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Abstract Crustal structure provides the key to understand the interplay of magmatism and tectonism,

while oceanic crust is constructed at Mid-Ocean Ridges (MORs). At slow spreading rates, magmatic

processes dominate central areas of MOR segments, whereas segment ends are highly tectonized. The

TAMMAR segment at the Mid-Atlantic Ridge (MAR) between 21°250N and 22°N is a magmatically active

segment. At ~4.5 Ma this segment started to propagate south, causing the termination of the transform fault

at 21°400N. This stopped long-lived detachment faulting and caused the migration of the ridge offset to the

south. Here a segment center with a high magmatic budget has replaced a transform fault region with

limited magma supply. We present results from seismic refraction profiles that mapped the crustal structure

across the ridge crest of the TAMMAR segment. Seismic data yield crustal structure changes at the segment

center as a function of melt supply. Seismic Layer 3 underwent profound changes in thickness and became

rapidly thicker ~5 Ma. This correlates with the observed “Bull’s Eye” gravimetric anomaly in that region. Our

observations support a temporal change from thick lithosphere with oceanic core complex formation and

transform faulting to thin lithosphere with focused mantle upwelling and segment growth. Temporal

changes in crustal construction are connected to variations in the underlying mantle. We propose that there

is a link between the neighboring segments at a larger scale within the asthenosphere, to form a long, highly

magmatically active macrosegment, here called the TAMMAR-Kane Macrosegment.

1. Introduction

Mid-Ocean Ridges (MORs) exhibit different types and scales of segmentation (Macdonald et al., 1988) that

can be classified according to their shape, size, and longevity. Generally, slow-spreading ridges are character-

ized by a well-developed axial valley bounded along axis by large transform faults or smaller ridge disconti-

nuities (Macdonald et al., 1991). The typical segment length at the slow-spreading northern Mid-Atlantic

Ridge (MAR) is generally less than 100 km (Sempéré et al., 1993; Smith et al., 2003). However, the segment

length may vary through time (Gac et al., 2006; Gente et al., 1995) and some segments lengthen at the

expense of their neighbors, leaving oblique discordant structures created by ridge propagation (Hey, 1977).

Active propagating ridges have been detected at all types of ridges, from slow- to fast-spreading rates and at

large and small scales (e.g., Briais et al., 2002; Carbotte et al., 1991; Cormier & Macdonald, 1994; Gente et al.,

1995; Hey, 1977; Hey et al., 1980, 1986; Kleinrock et al., 1997; Maia et al., 2016; Sempéré et al., 1995). In this

study, we focus on the Mid-Atlantic Ridge at 21°300N, where the TAMMAR segment (between 21°250N and

22°N) is rapidly propagating southward (Gente et al., 1996). The off-axis trace left by the propagator in the

last 4.5 Myr. can be easily followed even in satellite altimetry-derived gravity data (Sandwell & Smith,

1997). Gente et al. (1995) and Maia and Gente (1998) studied the propagating ridge (PR) segment by means

of bathymetric, magnetic, and gravimetric data, while Gac et al. (2006) modeled the thermal evolution. The

along-axis crustal structure of the TAMMAR segment (TS) has been described in a previous seismic

ocean-bottom hydrophone study (Dannowski et al., 2011) (P02 in Figure 1a). The across-axis structure and

the temporal evolution of the segment north of TAMMAR segment (TN) were studied in Dannowski et al.

(2010) (P08 in Figure 1a). The southern tip of the TAMMAR segment and the kinematics of the deformation

caused by the southward propagation were studied by Kahle et al. (2016) (P03 in Figure 1a).
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A general feature of propagating ridge segments along the northern MAR is the southward trend of all pro-

pagating segments between the Azores hot spot and 26°300N. South of 26°300N they have propagated both

north and south, splitting the ridge flanks into rhomb-shaped areas (Gente et al., 1995). Propagation rates

appear to depend on the spreading rate of the ridge segments; thus, the faster the spreading rate of the

spreading center, the higher the propagation rate (Morgan & Sandwell, 1994). The process of rift propagation

generally involves the lengthening of the spreading segment at the expense of the adjacent segments

(Gente et al., 1995). Several nonexclusive potential mechanisms have been proposed to describe active pro-

pagating ridges (PRs). This includes propagation down an along-ridge-axis topographic gradient (Morgan &

Parmentier, 1985; Morgan & Sandwell, 1994), changes in the direction of seafloor spreading (Briais et al., 2002;

Hey et al., 1980, 1988; Searle & Hey, 1983; Wilson et al., 1984), and crack propagation forces (Macdonald et al.,

1991; Morgan & Parmentier, 1985). Proposed mechanisms related to changes in magmatic input include hot

spots (Brozena & White, 1990; Schouten et al., 1987), tectonic extension due to changes in the magmatic

input (Kleinrock et al., 1997), and increase in melt supply (Gente et al., 1995; Maia et al., 2016; Maia &

Gente, 1998).

The evolution of the TAMMAR propagating ridge segment is expected to be connected to temporal varia-

tions in crustal production, as inferred from gravity field data (Maia & Gente, 1998). However, crustal thickness

variations and density structure are underconstrained with gravity measurements and the inversion of the

Mantle Bouger Anomaly (MBA) alone. Changes in crustal thickness and structures resulting from variations

in accretion processes can be easily traced by seismic techniques. Seismic refraction and wide-angle

Figure 1. (a) Bathymetric map of the study area. White dotted lines mark offset discontinuities. Black dotted circles mark OCC’s discussed in this study. Gray lines

display the seismic lines from cruise M60-2. (b) Overview on the location of the study area along the MAR. (c) Major features discussed in this study (IPF and

OPF = inner and outer pseudo fault; ICH = inside corner high; OCC = oceanic core complex; TS = TAMMAR segment, TN = TAMMAR-north segment, SK = southern

Kane segment; and TKMS = TAMMAR-KaneMacrosegment). Red circles present the locations of the deployed OBH’s. Blue dashed lines mark the three MAR segments

within the TAMMAR-Kane Macrosegment (TKMS) that is shown with a green line. Green dotted lines show the off-axis traces of discontinuities.
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reflection data were acquired by the German R/V Meteor (M60/2) in December of 2003 and January of 2004.

Here we report crustal thickness constraints on melt supply and melt distribution during ridge propagation

and its temporal evolution. We study the macrostructure of the region between the 21°400 transform and the

Kane fracture zone to understand possible mechanisms that control ridge propagation in the study area.

2. Tectonic Settings

The region between 21.3° and 23.2°N, south of Kane fracture zone, is thought to be one of themost magmatic

areas of the MAR (Gente et al., 1996; Thibaud et al., 1998). Maia and Gente (1998) and Cann et al. (2015) num-

bered the segments south of Kane fracture zone in different ways. We here refer to them as MG1-MG5 and

C1-C5, respectively.

The region includes the TAMMAR segment (TS) (MG3/C5) that has propagated southward over the last

4.5 m.y (Gente et al., 1995). The southern TS segment boundary corresponds to a 40 km long offset at

21°200N. However, in the north, the TS segment ends at a zero-offset discontinuity at 22°050N and is termi-

nated by a short less magmatically robust segment, here called the TAMMAR-NORTH (TN) segment

(MG2/C4). In contrast to its neighboring segments, the TN segment is characterized by high seismicity

(Smith et al., 2003) and existed for roughly 5 Myr (Gente et al., 1995). TN recently developed an oceanic core

complex (OCC) in the center of the segment at 22°190 on the western ridge flank. Interesting, in the north, the

TN segment is bounded by another short zero-offset discontinuity to a segment with similar high seismicity

(Smith et al., 2003) and thus probably similar lowmagmatic activity (C3), evolving an OCC on the eastern flank

of the ridge axis, which is still under construction (Toomey et al., 1988). This short segment is bounded to the

north by a highly magmatically active ridge segment (C2), which shows low seismicity (Smith et al., 2003) and

propagated toward the north into the MG1/C1 segment immediately south of Kane fracture zone (Maia &

Gente, 1998). As both segments (C3 and C2) are united in the off-axis area (Cann et al., 2015), we here refer

to them as one segment and call it the Southern Kane (SK) segment (MG2/C2-C3).

In general, the average spreading rate of the segments south of Kane fracture zone is about 14 mm/yr to the

west and 12 mm/yr to the east (Maia & Gente, 1998), while the MG1/C1 segment immediately south of the

KANE fracture zone spreads at slightly slower rates (Gente et al., 1995; Maia & Gente, 1998).

The SK segment started its northward propagation already about 8 Ma (Figure 2a), at a similar propagation

rate (~16 mm/yr) to the present-day TAMMAR segment. At about 5.5 Ma, SK propagation slowed but has

persisted until the present with a uniform propagation rate. The northern segment does not leave such a pro-

minent bathymetric record since there is only a small offset between the active propagating and doomed

ridge axes. A short time (~1 Myr) after the SK segment slowed its propagation, the TS propagator began its

southward propagation approximately 4.5 Ma (Gente et al., 1995), producing a prominent V-shaped wake

in the lithosphere (Figures 1a and 2). The sharp linear wake on the eastern side was created by a constant

propagation rate after a rapid initiation of propagation (Morgan & Sandwell, 1994), while the spreading rate

has remained constant (Müller et al., 2008). For a slow-spreading ridge, like the MAR, the PR displays a remark-

ably fast propagation rate, propagating roughly 0.6 times the spreading rate. Both V-shaped structures

(SK and TS) correspond to large mantle Bouger anomalies of up to �40 mGal, and thus, they are two of

the largest anomalies along the MAR (Maia & Gente, 1998; Thibaud et al., 1998). Including the TN segment,

they form a rhomb-shaped structure in seafloor relief (Figure 1c) (Gente et al., 1995).

Recognizing the propagation history of the area, there might be a link between all three segments (TS, TN,

and SK) with their lithospheric segmentation that is expressed in mantle upwelling and the seafloor features

described previously. We propose that there is a link between the segments at a larger scale within the

asthenosphere, to form a long, highly magmatically active macrosegment, here called the TAMMAR-Kane

Macrosegment (TKMS).

A perplexing feature is the breakthrough of the TKMS, at 21°400N into a fossil transform fault (TF). This feature

and related processes north and south along the MAR have been intensively studied by Gente et al. (1995)

andMaia and Gente (1998) using magnetic and gravity data. The continuous structures of the fossil fault zone

(Figures 1 and 2a) illustrate the stability of this spreading segment before recent propagation began.

However, during early stages of propagation, this setting became unstable and the structures disappeared

near the ridge axis. The V-shaped trace of the PR connects the ancient now inactive fracture zone with the
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present offset feature. During propagation, the present-day axial discontinuity has shortened in offset from

about 50 km to its present-day 40 km. It is no longer a TF but instead has become a “sheared zone.” While

the eastern trace is a clear furrow, the western trace is a broader and tectonically disturbed area, which

characterizes the patch of transferred lithosphere during the propagation.

3. Data Acquisition, Processing, and Analysis

Two active seismic refraction and wide-angle profiles were shot across the ridge axis of the Mid-Atlantic

Ridge at 21.5°N (Figure 1). The experiment included a total of 25 ocean-bottom hydrophone (OBH) deploy-

ments. The two profiles P04 and P05 cross the ridge axis near the segment center. They have a length of

140 km each and give insights into the development of the segment center during the past 5 million years.

The topography in this area is rugged. The quality of the data is good to excellent, providing clear crustal

refraction branches (Pg) and crust-mantle boundary (Moho) reflections (PmP) (Figure 3). In addition, all

deployed instruments provide clear mantle refraction phases (Pn). Gravity data were gained in an earlier

experiment within the study area using a KSS30 Bodenseewerk gravimeter (Maia & Gente, 1998) (Figure 4).

Figure 2. (a) Magnetic anomalies (Gente et al., 1995) (white lines) plotted on top of the bathymetry (Smith & Sandwell, 1997). Zones of negative MBA (Bull’s Eye

structures) (Maia & Gente, 1998) are schematically marked with shaded ellipsoids. The transparent gray stripe marks the present ridge axis. Black dashed lines

illustrate the segment boundaries of the TAMMAR-KANE Macrosegment (TKMS). The gray, blue, and black lines mark the profiles compared in Figure 2b. (b) Seafloor

depth with age compared to the cooling curves (Parsons & Sclater, 1977) for two cases of different deep segment centers.
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Figure 3. Hydrophone records for selected instruments: (left column) plain data after processing for two OBH records for each profile P04 and P05 and (right column)

the calculated travel time picks from the final velocity model on top of the data. Phases are labeled with Pg = refracted crustal arrival, Pn = refracted mantle arrival,

and PmP = reflected mantle arrival.

Figure 4. (a) Free-air gravity anomaly field (Maia & Gente, 1998). (b) Filtered MBA (300 km and 20 km for long and short

wavelengths) removing topography of seafloor and the crust-mantle boundary, assuming a 6 km thick crust.

(c) Bathymetry overlain by the tectonic features of the study area. (d) Tectonic features on top of the filtered MBA for

comparison with bathymetry.
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3.1. Data Input and Processing

As seismic source, we used two 32-liter Bolt Inc. airguns (~3,900 cubic inch) operating at a pressure of 130 bar

and towed at a depth of 10mwith a shot interval of 60 s over both profiles. Having an average ship velocity of

4 knots (~2 m/s) yields a trace spacing of approximately 120 m and ~1,100 shots per profile.

The data were continuously recorded with a sampling rate of either 200 or 250 Hz. After the instrument recov-

ery, the data were played back and split into single shot records as a receiver gather in SEG-Y format. Based

on GPS and ship’s navigation system, shot locations were corrected for the offset between the GPS-antenna

and the airgun array. Receiver positions on the seafloor were relocated using direct water wave travel times.

All data loggers were synchronized with a GPS-time signal before and after recording to correct for a possible

linear clock drift. To enhance the signal-to-noise ratio, we applied deconvolution (Wiener, 1949) and an

Ormsby frequency filter. The time- and offset-variant band-pass filter moves toward lower frequencies as

time and offset increase. Data examples are given in Figure 3.

3.2. Travel Time Picking

Most of the stations show a high signal-to-noise ratio that allowed a clear identification of P wave arrivals.

Three distinct crustal arrivals were identified: a high-amplitude refracted phase from Layer 2 (Whitmarsh,

1978) that occurs to ranges of ~15 km (Pg), a lower amplitude refracted phase from Layer 3 (White et al.,

1992) that continues to ranges of up to 35 km (Pg), and a high-amplitude wide-angle reflection from the

crust-mantle boundary (Moho) observed on some stations as a distinct second arrival at 20–40 km range

(PmP). We could observe refracted mantle phases (Pn) even at large offsets of up to 70 km, partly limited

by the profile length. Primary phases at the onset of the first positive amplitude peak from the crust and

the mantle and secondary arrivals were manually picked. Figure 3 contains seismic sections as data examples

and travel time misfits for two stations from each profile. The pick uncertainty has been estimated to range

between 20 and 70 ms. Larger uncertainties were assigned to noisier data, usually for crustal and mantle arri-

vals with smaller amplitudes recorded at larger source-receiver offsets.

It is interesting to note that the data are strongly affected by the steep bathymetry that obscures PmP arrivals;

thus, the PmP phase does not appear at all stations as a clear arrival with strong amplitudes. This feature is

perhaps also caused by variation in the velocity contrast at the crust-mantle boundary. Short branches of

PmP arrivals were identified and picked where possible using the forward and back shots and the multiples

at adjacent stations. The critical distance for wide-angle reflections of the seismic Moho (PmP) along the pro-

files ranges at about 30–40 km.

3.3. Travel Time Tomography and Modeling Strategy

Velocity models for each profile were determined using the travel time tomography technique of Korenaga

et al. (2000), which jointly inverts refracted and wide-angle reflected travel times for a two-dimensional velo-

city structure. The geometry of the Moho is constrained to a floating reflector, an approach, where the depth

of single reflector nodes is updated freely without changing adjacent velocity nodes. To achieve an accurate

forward solution, the hybrid ray-tracing scheme is based on the graphmethod (Moser, 1991). Additional local

ray-bending refinement (Moser et al., 1992) was employed; smoothing and damping constraints were used to

regularize the iterative inversion. The velocity model is parameterized on a sheared mesh with parallelogram

shaped cells “hanging” beneath the seafloor. The velocity field is continuous everywhere and is interpolated

within each cell. The seafloor was parameterized at a spacing of 1 km, while the regular grid has grid cells with

a uniform horizontal spacing of 200 m and a vertical spacing increasing from 50 to 170 m. The weighting

parameters for velocity and depth smoothing and damping are the same for both profiles, with 40 and 20

for velocity and depth, respectively. A weighting factor of w = 1 was used for weighting the depth and the

velocity nodes equally. A larger weighting factor should lead to larger depth perturbations (Korenaga

et al., 2000). With respect to resolution and preliminary parameter tests, we chose the following values for

the correlation length: the horizontal correlation length for velocity nodes ranges from 1 km at the seafloor

to 5 km at the bottom, and the vertical correlation length varies from 0.5 km to 3 km (top to bottom of the

entire model room).

The modeling approach consisted of several steps. First, 1-D modeling of single stations from the ends and

the center of each profile was performed to derive initial two-dimensional velocity structure models. Next,

downward stripping of the layers was carried out by first inverting for the upper crustal arrivals and then
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inverting for all deeper crustal arrivals. Once derived, first arrival picks of larger offsets were added. In a

further step, the Moho depth was determined from the PmP arrivals (where they have been observed).

Finally, Pn arrivals were included to obtain the uppermost mantle velocity structures. During each stage a

broad model space was tested to verify the model uncertainties.

3.4. Gravity Data and Modeling

To provide an estimation of the subsurface density structure and depth of Moho, free-air gravity anomalies

across the ridge axis were investigated, in conjunction with a well-constrained seismic velocity model.

Since there is a trade-off between velocity and layer thickness, the depth of the Moho partly depends on

the starting model. Thus, different solutions can fit the seismic travel times. However, gravity data, as a sec-

ond data set, can help to minimize the nonuniqueness of the seismic model.

Free-air gravity anomaly data (Maia & Gente, 1998) are shown in Figure 4a. By removing the effect of the den-

sity contrast at the seafloor (assuming no sediment cover) and at the crust-mantle boundary (assuming 6 km

thick crust), the mantle Bouguer anomaly was calculated. Filters for the long wavelengths (300 km) and short

wavelengths (20 km) were applied to produce the filtered MBA image in Figure 4b. From the free-air gravity

anomaly field (Figure 4a), data were extracted along the seismic lines. Initially, based on the seismic results, a

2-D density grid was created applying the empirical Vp-density relationships of Carlson and Herrick (1990) and

Birch (1961) (for diabase, gabbro, and eclogite) for upper crust and lower crust, respectively (Korenaga et al.,

2001). Densities at the seafloor started at 2.4 g/cm3 (Stevenson et al., 1994) and reached 2.8 g/cm3 (near the

6 km/s contour). Above the seismic Moho an initial density of 3.05 g/cm3 was chosen and the upper mantle

had an initial density of 3.3 g/cm3. The model has a total depth of 20 km. The initial interfaces were adopted

from the seismic velocitymodel. Forward gravitymodeling was applied until themisfit of the data was reason-

able small (Figure 5c). The depth of the crust-mantle boundary at themodel ends has poor seismic constraints,

and it was modified during the gravity forward modeling. The initial mantle density of 3.3 g/cm3 was reduced

to 3.25 g/cm3 beneath the ridge axis to obtain a reasonable fit between the calculated and observed gravity

data. The increase in mantle density with distance from the ridge axis agrees with the expected thermal cool-

ing of the lithosphere. Lin et al. (1990) describe the temperature effect on the density by Δρ = �ρ0 × α × ΔT,

where ρ0 is a reference density, α is the coefficient of thermal expansion (α = 3.4 × 10�5°C�1), and ΔT is the

excess in mantle temperature. Across the ridge axis, we assume lithospheric cooling as the major source for

density increase. Based on the gravity modeling for the TAMMAR segment (Figure 5c), we observe a ΔT of

~450°C between the ridge axis and about 70 km off axis. This is comparable to the temperature differences

observed by Lin et al. (1990) for the MAR at 29.5°N, a similar magmatic robust ridge segment.

4. Results

In general, Vp models (Figures 5a and 5b) show an increasing velocity with depth at different gradients.

We define three layers mainly based on changes in velocity gradient. The uppermost layer is interpreted

as seismic Layer 2 forming the upper crust typically inferred to be composed of basalts and dolerites. It is

characterized by a high-velocity gradient and a rather constant thickness. Velocities of 2.9 to 3.4 km/s have

been observed close to the seafloor (faster with distance to the ridge axis); the bottom of this layer is indi-

cated by the 6.0 km/s isoline. Below this, an abrupt change occurs to a gentle velocity gradient. The velo-

city gradient changes again at ~7.1 km/s to a higher gradient forming the base of the second model layer.

The low-velocity gradient lower crustal layer is interpreted as Layer 3, typically inferred to be gabbroic in

nature. The base of the crust is underlain by a transition zone with velocity > ~7.3 km/s that possibly

represent mantle material. This transition zone is poorly sampled in seismic records; however, the high-

velocity gradient supports a change in lithology from crust to peridotitic mantle. The crust-to-mantle tran-

sition zone is marked by a rapid change in seismic velocities from about 7.1 to 7.4 km/s within 1 km. The

uppermost part of the mantle is poorly constrained by travel time tomography. It shows velocities of

7.3 km/s near the MAR axis to 7.7 km/s at the MAR flanks on both profiles. However, there are few crossing

rays and the majority of rays travel as head waves along the boundary. Thus, the inferred mantle velocities

have higher uncertainties. The depth and shape of the seismic Moho are verified by gravity modeling

(Figure 5c). While the upper mantle shows lower densities at the ridge axis, densities increase with offset

similarly to seismic P wave velocities.
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High velocities at the seafloor indicate the absence of sedimentary coverage. The observed increasing Layer 2

velocity with crustal age is a common phenomenon that is thought to be related to hydrothermal precipita-

tion of secondary alteration products into open pore spaces and cracks, decreasing the porosity and hence

increasing seismic velocities (e.g., Carlson, 1998; Grevemeyer & Weigel, 1996, 1997). The P wave velocity of

Layer 2 is believed to reflect the porosity structure of this basaltic layer. The decrease in porosity with depth

is inferred to be caused by decreased pore space with depth through crack closure with increasing confining

Figure 5. Final velocity models for (a) P04 and (b) P05. Yellow trianglesmark the OBS positions. Red numbers above the frame represent plate age (Gente et al., 1995).

(c) Gravity modeling for profiles P04 and P05. Upper panel shows the fit from observed (Maia & Gente, 1998) and calculated gravity data. Numbers mark

densities from the crust and mantle. Densities directly above the seafloor belong to the top of crust. (d) Derivative weight sum and demonstration of raypaths for

profiles P04 and P05.
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pressure (Carlson & Herrick, 1990; Shearer, 1988) and possibly faster rates of precipitation from warmer fluids

at depth, hence increases in seismic velocity to ~6 km/s 1.5–2 km below the seafloor. Both profiles show a

rather constant thickness of Layer 2.

It is interesting that although P04 and P05 are not perpendicular to the ridge axis, at the intersections with

P02 (Dannowski et al., 2011), the measured along-ridge P wave velocities show slightly higher values than

cross-ridge velocities, indicating anisotropy within the entire crust. Tomography results show velocities of

~3.2 km/s along axis in contrast to ~2.9 km/s across the ridge axis at the seafloor. At Moho depth, along-axis

velocities of ~7.4 km/s are observed in contrast to ~7.1 km/s velocities on the ridge crossing profiles. The

observed anisotropy can be explained by ridge axis parallel aligned faults and fissures.

The Pwave velocity structures near the ridge axis fit well with results of similar magmatic active segments, for

example, OH-1 (Canales et al., 2000) and Lucky Strike (Seher et al., 2010). These segments show a rapid

increase (1.5 s�1) in seismic velocities in the upper crust. From ~2 km below the seafloor, seismic velocities

increase at a lower gradient (0.5 s�1) with depth. The crustal thickness of up to 8 km is similar at all three seg-

ments. While Lucky Strike shows evidence for a magma chamber at intermediate depth (3–3.5 km), there are

no indications of a similar feature in the seismic data at the TAMMAR segment.

4.1. Seismic Tomography: P04

The bathymetry along profile p04 suggests a tectonically disturbed, abruptly changing crustal structure that

crosses different tectonic units (Figures 1 and 5). The profile crosses the outer pseudofault of the propagator

in the east (km 120), a fossil inside corner high (ICH), perhaps indicative of an OCC (although its morphology

would not be typical) at km ~50, and an older OCC at km 20. The OCC at km 20 is not covered by stations;

thus, its crustal structure is not well resolved, and the modeling results strongly depend on the starting mod-

els. The gravity data (Figure 5c) imaged comparatively thinner crust for this part of the model, in agreement

with the inferred seismic velocities.

The velocity model indicates a strong lateral variation in velocity close to the seafloor, varying from 2.9 km/s

in the central valley to 3.4 km/s at the flanking rift mountains. The upper crust between km 45–55 is faster,

reaching velocities up to 3.6 km/s at the seafloor. The velocities at greater depth (>7 km/s) are “pulled-up”

to 4 km below the seafloor between km 55 and 65. This structure, interpreted as an inside corner high

(ICH), is possibly connected to a deep-cutting fault. Here the presence of crustal rocks that have been trans-

ported upward from greater depths can explain the higher velocities within the crust. Similar structures are

imaged on the OCC farther west at km 40, and the 7 km/s contour is elevated between km 45 and 50. Gravity

supports the interpretation of a comparatively thinner crust, as this region has a positive gravity anomaly

(Figure 5c). Directly east of the dome-shaped ICH (km 60), the upper crust shows a zone of lower velocity.

Farther east, the velocities at the seafloor decrease and reach a minimum at the ridge axis (km 90), while

the crustal thickness of Layer 2 remains almost constant. In contrast, a large variation in crustal thickness is

observed within the lower crust. Summing up both portions of the crust, the total crustal thickness decreases

with distance from the ridge axis, from ~8 km to ~5.5 km at km 35. There is an abrupt increase in crustal thick-

ness of about 2 km between km 40 and 70.

The crust on the eastern end of the profile is thinner. Although the profile segment between km 100 and 140

is not covered by stations, the gravity results (Figure 5c) support a thin crust with ~5 km thickness. At km 120

the outer pseudofault is crossed, and farther east the seismic line covers the southern segment with roughly

3 Myr older crust. Seismic velocities within Layer 3 vary little along the profile. Kahle et al. (2016) found a simi-

lar crustal thickness of ~5.5 km along P03, which crosses the outer pseudofault farther south and closer to the

ridge axis. While Layer 2 thins a few hundred meters, the main portion of crustal thinning is expressed in

Layer 3.

The ray coverage (Figure 5d) is good beneath the region covered by stations down to Moho depth, while rays

do not penetrate as deep at the western edge. Along P04 a total of 5,433 crustal refractions, 917 mantle

reflections, and 2,989 mantle refractions have been picked by hand. The model converged to Χ
2 = 1.35

and a RMS misfit of 48 ms after eight iterations, which implies a rapid convergence from the starting models

to a reliable 2-D velocity structure. These results are further constrained by and consistent with 2-D gravity

modeling (Figure 5c).
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4.2. Seismic Tomography: P05

The bathymetry along P05 indicates a comparatively tectonically undisturbed crustal structure (Figure 1).

However, Layer 2 along this profile is very similar to the structure found along P04 and is characterized by

a high-velocity gradient and a quasi-uniform thickness (Figure 5b). Upper crust velocity rises with age from

2.9 km/s in the central valley to 3.4 km/s at 40 km distance. Layer 3 thins with distance from the ridge axis,

from ~7 km to ~6 km. This gradual thinning starts at the ridge axis (km 50) and extends to km ~85. Farther

east, the crustal thickness remains fairly constant. However, this profile segment is not covered by stations;

thus, its velocity model strongly depends on the starting model. Gravity modeling (Figure 5c) supports a slow

decrease in crustal thickness toward the east on the eastern part of P05. Layer 3 P wave velocities increase

gently from ~6 km/s to 7.0–7.2 km/s at its base. Near the Moho, crustal velocities increase rapidly from

7.1–7.3 km/s to 7.7 km/s.

The velocity structure for profile P05 at the ridge axis fits well to the results of profile P04 (Figure 5a). Along

P05 a total of 12,787 picks with 6,802 picks from crustal first arrivals (Pg), 4,318 mantle first arrivals (Pn), and

1,667 mantle reflections (PmP) have been picked by hand. The model converged to Χ
2 = 1.50 and a misfit of

52 ms after eight iterations, indicating a rapid convergence from the starting model to a reliable 2-D velocity

structure. The results are supported by 2-D gravity modeling (Figure 5c). Fits of the calculated travel times to

seismic records are shown in Figures 3e–3h. The ray coverage (Figure 5d) is very good beneath the region

covered by stations down to Moho. A number of crossing rays penetrate the mantle; however, the resolution

is still quite poor, which can be explained by the short offsets between the OBS stations that were only dis-

tributed in the center of the profile.

5. Discussion

5.1. Evolution of the TAMMAR Segment

The two profiles follow the fossil segment center of the southward propagating TAMMAR segment (Figure 1)

and thus constrain the evolution of this segment center over the past 6million years. The eastern side imaged

by profile P05 covers a tectonically undisturbed part. On the eastern flank, it shows a slowly increasing crustal

thickness since 5 Ma. The western flank of the axial valley (profile P04) shows a stronger variation in crustal

thickness over the past 6 Myr. This implies a uniform increase in melt supply during the past 5 Myr and asym-

metric crustal construction with thicker crust at the eastern side of the ridge axis for ages>5Ma. Robust mag-

matic accretion to the eastern flank is supported by the bathymetry and gravimetric modeling (Figure 5c).

The seafloor exhibits comparatively shallower elongated abyssal hills with small faults extending across the

entire segment eastern flank.

The gray line in the bathymetry map of Figure 2a follows the segment center within the past 3 Myr since

magnetic anomaly 2a. The bathymetry indicates that the segment center is migrating southward, however,

at a slower rate than the propagation rate of the southern segment tip. This means that the location of max-

imum melt supply (and mantle upwelling?) is migrating southward, and thus, the segment end should also

move southward. The difference between the propagation rate and the migration rate of the segment center

is interpreted to be a result of increased melt supply causing the growth of the segment. Crustal thickening

during segment growth (Figures 5a and 5b) implies that the magmatic budget became larger over time. The

seismic results report crustal thickening of 2 km over a period of 2 Myr (km 40 to km 70), confirming the find-

ings of Maia and Gente (1998). They observed crustal thickening of up to 2.5 km in the segment center based

on residual gravity analysis. Figure 2b shows calculated cooling curves (Parsons & Sclater, 1977) for the sea-

floor depth-age dependence for two cases. These curves can be compared to measured seafloor depths. The

upper smooth seafloor depth curve represents the theoretical depth of the actual axial valley. The lower

smooth depth curve was calculated for a 1 km deeper axial valley, which would represent a more strongly

tectonic phase of seafloor production. While the younger depth data fit the upper curve better, the older

depth data fit the lower curve better. Thus, a secular change in the magma supply can be inferred, indicating

a change from an earlier tectonically dominated phase of plate separation to a recent more magmatically

dominated phase.

The fossil oceanic core complex on the western side of the ridge axis at 22°N/45.8°W (Figure 1) is a witness to

a period of tectonically dominated seafloor spreading. Buck et al. (2005) and Tucholke et al. (2008) proposed
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that detachment faulting occurs within certain limits of magmatism, specified by the fraction of the plate

separation rate that is taken up by melt accretion M. This indicates that the total extension was accommo-

dated between 30 and 50% bymagmatic accretion, before the lengthening of the TAMMAR segment started.

At about 5.5 Ma detachment faulting stopped. However, ridge crest segmentation did not change at this

stage. Instead, magmatic construction was enhanced; for example, the melt accretion fraction increased to

M > 0.5. The Vp model (Figure 5a) shows a slight increase in crustal thickness during the following 1 Myr.

During both phases crust was accreted asymmetrically with more crustal material added to the eastern side,

while spreading rate stays constant. At the same time the northward propagating SK segment slowed down

its propagation. At roughly 4.5 Ma on the western side, the crustal thickness rapidly increased by 1 km (over

12 km of distance or ~1 Ma). At this time segment propagation started, as is also indicated by the change in

the seafloor topography (Figure 2b). Subsequently, crustal thickness increased toward its present ~8 km of

thickness and evolved to more symmetric crustal accretion to both sides of the magmatically robust ridge

axis, while half spreading rates stay asymmetric (14 mm/yr west and 12 mm/yr east (Maia & Gente, 1998)).

The spatial pattern of the mantle Bouguer anomaly (MBA) along the TKMS (Maia & Gente, 1998) (Figure 4b) is

consistent with these seismic observations, as are observations on a similar ridge configuration by Tolstoy

et al. (1993) at the MAR 33°S. A negative MBA (“Bull’s Eye” structure in 3-D) represents thick crust.

Figure 2a shows a generalized topography that coincides with the two propagators. Topography and

MBA indicate thick crust at both segments, TS and SK.

5.2. Lifecycle of Segment Propagation

A sudden increase in melt supply may mobilize dikes to propagate long distances laterally. Dikes preferen-

tially penetrate into the direction where the tectonic stresses adjacent to the magma chamber are lowest

(e.g., Buck et al., 2006). With increasing crustal thickness, the lower crust becomes more ductile, which makes

lateral migration of the lower crust easier. The increasing crustal thickness over the last 4.5 Myr (Figures 5a

and 5b) can be interpreted to be linked to such an increase of magma supply. In addition, the segment center

has migrated southward, which indicates that the most magmatically robust region of accretion is slowly

migrating southward. The migration speed of this magmatically robust region is slower than that of ridge

propagation (Figure 2a). Because of this, we interpret that the source of ridge propagation related to the

TKMS must have its origin in the underlying mantle.

Figure 2a shows the magnetic anomalies over a generalized bathymetry overlaid with two shaded ellipsoids

roughly marking the extent of negative MBA anomalies of the SK and TS segments. Within a short time

(~2.5 Myr) we observe two events of ridge propagation having their origin in mantle upwelling. As the first

event undergoes a change, the second propagation event starts. We propose a connection between both

events in the melting zone and group the segments expressed in the seafloor (TS, TN, and SK), to be at a lar-

ger scale the TAMMAR-KANE Macrosegment. Figure 6 sketches an idealized evolution of the area between

the Kane fracture zone in the north and the southern ridge tip of the TAMMAR segment since 8 Ma. This inter-

pretation is based on the observations in this study combined with earlier findings from previous studies in

this region (Dannowski et al., 2011; Gente et al., 1995; Maia & Gente, 1998; Smith et al., 2003). Figure 6 illus-

trates three possible stages in the macrosegment’s evolution induced by increasing melt supply. We start our

sketch at magnetic anomaly 4a where the northern SK segment began to propagate northward (Figure 2).

The high melt productivity zone under the ridge axis (Figure 6c) grows, due to increased temperature

and/or possible changes in composition/fertility (Niu et al., 2001; Wilson et al., 2013). Increased melt produc-

tivity is linked to increased upwelling of the mantle in the northern segment. The emplacement of new ocea-

nic crust is limited by spreading rate (M = 1); hence, additional material expands along axis (Gac et al., 2006)

and spreading center parallel (Cushman et al., 2004). In the beginning of that process, the Kane transform

fault may have been far enough away from the segment center so the hot zone had room to expand north-

ward, while the southern smaller transform provided restricted room for expansion. At roughly 5.5 Ma propa-

gation of the northern segment slowed and almost stopped. Possibly the older and thicker lithosphere north

of the Kane transform became a barrier for the extension of the growing hot zone, so that the migration of

the upwelling zone nearly stopped. As a consequence, the still increasing melt supply at constant spreading

rate led to the expansion of the high productivity zone toward the south. The magmatic budget within

the TAMMAR segment increased, and detachment faulting stopped. The transform at 21°400, south of the

TAMMAR segment, because of its much smaller offset, was a weaker barrier to along-axis growth than the
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Kane transform fault. About 4.5 Ma the segment “broke through” this transform offset (Figure 6b). Until

present the TAMMAR segment is still growing southward, while the SK segment seems to have stopped its

northward propagation (Figure 6a). The marked negative MBA (Figure 2a) partially overlies with elevated

features that have been interpreted as OCC structures by Cann et al. (2015). If this assumption is right, we

might see a change from magmatic dominated crustal accretion to OCC formation after mantle upwelling

has stopped increasing at the northern end of the TKMS.

Several basic questions remain unanswered in this partial explanation. How long will the TAMMAR segment

propagate? As long as its magmatic budget is rising, it probably will continue to extend. However, lateral

dike propagation is limited by the ability of material to flow along axis to the dike tips, and the ease of lateral

lower crustal flow will depend on the thermal structure of the section it flows “through.” In principle, if the

crust is still thickening while it can undergo significant along-axis flow, then it should become even more

ductile and flow even more easily along axis. Nowadays, the TAMMAR segment is one of the longest seg-

ments along the MAR—perhaps due to this larger component of along-axis ductile flow? Will the segment

center (the center of local mantle upwelling) continue to migrate toward the south even after the segment

stops its expansion? Or would a reduction in segment melt supply suddenly stop, or even reverse, propaga-

tion and ridge migration?

Figure 6. Idealized sketch of the evolution of the TAMMAR-Kane Macrosegment (TKMS). Present state is shown at the top.
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5.3. Oceanic Core Complex Die Off and Transform Termination

Between the Kane transform fault and the TF at 21°400 a number of oceanic core complexes or similar look-

ing dome-shaped features can be observed. Most of them are situated west of the ridge axis (Figure 1)

(Cann et al., 2015). The Kane OCC has been studied by several methods in the recent past (i.e., Canales,

2010; Dick et al., 2008; Karson, 1999). We want to highlight the OCC-like structures in the center of the

TAMMAR-Kane macrosegment. The OCC at 22°400 east of the ridge axis (Toomey et al., 1988) is still active.

From bathymetry and the calculated MBA (Gente et al., 1995) (Figures 1a, 2, and 4) we observe that the

OCC at 22°190 west of the axial valley developed roughly 2 Ma (anomaly 2) (Dannowski et al., 2010). A third

dome-shaped feature, interpreted to be an OCC, appears at 22°400N at roughly 8 Myr (approximately

anomaly 4a) on the western ridge flank. Further, however, less prominent on the eastern ridge flank, we

interpret a feature at 22°100N close to magnetic anomaly 3a (~5.5 Myr old) as an OCC. These observed

ancient OCCs formed over a relatively short periods with detachment faulting within 1 to 2 Myr, which

would favor rather low local melt supply (Cheadle & Grimes, 2010). The question remains whether the

asymmetry in spreading rate, with a higher rate to the west, favors OCC formation to the faster-spreading

side (Cann et al., 2015).

Interestingly, except for the OCC connected to the southern segment’s end, the other four OCC structures

developed in the macrosegment’s center since 8 Ma (Figure 1a) to both sides of the ridge axis. The youngest

OCC was created within the segment center of the TN segment (Figure 1c). The center of the TKMS seems to

have a very stable history. It stayed within a certain level of low magmatic budget with 0.3 < M < 0.5 and

possibly alternating OCC formation to both sides of the ridge axis. The present wide shape of the axial valley

hints to a starved melt supply (M < 0.3) and thus a tectonically dominant phase of plate extension. Perhaps,

this is a consequence of the divergent migrating segment centers of the TS and the SK segments and their

mantle upwelling regions. This leads to the question of what will happen to the center of the TKMS as the

higher magma productivity zones continue to separate.

In contrast, the ICH at 21°400 TF, north of the inner pseudofault at P04 (Figure 1a), looks similar to Atlantis

Massif (Blackman et al., 2009). Here detachment faulting appears to have stopped by exceeding the upper

limits of melt supply (M > 0.5) for a “stable” OCC configuration. This fault did not develop into an exhumed

low-angle OCC (Figure 5a, KM ~55), perhaps because fault motions died before extension could progress to

this stage. The segment end at this 50 km offset discontinuity was slowly replaced by the growing segment

center, due to the southwardmigration of mantle upwelling beneath the TAMMAR segment. Thus, themigra-

tion of the melting region caused a change in the fundamental mode of spreading from a faulting mode to a

volcanic mode and is what ultimately terminated the transform fault at 21°400N. Terminating a transform fault

in this way is a rarely observed process. Transform faults are very stable systems that often exist for long per-

iods of time. One proposed mechanism to modify or terminate them is to change the direction of spreading

(Menard & Atwater, 1968). However, here bathymetric data do not imply a significant change in spreading

direction at ~5 Ma.

Few examples exist of the natural variability of melt supply to mid-ocean ridges. Analysis of dredge sam-

ples of exposed mantle rocks along a large equatorial transform of the MAR support an ~3–4 Myr long

oscillations in the degree of mantle melting, related to upwelling patterns at slow-intermediate spreading

rates (Bonatti et al., 2003). Similarly, regional seismic studies mapping relative variations in thickness of

fast-spreading crust in the Pacific based on two-way travel time measurements (Ranero et al., 1997) sup-

port 2–3 Myr. long oscillations in melt production (Reston et al., 1999). A time-and-space variable degree

of mantle melting would yield localized segments of enhanced crustal formation, triggering the develop-

ment of melt-rich propagating ridges and abrupt variations in crustal architecture, including the abrupt

abandonment of core complex faulting.

6. Conclusions

The MAR between the Kane transform fault and the 21°400 TF can be divided into four ridge segments; the

southern three form an intercommunicating macrosegment (the TKMS). This macrosegment has grown

between 8 Myr and the present by ridge propagation at both its ends, creating a rhomb-shaped structure

in the regional seafloor relief.
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The crustal thickness within the TAMMAR segment center has increased over the past 5 million years from

5 km to 7 km at the present ridge axis. At the same time an increase in negative MBA is observed, which cre-

ated a so-called Bull’s Eye structure in 3-D. The trapezoid-shape of the Bull’s Eye and the along-axis thickening

of crust with thicker crust at the southern segment end compared to the northern end of the TAMMAR seg-

ment emphasize the role of stronger along-ridge melt supply (and the center of mantle upwelling) migrating

toward the south. The appearance of mantle upwelling seems to have coincided with the onset of propaga-

tion ~4.5 Ma ago at the TAMMAR segment. Based on joint observations of seismic travel time tomography

and MBA, the SK segment is interpreted to show the same behavior in the migration of its melting region

and mantle upwelling. However, this region expanded toward the north and the migration has stopped, as

indicated by the wide axial valley and OCC formation at its northern end.

As inferred in previous gravity studies, we suggest that the source of observed ridge propagation has its ori-

gin within the mantle and is linked to a sudden increase in either the dimensions of the melt supply region or

a transient increase in the fertility of the asthenosphere south of Kane transform. The migration speed of the

segment center is slower than the propagation rate of the segment. This implies that the center of themantle

upwelling region also migrates as the segment grows along axis. The preferred expansion direction may be

influenced by the distance to “cold”mantle zones. As previously suggested, large offset discontinuities act as

more significant barriers to ridge propagation. The larger the offset at a fracture zone, the stronger the litho-

spheric barrier to ridge migration and the geometric influence on subridge diapirism.

We propose a connection between both propagating segments (TS and SK) at a larger scale within the asth-

enosphere, in the melting zone to form a long, highly magmatically active macrosegment, here called the

TAMMAR-Kane Macrosegment.

In this region, the growth of mantle upwelling and melt supply became large enough to terminate the pre-

viously long-lived 21°400 TF. This is a good example of this rarely observed phenomenon. As a consequence,

detachment faulting stopped. In contrast, in the center of the TKMS detachment faulting stopped due to

reduced melt supply. The center of the TKMS has had relatively uniform crustal accretion over the past

8 Myr with alternating OCC formation to both sides of its ridge axis.

Several basic questions remain unanswered: How long will the TAMMAR segment continue to propagate?

Will the segment center and its associated zone of enhanced mantle upwelling still migrate toward the south

even after the segment has stopped its along-axis growth? Does the TKMS break up during continuous

separation of themagma productivity zones and as a result does the southwards expansion stop? Does asym-

metric spreading favor the faster-spreading ridge flank for OCC formation? We hope that comparative study

between this and other examples of these processes can shed further light on themantle and crustal controls

on ridge propagation at a median-valley spreading center.
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