in this paper, we gridded data from all four
areas at a common grid spacing of 15 m (Figure 2). We assume that seamounts (volcanoes) have a sub-circular
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shape with a minimum height of 10 m. They were delineated by the slope change at the bottom of their flanks
using bathymetry and slope maps. Faults were classified as linear vertical steps in bathymetry. Their location was
defined as the base of their scarp. To investigate relative differences in the intensity of faulting, we calculated
the parameter “fault density,” which is the total length of fault scarps found in a 500 x 500 m cell, represented in
units of km/km?. The 500 m cell size was chosen to correspond to the average spacing between fault lineaments
so that most cells should have non-zero values (see Section 4.2). Similarly, the analysis of the along- and across-
axis distribution of tectonic features was performed using profiles across the individual AVRs spaced at 500 m
along-axis. Across-axis fault density was then averaged over all profiles across a particular AVR to obtain one
mean variation per AVR. Finally, AVRs are delineated using the change of slope between the AVR-flank and the
surrounding seafloor on the bathymetric maps (see Figure S1 in Supporting Information S1). AVR average geom-
etry (maximum width and height) was determined for each AVR using the 500 m-spaced profiles, with width
defined as the horizontal distance between the western and eastern bases and the height as the vertical distance
between the average AVR base and its crest.

3.2.2. Determination of the Magmatic Extension

To characterize the tectono-volcanic variation along the Reykjanes Ridge axis, we estimate the fraction (M) of
extension accommodated by magmatic accretion as defined by Behn and Ito (2008), where M = 1 represents
a wholly magmatic extension, and M = 0 corresponds to amagmatic extension. M is calculated as 1 minus the
fraction of extension accommodated by faulting. This tectonic extension, in turn, was calculated from across-
axis profiles (a total of seventy-two cross-axis profiles, 18 per working area) using the cumulative horizontal
displacement as a function of the distance between the two most distant faults, following the procedure presented
by Howell et al. (2016). To estimate the horizontal displacement from fault height, we need to estimate the fault
dip. As shown in previous studies (e.g., Carbotte et al., 2003; Howell et al., 2016; Le Saout et al., 2018), erosion,
mass wasting, and data resolution can affect estimations of the apparent fault dip and heave. The vertical reso-
lution of our bathymetric data is much better than the horizontal resolution, so we determined fault heave using
the measured scarp height (see method in Figure S2 in Supporting Information S1). As the fault slope itself is,
in many cases, difficult to determine (see below), we assumed an original fault dip in the range 55° + 15° which
provided us with a range of tectonic extension values. We use a fixed dip angle to avoid overestimating the
tectonic extension due to the data resolution in regions characterized by small fault heaves. Indeed, with 15 m
resolution data, faults with heave <10 m will appear to have a dip <55°. The 55° + 15° angle was chosen based
on measured dips across the 72 profiles for faults with sufficient heave that a dip could be accurately determined
(see justification in the data presented in Figure S3 in Supporting Information S1).

3.2.3. Determination of the Sediment Cover

ROV observations showed significant variation in sediment cover on the AVRs. To quantify this, we used the
sedimentation scale from Yeo and Searle (2013) that consists of four visual categories: (a) a sediment cover
<10% corresponds to a light dusting of sediment on the lava flows; (b) a sediment cover of 10%—50% signifies
that sediment pockets are present on the seafloor, but they are not connected; (c) a sediment cover of 50%—90%
corresponds to heavy sedimentation with interconnected sediment pocket; and (d) a sediment cover >90% is
present when no or only a few lava outcrops are visible on an otherwise sedimented plain.

3.2.4. Major Element Analysis

The major element contents of glasses were determined on a JEOL JXA-8200 Superprobe electron microprobe
at GEOMAR using a 15 kV accelerating voltage (Table S1). In total, 171 samples were analyzed. Matrix glasses
were analyzed using a beam diameter of 5 pm, 10 nA beam current, and VGA 99 (USNM 113498/1) and VG-2
(USNM 111240) as standards (Jarosewich, 2002). Peak and background counting times were generally 20 and
10 s, respectively (detailed analysis in Devey & Le Saout, 2023).

4. Results
4.1. Axial Volcanic Ridge Morphology

A total of 12 AVRs were mapped, five of them only partially (Figure 2). We named the AVRs based on the latitude
at their center. The AVRs strike between 019° and 027°, parallel to the AVRs north of 62.5°N (Palgan et al., 2017)
and relatively perpendicular to the spreading direction (~105°, DeMets et al., 1994). Their dimensions (i.e., length,
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Table 1 width, and height, Table 1 and Figure S4 in Supporting Information S1) are

Characteristics of the Axial Volcanic Ridges

similar to those which have previously been measured along other sections of

the Reykjanes Ridge (Hoskuldsson et al., 2007; Keeton et al., 1997; Patgan

Latitude Length® Height ~ Width base Fraction
Area °N) (m) (m) (km) overlapped (%) ¢t al., 2017; Searle et al., 1998; Talwani et al., 1971). The fraction of over-
) G 908 P o ” lapping AVR in our data set is higher than previously estimated along the
’ Reykjanes Ridge. With the exception of the two southern-most AVRs, each
Ll 22 iz &l 51 AVR is overlapped over at least 50% of its entire length by at least one other
63.02 7.878 157 2.11 59 AVR; the AVR at 60.16°N is entirely overlapped by the 60.24°N AVR. The
2 60.24 37,204 176 5.38 49 two southern-most AVRs, although they do not overlap, show a slight bend
60.16 19.581 197 325 100 of their axial tips toward each other (Figure 2d), a feature less evident on the
60.03 16,822 155 3.75 25 other AVR.
3 59.27 25,136 195 4.71 57
59.17 30218 249 5.40 68 4.2. Tectonic Pattern
59.05 12,387 365 5.62 70 More than 2,000 fractures were identified within the four working areas
59.00 8,080 284 4.65 31 (Figure 3). The mean strike per area varies between 019° (northern part) and
4 57.70 38,611 234 5.04 _ 025° (southern part) (Figure 3 and Table 2). Overall, the mean strike is paral-
5751 14.092 350 423 B lel to the AVR axis orientation. Fault pattern and fault dimensions are not

“The length is indicated in red for AVR not entirely mapped.

homogeneous along the ridge axis (Figure 4). Faults are, on average, longer,
have a larger throw, and are more widely spaced toward the south (Figure 4,
Table 2). This is confirmed by violin plots (Figures 4b and 4c) showing that
the interquartile range (central 50% of the data set in each area) and the most
frequent fault length and height also increase toward the south. In contrast to the previous parameters, the fault
density does not appear to follow any trend. It is the highest in Area 1, closely followed by Area 2 and reaches a
minimum in Area 3 (Figure 4a, Table 2).

The fault distribution is also highly variable across the axis (Figure 5). The fault density is generally low at the
axis but increases rapidly within the first 0.5-2.7 km. The region of increase is the narrowest in Area 2 (<1 km)
and even non-existent in the case of the AVR 60.16°N. The fault density at the axis is usually higher (>0.7 km/
km?) for AVRs with a summit plateau (e.g., AVR 59.57°N). The distance to either side of the axis where fault
density increases is either symmetrical (e.g., AVR 63.02°N) or asymmetrical (e.g., AVR 57.70°N), independent
of the AVR's cross-section morphology. Away from this region, the fault pattern oscillates between high and low
density with a maximum fault density that decreases slowly with distance from the axis. This variation is espe-
cially noticeable in Areas 2 and 3 (Figure 5).

4.3. Morphology and Distribution of Volcanic Features

Within the four sections of the Reykjanes Ridge mapped, 571 seamounts were identified and measured (Figure 3).
Their diameters are mostly less than 2 km (97%) but can reach up to 6.2 km (e.g., Area 4, Figures 2d and 3d).
Although they are observed everywhere, there are regional variations in the number and density of seamounts.
The seamount density is lower in Areas 1 and 4 (6.8% and 7.4% of the mapped areas, respectively) than in
Areas 2 or 3 (13.7% and 10.7% of the mapped areas, respectively, see Table 2). Three primary seamount types
(flat-topped, dome-shaped, and cone-shaped) can be distinguished based on their morphology. Their average
basal diameter d, summit height 4, and slope angle s (Figure 6) are used to characterize the different morphologies
in a manner similar to that used by Augustin et al. (2016). Table 3 summarizes the average dimensions of each
seamount morphotype. About 63% of the seamounts we surveyed are flat-topped volcanoes (Figure 6a) charac-
terized by a 0.1-3.1 km basal diameter and a height up to 302 m, with an aspect ratio of 0.13 + 0.04 (Figure 6d).
Flat-topped volcanoes are characterized by abrupt changes in the slope between the summit and the flank. Their
flank slope varies from 9° to 29° with an average angle of 18°. Their dimensions and height-to-diameter ratio are
similar to those previously observed along the Red Sea and in Hawaii (Augustin et al., 2016; Clague et al., 2000).
Their summit area is generally not smooth and clearly displays collapses, pressure ridges or well-defined flow
lobes (Figure S5 in Supporting Information S1). Along the Reykjanes Ridge, the density of flat-topped volca-
noes ranges between 32 and 169 volcanoes per 1,000 km?, with a maximum reached in Area 2 (Figure 7b).
Dome-shaped seamounts (Figure 6¢) are the second most common type of seamount (20%), with diameter and
height reaching 6.2 km and 356 m, respectively, and an aspect ratio of 0.06 + 0.02 (Figure 6d). While their flank
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Figure 3. Structural map of (a) Area 1, (b) Area 2, (c) Area 3, and (d) Area 4 based on our new data. Axial Volcanic Ridges (AVRs) are shaded in gray, and their axis
is marked by a bold black line. Westward- and eastward-facing faults are delineated in blue and red, respectively. Seamounts are colored based on their morphology:
flat-topped seamounts in green, cone-shaped seamounts in blue, and dome-shaped seamounts in red. The rose diagrams indicate the fault orientations by area, with an
interval of 9°, and the mean bearing is shown in purple. The AVR orientation, the global ridge axis (R.A.) orientation, and the spreading direction (S.D.) are shown in
the rose diagram by a black, green, and red axis, respectively.

LE SAOUT ET AL. 7 of 20

8518017 SUOWWOD 8AIeR.D 8|qed!jdde aus Aq pausenob aJe sspie YO ‘8sn Jo se|n. 10} Areiq1 8UIUO A8]1M UO (SUORIPUOD-PUR-SLLBY/LIOY™AB | 1M ARIq U1 |UO//SdNY) SUORIPUOD pue W8 1 8y} 89S *[£202/10/.2] Uo ArigiTaulluo A8 ‘Auew e aueIyo0D Aq 8820T009DZ202/620T 0T/I0p/wod A8 |im ArelqieuljuosqndnBe//sdny wouy papeojumod ‘v ‘€202 ‘L20252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010788

Table 2
Fault Dimensions and Distribution by Area

Surface
mapped Fault statistics Fault strain (%)*

Mean fault
Length (m) Density ~ Mean strike spacing Dip (°)

Area Fault
name (km?) number (Range) (Mean) (km/km?) (°N) (m) 40 55 70

1 366.31 394 92-5,496 802 0.86 25+ 1.1 349 2.18 128 0.67
2 1,142.02 738 115-9,157 1,308 0.84 19.3 £ 0.7 559 510 299 1.56
3 1,523.20 507 170-12,286 1,880 0.61 193 + 1.1 759 6.64 390 2.03
4 1,289.32 399 193-20,603 2,449 0.74 213 g 1.7 875 11.87 698 3.63

Average fault strain determined along 20 bathymetric profiles perpendicular to the AVR axis.

slopes, ranging from 5° to 25° with a mean slope of 14°, are relatively similar to those of flat-topped seamounts,
dome-shaped seamounts show a progressive transition between the summit area and the flank. Cone-shaped volca-
noes (Figure 6b) are the least common type, comprising only 16.5% of the total seamounts. They are the smallest
seamounts (<1.2 km in diameter), but have the largest aspect ratio (0.21, Figure 6d and Table 4) and steepest
flanks (up to 40° with a mean slope of ~25°). The distributions of dome-shaped and cone-shaped seamounts are
more homogeneous along the ridge and show no trend. Their density ranges are 0—44 and 18—-44 seamounts per
1,000 km?, respectively (Figures 7¢ and 7d). About 16% of the seamounts have a crater at their summit, irrespec-
tive of seamount morphology or their position along the ridge axis.

4.4. Geochemical Results

Major element geochemical results for the 142 glass samples collected in the four working areas are shown in
Figures 7b and 7c, together with previously published data extracted from the PetDB database www.earthchem.
org/PetDB (in November 2019, see the references for background data section in Supporting Information S1).
In terms of MgO contents, the samples reported here fit into the trend of increasing MgO with distance from
Iceland seen in published results (Figure 7e). With the exception of Area 4, the K,O/TiO, ratio of our samples is
also similar to the previous measure, with most variations occurring in the northern section of the ridge (north of
~60.5°N). Our samples from Area 4 have similar ratios to those from Areas 2 (0.032-0.054) and 3 (0.031-0.052),
but they are somewhat lower than previously reported in this area (e.g., Murton et al., 2002), with ratios ranging
from 0.034 to 0.047 and 0.044 to 0.126, respectively (Figure 7f).

4.5. Sediment Cover

The 19 ROV dives surveyed sections of 5 of the 12 mapped AVRs (Figure 2). Figure 8a shows the distribution of
sediment cover over a distance of up to ~7 km from the axis for these five AVRs. The comparison along the ridge
is highly affected by the distance from the axis surveyed by individual dives. Nevertheless, the AVR at 63.08°N
(Area 1) and, to a limited extent, the AVR at 60.24°N (Area 2) are the only places where a sediment cover >90%
is observed at less than 1 km from the axis. The estimation of the sediment cover in Area 1 may be influenced
by the presence of hydrothermal activity there and the fact that the ROV dives were, in part, aimed at localizing
this activity. Close to the Steinaholl vent field, for example, hydrothermal deposits, characterized by their orange
ochre color, became much more abundant (J. Taylor et al., 2021), in places completely burying the volcanic land-
scape. The AVR at 59.27°N (Area 3) has a sediment cover <50% up to ~900 m from the axis, and the AVR at
57.7°N shows the presence of fresh lava flows with a sediment cover <10% up to 3.5 km from the axis.

5. Discussion

Plate separation along mid-ocean ridges is accommodated by magmatic and tectonic processes. These processes,
which are influenced especially by mantle temperature, magmatic budget, and magma composition, should leave
characteristic traces in seafloor morphology. Along the Reykjanes Ridge, variations in crustal thickness away
from Iceland (Sinha et al., 1998; Weir et al., 2001; White et al., 1995) suggest that, at first order, the magma
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Figure 4. Variation of the tectonic pattern and geometry along the axis. (a) Plot of the distance between faults (on the
left axis) and fault density by area (on the right axis). The mean distance is indicated by a red dot, and the range by a
double arrow. The fault density is shown by a blue triangle. Fault density determined by Parnell-Turner et al. (2013), from
50 m resolution data, is shown by a blue dashed line. (b, ¢) Violin plot of the fault height (b) fault length (c) by area. The
interquartile range (central 50% of the data set in each area) is shown by a darker color, and its along-axis variation is
highlighted by the gray background. The red line shows the mean variation along the axis. (d) Along-axis variation of the
magmatic extension (M). The averages from the individual areas are plotted at their central latitude. The value range by
area is indicated by the vertical bars. M is determined using three different fault angles of 40°, 55°, and 70° based on fault
dips measured along the profiles (Figure S3 in Supporting Information S1). The transition from axial high to axial valley is
indicated by a vertical dashed line.
supply rate to the axis decreases with increasing distance from Iceland. The across-axis shape of the spreading
center also shows variations with distance from Iceland, with the region encompassing our Areas 1, 2 and the
northern part of Area 3 being characterized by an axial high morphology (Figures 2 and 3) whereas the region
south of ca. 59.1°N, which encompasses part of our Area 3 and all of Area 4, is characterized by the presence of
an axial valley. Superimposed on this first-order variation with distance from Iceland are regions of shallower
bathymetry, which apparently migrate quite rapidly along-axis, forming “V-shaped ridges.” Our Area 2 lies at the
intersection with a VSR (VSR-1 in the nomenclature of Jones et al. (2014)), while Area 3 is clearly south of this
LE SAOUT ET AL. 9 of 20
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the points of maximum fault density (“fault density ramps”) in the vicinity of the AVR axis.

intersection (in a region called a “V-shaped trough” by Jones et al., op. cit.) (Figure 7). In the following discus-
sion, we will examine variations in magmatic and tectonic features as a function of distance from Iceland and in
relation to the V-shaped ridges, in order to determine their influence on the accretionary processes.

5.1. Does Spreading Become More Tectonically Dominated Away From Iceland?

Calculated M ratios (Behn & Ito, 2008) along the Reykjanes Ridge imply that magmatic extension dominates
over tectonic extension (M > 0.87 for all assumed fault dips) along the entire ridge. However, M decreases with
distance from the plume center, with the most rapid change occurring where the axial form changes from a high
to a valley (Figure 4d). Although this would seem to clearly imply an increase in tectonic extension away from
Iceland, some other complicating factors could be involved:

e A decrease in sedimentation rates away from Iceland. The northern section of the Reykjanes Ridge is affected
by higher sedimentation rates due to its proximity to the runoff from Iceland (e.g., Ewing & Ewing, 1967;
Litvin, 1984). The higher sedimentation rate will cause faults to be more quickly buried and, even if the size
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Figure 6. (a—c) Detailed bathymetry of individual morphotypes with associated profiles. (a) Flat-topped seamount, (b) Cone-shaped seamount, and (d) Dome-shaped
seamount. (d) Height versus diameter diagram of the 571 seamounts measured within the four areas along the Reykjanes Ridge. For comparison, the fields for
flat-topped volcanoes (Clague et al., 2000) and shield volcanoes (Rossi, 1996) are shaded with different intensities of gray.

and frequency of faulting were similar along the axis, make faults less apparent in our data near Iceland. This
effect is clearly seen in the drop-off in fault density with distance off-axis seen in Area 1 (Figure 5).

A bias from the detection limit of the bathymetry data. As faults are sharp linear steps in bathymetry, their
detection is affected by the grid resolution. For very small fault heights, their bathymetric signature becomes
so smoothed in the grid as to be undetectable. It is difficult to place quantitative boundaries on this effect, but a
fault scarp with a dip of 55° (average measured dip, see Figure S3 in Supporting Information S1) and a height
<10 m would be wholly contained in one grid cell at our grid resolution, and so faults with lower heights than
this will likely not be detected. This effect is visible in our distribution of fault dips extracted from the grid

Table 3
Seamount Dimension and Distribution by Area
Surface Seamount morphology
mapped Seamount statistics distribution®
Individual Total Surface
seamount seamount covered by Flat-
A Diameter  Height area area seamounts  topped Dome Cone
rea
name  (km»  Number (m) (m) (km?) (km?) (%) (%) %) (%)
1 366.31 46 94-3,526 10-197  0.01-9.79 32.4 8.8 56.5 239 19.6
2 1,142.02 252 137-2,824 16-302  0.02-6.31 157.4 13.8 70.6 16.3  13.1
3 1,523.20 167 232-3950 30-286  0.04-9.66 163.0 10.7 60.5 234 162
4 1,289.32 116 162-6,245  20-36  0.02-30.64 95.1 7.4 51.3 252 235
“Percent based on the number of seamount per area.
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Figure 7. Seamount statistics and lava flow chemistry. (a) Plot of the total
number of seamounts per 1,000 km?. Our data are shown in red, and the data
from Searle et al. (1998) in black. (b—d) Plots of the number of flat-topped,
cone-shaped, and dome-shaped seamounts per 1,000 km? based on our data
from the four study areas. (e) Variation of the MgO concentration and (f)
K,O/TiO, ratio along the ridge axis. In plots (e, f), the data from this study
are shown in red, and data from the PetDB database (www.earthchem.org/
PetDB, extracted November 2019) are shown in gray. (g) Plot of the estimated
crustal thickness based on wide-angle seismic experiments (modified from
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V-shaped ridges (VSR) and V-shaped troughs with the ridge axis, respectively.

The vertical dashed line indicates the transition between axial high (in the
north) and axial valley (to the south) morphologies.

(Figure S3 in Supporting Information S1). These show a positive correlation
with fault height, suggesting that low dips calculated for low fault heights do
not reflect the true fault dip but instead the effect of smearing during grid
interpolation.

Ground-truth evidence from the ROV dives suggests, however, that neither
sedimentation nor bathymetric biases are the dominant factors influencing
our fault statistics. In Area 1, we see that even in the essentially unsedimented
region close to the axis (see blue bars in Figure 8a), tectonic extension is
accommodated by a large number of small faults (in this area, the fault spac-
ing is smallest, while the fault height is lowest, Figures 4a and 4b, respec-
tively). While the fault height observed in Area 2 (1.3-214 m) is similar
to those previously evidenced (Parnell-Turner et al., 2013) in this region
(~<200 m, Parnell-Turner et al., 2013), our data (Figure 4a) do not show
a decrease in fault density in Area 2 as previously observed (Parnell-Turner
etal., 2013; Searle et al., 1998), but rather in Area 3. The difference observed
in the fault density is most likely the result of the difference in resolution (15
vs. 50 m in Parnell-Turner et al. (2013) and Searle et al. (1998)), as well as
the high proportion of faults with a small vertical offset (Figure 4b), probably
not found in earlier studies. The most significant change in faulting intensity
(reflected by a sharp decrease in M) is between Areas 3 and 4, suggesting
that processes controlling the axial valley form, rather than the presence or
absence of a V-shaped ridge, are important for axial fault development. Ito
and Behn (2008) have shown that the development of axial shape is due to
what they call the “rise-sink ratio,” related to magmatic accretion and tectonic
extension, and so the decrease in M seen in Area 4 probably reflects the
increasing influence of tectonic processes in this axial valley. We conclude,
therefore, that the southward decrease in M is related to more tectonically
accommodated spreading in the south.

5.2. Controls of the Deformation Along the Ridge Axis

As the M-ratio decreases, the observed length, height, and spacing of the
fault scarps increases with distance from the Iceland plume (Figure 4). This
suggests that the way in which extension is accommodated on faults also
varies along the ridge. Toward the south, the increase in fault geometry and
spacing is consistent with a deepening of the brittle-ductile boundary (Cowie
et al.,, 1993) and a decrease in mantle temperature away from the plume
center (Hoskuldsson et al., 2007; Parson et al., 1993; Searle et al., 1998;
White et al., 1995). Indeed, the brittle-ductile boundary is expected to be
shallow near the Reykjanes Peninsula and deepens to reach a depth of ~9
km at 61.6°N and ~15 km at 57.8°N, based on effective elastic thickness
estimates (Owens, 1996; Searle et al., 1998). The linear variation in fault
geometry and spacing without obvious change at the VSR-ridge intersec-
tion (Area 2) indicates that the distance from the plume center is the main
parameter controlling the fault geometry. Also, based on these observations,
it is unlikely that the VSR results from a thermal pulse (Parnell-Turner
et al., 2013, 2017; Poore et al., 2011; Vogt, 1971) as such an anomaly is
expected to result in a larger number of small faults.

5.3. Cross-Axis Fault Density Variations: A Proxy for the Neovolcanic
Zone?

The mean fault density across the axis (Figure 5) shows a fairly consistent
pattern at all studied latitudes; low fault densities close to the axis (within
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Table 4
Seamount Geometry by Morphotype

Surface (km?) Diameter (m) Height (m) dih? Slope (°)

Range Mean Range Mean Range Mean Range Mean Range Mean

Dome 0.02-30.64 139 168-6,245 1,155 16-356 774  0.02-0.21  0.08 4.8-24.7 13.7
Flat-topped  0.01-9.66 0.73  130-3,100 886 14-302 108.7 0.05-0.26  0.13 9.1-28.93 18.5
Cone 0.01-1.17 0.16 94-1,220 388 10-286 75.7 0.08-0.39 0.21 13.3-39.9 247

2Ratio seamount diameter (d) over height (/).

<3.2 km from the axis), followed by a sharp increase in the fault density (from 0 to 3.7 km/km?) over a region
which is less than 750 m wide (hereafter called the fault density ramp [FDR]). The outer limit of the FDR is
marked by dashed lines in Figure 5. Within the low fault density region between the FDRs, either tectonic
deformation of the seafloor is limited (Behn et al., 2006) or the active fault traces are being continually buried
by new lava flows, erasing their signature in the bathymetry (Escartin et al., 2007; Le Saout et al., 2018). Our
ground-truthing evidence from the ROV dives suggests that the latter is the case, as we see a high proportion of
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Figure 8. (a) Distribution of sediment cover as a function of the distance from the axis for the five Axial Volcanic Ridge
(AVR) visually surveyed by the Remotely Operated Vehicle (ROV). The horizontal bars are color-coded according to visual
estimations of the percentage of sediment cover determined from the ROV video, using four groups (less 10% in blue, from
10% to 50% in green, from 50% to 90% in orange, and more than 90% in brown). The bars extend from the minimum to the
maximum distance from the AVR axis at which one category was observed. The color background shows the maximum
extent of the neo-volcanic zone from the axis based on the fault density information shown in Figure 5. Horizontal black lines
show the extent of the individual ROV dives. (b—e) Framegrabs from the ROV videos illustrating the different categories

of sediment cover. (b) Light dusting on pillows (<10%), (c) some sediment accumulation with isolated sediment pockets
(10%-50%), (d) heavy sedimentation with interconnected sediment pockets (50%-90%), and (e) sediment plain (>90%).
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fresh-looking lava flows with low sediment cover throughout this region, independent of its width (Figure 8). We
then interpret the FDR as marking the boundary of most young eruptive activity and hence of the neovolcanic
zone. As this boundary is defined based on fault densities, we refer to the region between the FDRs as the “tecton-
ically defined neo-volcanic zone” (T-NVZ). Of course, the neovolcanic zone can also be defined by the extent of
young lava flows observed on the seafloor (for our seafloor observations we used a cut-off at lava flows with less
than 10% of sediment cover, see Figure 8), which we then refer to as the “volcanically defined neo-volcanic zone”
(V-NVZ). With the exception of Area 2, our study areas show a relatively good correlation between T-NVZ and
V-NVZ. However, our observations are limited by where the ROV was deployed.

In Area 2, young, non-sedimented volcanic flows are observed up to 1 km outside the T-NVZ (see Figure 8).
Thus, the narrow T-NVZ in this region (<1 km) and generally high axial fault density do not reflect a lack of
eruptions. Instead, extrusions most probably occur over a broader region but with limited impact on the average
axial fault density. In terms of the style of volcanism, Area 2 is distinguished from the three other sections of the
ridge by its higher seamount density and, therefore, higher proportion of point source extrusions (Figure 7a). The
presence of numerous unfaulted seamounts away from the T-NVZ confirms that seamount emplacement is not
limited to the near-axis region.

5.4. Seamount Type, Distribution, and Their Relationships to V-Shaped Ridges

Seamounts are observed everywhere along the Reykjanes Ridge. However, their density is highly variable
and shows clear systematics (Figure 7a). At the southern end of the region, near 57°N, seamount density is
90 seamounts per 1,000 km?, similar to the average seamount density observed along the Mid-Atlantic Ridge
between 24° and 30°N (~80 per 1,000 km?, Smith & Cann, 1992). Seamount density increases rapidly northward,
peaking at around 220 seamounts per 1,000 km? at 60°N where the VSR intersects the axis. Further north still,
the seamount abundance decreases once more, reaching ~125 seamounts per 1,000 km? at 64°N. The variation
in seamount abundance does not seem to correlate with changes in magma composition, crustal thickness, or the
magmatic/tectonic M ratio. This observation is in contrast to previous findings at, for example, the Galapagos
Spreading Centre where Colman et al. (2012) have shown that seamount density increases as magma budget (and
so crustal thickness) decreases.

Most of the variation in seamount density is associated with changes in the proportion of flat-topped volcanoes
(Figure 7f). Flat-topped volcanoes can be produced either by a particular combination of eruptive parameters
(including magma viscosity, effusion rate, eruption duration, geometry of the feeder-dike, and morphology of
the underlying seafloor; see e.g., Bonatti & Harrison, 1988; Clague et al., 2000; Gregg & Fink, 1995) or by
post-eruptive erosion of emergent edifices to wave-base (“guyots,” Hess, 1946). There are several considerations
which suggest that eruptive rather than erosive processes have generated the flat-topped Reykjanes seamounts:
(a) as sea-level has varied by less than ca. 150 m during the Pleistocene (e.g., Waelbroeck et al., 2002), it is
unlikely that any areas south of Area 1 would be affected by near-surface planation as the axial seafloor there is
deeper than 600 m; (b) adjacent flat-topped seamounts have different summit depths, inconsistent with planation
to a common sea-level; and (c) some of the flat-topped seamounts surveyed show clear volcanic structures (e.g.,
caldera, pressure ridges, tumuli) at their summit, inconsistent with an erosive origin.

Studies elsewhere (Clague et al., 2000) have shown that flat-topped volcanoes are probably monogenetic and
that they form at low to moderate effusion rates. On slow-spreading ridges, they are generally found at segment
ends and are rare on AVRs (Briais et al., 2000). Briais et al. (2000) proposed that they are produced by eruptions
sourced directly from the upper mantle, with limited to no storage and differentiation of the magma in a crustal
magma chamber.

The peak in seamount abundance, especially flat-topped seamounts, in Area 2 is associated with other distinctive
tectonic and magmatic characteristics:

e The mean fault heights (Figure 4e) are low, below those in both Areas 3 and 4, but the fault density (Table 2)
is relatively high (0.84 km/km? compared to 0.61 and 0.74 in Areas 3 and 4, respectively). This high abun-
dance of small faults in Area 2 suggests that the brittle zone of the crust there is thin, unable to support deep,
high-throw faults (Cowie et al., 1994). This is supported by the teleseismic activity (data from 1970 to 2021
available in the iris.edu catalog), which is much lower in Area 2 than in Area 3 or 4 (see Searle et al., 1998
and also Figure 1).
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e The NVZ is the narrowest in Area 2, suggesting that large volume, high eruption rate lava flows have not
occurred there in recent times.

¢ Volcanics with <10% sediment cover are found far outside the NVZ, uniquely in Area 2 (Figure 8). This
suggests that magmatism is less focused to the axis in this area than in the other areas studied.

Taken together, these disparate lines of evidence suggest that crustal formation in Area 2 is significantly differ-
ent from that in the other areas and even compared to slow-spreading shallow ridges in general. Thick crust on
slow-spreading axes is usually associated with extensive sheet flows and an absence of seamounts and faults (see
e.g., Haase et al., 2009), all features suggesting high extrusion rate and/or low viscosity eruptions from a robust
crustal magma system. Magmatism in Area 2 seems to take the form of many low-volume batches of magma
which either erupt at low rates over a relatively wide cross-axis region building generally flat-topped volcanoes
or stall at depth to form a thickened crust. We propose here that this is directly related to another unique feature
of Area 2—its location on a VSR. High seamount abundances have previously been observed on two of the
few other examples of a VSR known from the world's spreading axes—a V-shaped ridge south of the Azores
(Cannat et al., 1999) and north of the Kolbeinsey ridge (Jones et al., 2002; Yeo et al., 2016). Cannat et al. (1999)
and Escartin et al. (2001) concluded that the V-shaped ridge south of the Azores is constructed by volcanism
occurring over a wide, cross-axis region, leading to excess crustal thicknesses of up to 6 km, and noted that
the V-shaped ridge is bathymetrically characterized by an anomalously large number of seamounts covering its
summit (most with a diameter of 1-4 km and so directly comparable with those reported here, see Figure 6d).

VSR have been suggested to be caused either by pulses of plume material traveling through the sub-axial mantle
(Cannat et al., 1999; Jones et al., 2014; Parnell-Turner et al., 2013, 2017; Poore et al., 2011; Vogt, 1971), prop-
agating rift jumps migrating at crustal levels away from Iceland (Hey et al., 2010) or the passage of a buoy-
ant upwelling melting instability (Martinez & Hey, 2017). The plume pulsing hypothesis is, as Martinez and
Hey (2017) point out, difficult to reconcile with the angle between the VSR and the trend of the Reykjanes Ridge
which require the causative melting anomaly to migrate at almost 170 mm/yr (Ito, 2001), much faster than any
feasible plume flow velocities. The difference between the volcanic features we observe in Area 2 and those seen
at other plume-influenced ridges (e.g., Galapagos, Colman et al., 2012; Southern MAR, Haase et al., 2009) adds
weight to the conclusion that plume material is not the cause of the VSR, as in this case we would expect an
increase in large sheet and lobate flows and a decrease in the incidence of flat-topped volcanoes, exactly opposite
to our observations. The idea of propagating rift jumps can also be excluded by our data as they should be asso-
ciated with anomalously high fault densities at the axis, a feature not seen in Area 2. Instead, the observational
evidence for a fusible mantle producing many small magma batches over quite a wide cross-axis region appears
most compatible with the buoyant upwelling melting instability proposal. Such a buoyant upwelling zone, which
operates in addition to the passive mantle upwelling associated with plate separation, may allow a significant
proportion of melts to escape from the corner-flow focusing of magma to the axis (Figure 9). As a consequence,
numerous small magma batches would enter the crust over an area wider than the T-NVZ.

The extended cross-axis distribution of magma could allow a thick crust to be generated without producing
a permanent axial magma chamber. Without a magma chamber, the individual batches either erupt (forming
flat-topped volcanoes of relatively small volume) or cool in the crust (building the thick lower crust characteristic
of thickened crust) as multiple sills. The idea that Area 2 is not underlain by a permanent magma chamber is
confirmed by seismic studies (Parnell-Turner et al., 2013) and is also supported by the magmatic MgO contents.
At 8%, these are similar to slow-spreading ridges elsewhere and higher than magmas from the shallow Lilliput
region of the Southern Mid-Atlantic Ridge (e.g., Haase et al., 2009) or the East-Pacific Rise where fractiona-
tion in a magma chamber leads to an average MgO around 6% (Rubin et al., 2009). Figure 9 summarizes our
observations and presents a model for the crust and upper mantle architecture based on the buoyant upwelling
mantle model of Martinez et al. (2019).

6. Conclusion

Our detailed mapping and ground-truthing observations allow us to make some general statements about the
relationship between tectonism and volcanism on the Reykjanes Ridge:

1. The extension along the Reykjanes Ridge is primarily accommodated through magmatic activity. However, the
variation of horizontal displacement along fault scarps shows an increase in the proportion of the deformation
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Figure 9. Conceptual models illustrating the relationship between mantle, crustal properties, and eruptive activity along and
across the Reykjanes Ridge axis associated with the propagation of a buoyant mantle upwelling. Adapted, with additions,
from Martinez et al. (2019) (a) Along axis variations, from 57°N to the Reykjanes peninsula. The V-shaped ridges (pink)
and V-shaped troughs (blue) are highlighted by a color background. The brittle/ductile transition (black dashed line) depth

is based on the estimation of the effective elastic thickness (Owens, 1996; Searle et al., 1998). The location of the four

study areas is indicated by downward arrows, and the cross-sections (b, c) are indicated by red stars. (b, ¢) Bathymetric
cross-sections showing mantle melting zone and flowlines (dashed gray lines) associated with (b) a passive mantle advection
and (c) a buoyant mantle advection. The axial zone of melt accumulation and axial dike intrusions are indicated in red. The
deep melt pockets from the mantle upwelling and the resulting flat-topped seamounts are indicated in brown on the three
figures.

accommodated by tectonic activity toward the south, with an increase at the transition between axial high and
axial valle.

2. With distance from Iceland, the mean fault height, length, and spacing within 10 km of the axis increase
systematically. This is probably the result of an increasingly brittle crust being able to support larger-throw
faults. Our result suggests that the decrease in mantle temperature away from the plume is the primary factor
controlling the regional fault pattern and geometry.

3. At the ridge axis, a region of low fault density delimits a tectonically defined neovolcanic zone, probably
the result of many faults being buried by younger lava flows. The neovolcanic zone is bounded to both
sides by a steep increase in fault density (fault density ramp). Only Area 2 shows a decoupling between the
neovolcanic zone defined by fault density or sediment thickness as a result of seamount emplacement over
a wider region.

4. The seamount abundance varies strongly and systematically along axis but is not correlated with magma
chemistry. Highest seamount abundances (dominated by flat-topped seamount) occur where a regional
V-shaped ridge intersects the axis. The thick crust at this intersection appears to be constructed from many
small-volume magma batches intruding or erupting over a wide cross-axis region. This is most compatible
with the V-shaped ridge being generated by a buoyant upwelling melting anomaly propagating through the
sub-axial mantle as has been recently proposed based on geophysical data.
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