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Abstract At the Galapagos triple junction in the equatorial Pacific Ocean, the Cocos‐Nazca spreading
center does not meet the East Pacific Rise (EPR) but, instead, rifts into 0.4 Myr‐old lithosphere on the
EPR flank. Westward propagation of Cocos‐Nazca spreading forms the V‐shaped Galapagos gore. Since
~1.4 Ma, opening at the active gore tip has been within the Cocos‐Galapagos microplate spreading regime.
In this paper, bathymetry, magnetic, and gravity data collected over the first 400 km east of the gore tip are
used to examine rifting of young lithosphere and transition to magmatic spreading segments. From
inception, the axis shows structural segmentation consisting of rifted basins whose bounding faults
eventually mark the gore edges. Rifting progresses to magmatic spreading over the first three segments (s1–s3),
which open betweenCocos‐Galapagosmicroplate at the presently slow rates of ~19–29mm/year. Segments s4–s9
originated in the faster‐spreading (~48 mm/year) Cocos‐Nazca regime, and well‐defined magnetic anomalies
and abyssal hill fabric close to the gore edges show the transition to full magmatic spreadingwasmore rapid than
at present time. Magnetic lineations show a 20% increase in the Cocos‐Nazca spreading rate after 1.1 Ma. The
near‐axis Mantle Bouguer gravity anomaly decreases eastward and becomes more circular, suggesting mantle
upwelling, increasing temperatures, and perhaps progression to a developed melt supply beneath segments.
Westward propagation of individual Cocos‐Nazca segments is common with rates ranging between 12 and
54 mm/year. Segment lengths and lateral offsets between segments increase, in general, with distance from the
tip of the gore.

Plain Language Summary A fundamental question in the study of mid‐ocean ridges is how
spreading centers initiate and change through time. At the Galapagos triple junction in the equatorial
Pacific, the oceanic crust is being broken apart to form rift basins, which develop into individual mid‐ocean
ridge spreading segments. Bathymetry, magnetic, and gravity data were collected to help understand the
stages in the transition from rift basins to a magmatic seafloor spreading center. From inception, the
developing spreading center is composed of individual segments that are offset from each other. Currently,
rifting progresses to magmatic spreading over three segments, which opened at slow spreading rates. Older
spreading segments originated at faster‐spreading rates. Data indicate that the change from rifting to full
magmatic spreading was more rapid in these older segments. Near the spreading axis, gravity data show that
temperatures increase beneath segments as they mature, suggesting that magma supply is developing
beneath the segments. Propagation of the western ends of segments is common. Understanding how seafloor
spreading initiates and forms a segmented mid‐ocean ridge provides information on how mantle melting is
established beneath a rift zone and how tectonic plate boundaries evolve.

1. Introduction

At the Galapagos triple junction, the Cocos, Nazca, and Pacific plates meet and surround the Galapagos
microplate (Figure 1). The westward propagation of the Cocos‐Nazca (C‐N) spreading center has produced
a V‐shaped topographic gore (Galapagos gore; Holden & Dietz, 1972) with its present apex located ~25 km
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Key Points:
• At the Galapagos triple junction

rifting changes to full magmatic
spreading in stages within the
Cocos‐Galapagos microplate
spreading regime

• Magnetic anomalies and linear
off‐axis topography show magmatic
spreading developed rapidly when
opening was between Cocos and
Nazca plates

• Initial segment lengths at the tip
of the Galapagos gore appear
constant at ~20 km, but segment
lengths are larger farther from
the tip
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from the axis of the East Pacific Rise (EPR), widening to the east as a result of spreading between the Cocos
and Nazca plates. At the western end of the gore, oceanic lithosphere that was accreted on the east flank of
the EPR near 2°15′N (Lonsdale, 1988) is being rifted apart. Over the past 5 Ma, the tip of this rifting has not
reached the EPR to form a true ridge‐ridge‐ridge triple junction but rather has remained at distances of 20–50 km
from the EPR axis (Schouten et al., 2008) rifting into 0.3–0.75 Ma crust.

North and south of the gore tip, two secondary rifts do link with the EPR each forming a true ridge‐ridge‐
ridge triple junction (Figure 1). To the north, Incipient Rift meets the EPR at 2°40′N to form the northern
triple junction. In the south at 1°10′N, Dietz volcanic ridge meets the EPR and presently forms the southern
boundary of the Galapagos microplate, which was formed ~1.4 Ma (Klein et al., 2005; Lonsdale, 1988;
Lonsdale et al., 1992; Schouten et al., 2008; Smith et al., 2011, 2013). Since 1.4 Ma, opening at the tip of
the gore has been within the very slow spreading Cocos‐Galapagos (C‐G) microplate regime.

The western end of the Galapagos gore contains a chain of rift basins that shows the current progressive
breakup of the oceanic lithosphere and the establishment of magmatic seafloor spreading segments.
Using newly collected bathymetry, magnetic, and gravity data, we examine the formation and evolution
of the first nine segments extending ~400 km east from the gore tip near 101o48′W (Figures 2 and 3).
We find that the current rift‐to‐spreading transition occurs ~60–70 km from the gore tip. Volcanic
features first appear within the rift basins ~25 km from the tip. Initial segment lengths and offsets change
as segments mature. Understanding how seafloor spreading initiates and forms a segmented mid‐ocean
ridge provides information on how mantle upwelling is established beneath a rift and how plate
boundaries evolve.

2. Previous Studies

Based on bathymetry data available at the time, Lonsdale (1977) suggested that seafloor spreading in the
western section of the Galapagos gore begins within Hess Deep rift (referred to here as Segment s2).

Figure 1. Schematic showing the different spreading regimes around the Galapagos microplate (GMP) at the Galapagos
triple junction (modified from Smith & Schouten, 2018, using C‐N opening rates from this study). Red arrows:
spreading directions scaled by spreading rate. TJ = triple junction. EPR = East Pacific Rise. Faults bounding the
Galapagos gore are shown. Segments within the gore are labeled. Also marked is the probable location of the
Galapagos‐Cocos‐Nazca (GCN) TJ.
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Searle and Francheteau (1986) concluded from patterns observed in GLORIA side scan sonar data that the
current active tip of rifting is located at the western end of Hess Deep rift. They also noted, however, the
existence of a basin located to the west and a few km north of Hess Deep rift, which they suggested could
be a possible extension of the rift tip. Searle (1989) combined GLORIA side scan data with magnetic
anomaly data from Hey (1977) to identify and describe the general morphology of the spreading axis
within the gore west of 95.5°W. Lonsdale (1988) examined the configuration and evolution of the major

Figure 2. (a) Bathymetry of the Galapagos triple junction region with hydrophone (black dots) and teleseismically recorded seismicity (circles with focal
mechanisms) (Ekström et al., 2012; Fox et al., 2001). Solid black lines: plate boundaries including Incipient Rift. Red lines: spreading segments. Areas shown
in Figures 4 and 6 are outlined. TJ = triple junction. (b) Seafloor backscatter from the EM122 bathymetry. Segments are numbered from the western tip of the
gore. Other labels are the same as in (a). Bright shades: high reflectivity, generally associated with exposed rock or steep gradients. Dark shades: low reflectivity,
generally associated with significant sediment cover.
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plate boundaries in the triple junction region and, in particular, how the westward propagation of the
spreading axis has varied through time.

Since these early tectonic studies, the western end of the Galapagos gore has been the focus of numerous
efforts, including Ocean Drilling Project (ODP) Leg 147 and Integrated Ocean Drilling Program (IODP)
Leg 345, which drilled the Intrarift Ridge (IRR) in Hess Deep rift (e.g., Ferrini et al., 2013; Francheteau
et al., 1990; Gillis et al., 1993, 2014; Karson et al., 2002; MacLeod et al., 1996; Stewart et al., 2003). The
IRR has been interpreted as a south facing, low‐angle, long‐lived normal fault (i.e., detachment fault)
(e.g., Ballu et al., 1999; Francheteau et al., 1990; Lonsdale, 1988; Smith & Schouten, 2018; Wiggins
et al., 1996), and studies have been conducted primarily to explore the geochemistry and architecture of
the crust and upper mantle exposed at the seafloor.

Figure 3. (a) Magnetic data plotted along ship tracks. Labels as in Figure 1. Colored lines: magnetic anomalies. Anomalies are well resolved and correlated
along‐axis except where disrupted by the traces of segment offsets. Numbered profiles (17–19) are displayed in Figure 8. (b) Mantle Bouguer gravity anomaly.
Near‐axis values decrease toward the east and become more centered under the axis.
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Smith and Schouten (2018) examined the three initial rift basins developing in the Galapagos gore and sug-
gested that the basin identified by Searle and Francheteau (1986) west of Hess Deep rift represents the ear-
liest stage of rifting (s1, Figure 2a). The next segment to the east, the 24‐km‐long Hess Deep rift (s2), was
identified as a transitional segment from rifting to magmatic seafloor spreading, displaying the growth of
an axial volcanic ridge (AVR) in its eastern section and flanked on the north by an active low‐angle detach-
ment fault (the IRR). The IRR is the only active detachment fault that Smith and Schouten (2018) could iden-
tify along the base of the gore scarps from the existing data, and they suggested that IRR formation was in
response to a slow‐down in spreading rate and presumed lower melt supply, resulting from the formation
of the Galapagos microplate. Smith and Schouten (2018) concluded that full magmatic spreading (i.e., along
the entire length of a segment) currently begins at Segment s3.

The pattern of hydrophone‐detected T‐phase origins and teleseismically recorded seismicity in the
Galapagos triple junction region (Ekström et al., 2012; Fox et al., 2001) was used to support the interpretation
of full magmatic spreading at Segment s3 (Figure 2a). Deformation (defined by earthquake locations) is dis-
tributed broadly at the tip of the gore, occurring along the initial gore scarps as well as subsequent faults
bounding the rift axis. The broad zone of deformation continues from west of s1 to the start of s3. East of this
point, earthquakes are located primarily at the rift axis. Smith and Schouten (2018) inferred that magma is
present in an adequate quantity beneath the axis of s3 to accommodate full magmatic spreading and, thus,
there is not sufficient stress to cause continued slip on the gore border faults.

Smith and Schouten (2018) noted that the axes of s2 and s3 trend ~087 (the trend of s1 is poorly constrained),
which suggests s2 and s3 open within the C‐G spreading regime (Figure 1). Starting at ~101°10′W (s4), how-
ever, the segment axes trend roughly 099, which is similar to that given by plate model NUVEL 1A (097) for
an orthogonal segment opening between the Cocos and Nazca plates (DeMets et al., 1994). Smith and
Schouten (2018) associated the initiation of C‐G spreading at ~1.4 Ma with a slowdown in spreading rate
at the gore tip. They suggested that before 1.4 Ma, opening was between the Cocos and Nazca plates at an
intermediate spreading rate of ~40 mm/year (from plate model NUVEL 1A) all the way to the rift tip.
After that, formation of s1, s2, and s3 occurred as part of the new plate kinematic system opening between
Cocos and the Galapagos microplate. Smith and Schouten (2018) used the C‐N spreading rate of 40 mm/year
to estimate the current spreading rates of s1, s2, and s3 to be ~16, ~19, and ~24 mm/year, respectively.

3. Data

Prior to this study, multibeam bathymetry data were sufficient to define the general characteristics of the
first four rift segments (s1–s4) at the western end of the Galapagos gore (Smith & Schouten, 2018).
However, data coverage east of ~101°W was limited to a single swath of bathymetry data collected over
the axis of s5–s8 during a transit of the NOAA ship Okeanos Explorer in 2011 (cruise EX1103; https://ocea-
nexplorer.noaa.gov/okeanos/explorations/ex1103/welcome.html). No multibeam bathymetry data were
available over the western half of s9, and off‐axis data for Segments s3–s9 were sparse. In April–May 2018
aboard R/V Sally Ride (Leg 1806), bathymetry, magnetic, and gravity data were collected over the axial zone
of the first nine segments within the Galapagos gore and off‐axis to their points of initiation at the north and
south scarps of the gore. Bathymetry data were acquired using a Kongsberg EM122 multibeam echosounder
and logged with Kongsberg SIS software (Seafloor Information System, v 4.3.2). Survey lines were run at a
vessel speed of 10.5~kt (~5.4 m/s), on average. Most of the survey was conducted on NNE‐SSW tracks with
~10 km spacing between ship tracks to provide almost 100% bathymetric coverage (Figure 2a). Sippican
expendable bathythermograph (XBT) drops were used to calculate sound velocity profiles for input to the
EM122 and were generally taken every day when collecting EM122 data. The raw EM122 data were gridded
using MB‐System software (Caress & Chayes, 1996), and both bathymetry and derived seafloor backscatter
netcdf files were generated. The seafloor backscatter derived from the EM122 system is shown in Figure 2b.

The magnetic field was measured with a SeaSPY magnetometer, with data logged using Marine Magnetics
BOB software. Themagnetometer was towed at full survey speed (~10.5 kt), and the towing cable length ran-
ged between 233 and 300 m depending on the behavior of the cable during deployments. The magnetic data
were merged with the vessel GPS feed and the position of the magnetometer interpolated relative to the ship.
The magnetic anomalies along each track line (Figure 3a) were obtained by removing the International
Geomagnetic Reference Field (IAGA, 2010) updated in 2015 from the total field data.
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Gravity data were collected with a Bell Aerospace BGM‐3 gravimeter. A gravity tie was obtained in San
Diego, CA before the ship departed and upon arrival back in San Diego, CA. After applying a 360‐s
Gaussian filter and Eötvös correction, the free‐air anomaly (FAA) was calculated by subtracting observed
values from the International Gravity Formula 1980. The mantle Bouguer anomaly (MBA) was calculated
by removing the gravitational effects of the water‐crust and crust mantle interfaces using an
upward‐continuation method assuming a crustal thickness of 6 km (Parker, 1972). The resulting MBA
map (Figure 3b) primarily reflects variations in mantle thermal structure and variations in the thickness
and/or density of the crust (Kuo & Forsyth, 1988; Lin et al., 1990). The following parameters were used in
the calculation of the MBA: crustal thickness of 6 km; crustal density of 2,700 kg/m3; and mantle density
of 3,300 kg/m3. A thermal correction to account for the gravitational effects of upwelling and cooling of man-
tle material was not applied to the MBA. Modeling the thermal correction in this complex tectonic setting
will be completed in the future.

Dredging was a significant component of the operations at sea, and rock samples were collected during 63
successful dredges along the axes of Segments s2–s9 and adjacent features. Results of the geochemical ana-
lyses will be presented in forthcoming papers.

4. Characteristics of Segments s1–s9
4.1. Axial Morphology

The bathymetry data in combination with seafloor reflectance and topographic slopes were used to examine
the detailed characteristics of the basins that are the current locus of rifting and the transition to seafloor
spreading (s1–s3) as well as those to the east (s4–s9). The descriptions, interpretations, and spreading rates
(discussed in a following section) of s1–s3 presented by Smith and Schouten (2018) have been re‐evaluated
and refined with the new information available from this study.

We interpret the ~17‐km‐long, ~6‐km‐wide, extensional basin at the western end of the Galapagos gore, first
identified by Searle and Francheteau (1986), as representing the earliest stage of rifting (s1; Figures 4a and
4b). The current bounding faults of s1 have relief of ~0.7–1 km. The relief on these faults presumably will
increase with continuing extension tomatch the relief (~2 km) onmany of the northern gore bounding faults
to the east. In detail, s1 is composed of deeps, whose maximum depth is ~4,400 m, and highs oriented in an
approximate northeast/southwest direction. Similar northeast/southwest bathymetric trends are present
south of the rift on the Galapagos microplate. As rifting continues, we assume s1 will become a single rift
basin oriented normal to the C‐G spreading direction. Lonsdale (1988) suggested there might be volcanic
relief within this rift basin, but our new bathymetry data show no evidence of volcanic topography within
the s1 basin.

Segment s2 is east of s1 and offset 3 km south. It is ~24 km long and ~15 km wide and displays significant
changes in morphology along its axis. A deep basin in the western section of the rift (Hess Deep) has water
depths exceeding 5,400 m, about 1 km deeper than observed in s1. Hummocky seafloor in its deep western
section suggests volcanic topography as proposed by Lonsdale (1988), and basalts have been sampled as far
west as ~101°30′W (e.g., Ferrini et al., 2013; Gillis et al., 2014). In the eastern section of s2, water depths shal-
low from ~4,900 to ~4,100 m from west to east along an AVR, which is ~12 km long and 4–6 km wide. The
AVR reaches up to several hundred meters in relief, increasing in relief to the east. The flanks and top of the
AVR are covered with small volcanic hummocks, and its morphology is similar to AVRs described at the
slow spreading (~25 mm/year, full rate) northern Mid‐Atlantic Ridge (MAR) (e.g., Searle et al., 2010). The
s2 AVR appears to continue into s3 as described below.

The IRR borders s2 on the north and extends the length of the segment (Figure 4a). We interpret the IRR as
an active detachment fault as did Smith and Schouten (2018) and others before them (e.g., Ballu et al., 1999;
Francheteau et al., 1990; Lonsdale, 1988; Wiggins et al., 1996). Studies of oceanic detachment faults along
slower spreading ridges suggest that magma supply plays an important role in the initiation and mainte-
nance of slip on these faults (e.g., Buck et al., 2005; Olive et al., 2010; Tucholke et al., 2008; Whitney
et al., 2013). At the Woodlark Basin in the southwest Pacific Ocean where continental crust is being rifted
apart, it has been proposed that detachment fault formation signals the input of magma into an area (e.g.,
Hill et al., 1995; Little et al., 2007; Martínez et al., 2001; Taylor et al., 1999). Based on these studies, we
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conclude magma is being supplied along the length of s2. Magma may move laterally into s2 from the
adjacent magmatic segment (s3), vertically from beneath the segment, or both, and is sufficient to
produce voluminous flows along its eastern section to build the AVR.

The next segment east, s3, is ~18 km long and offset south of s2 by about 1.2 km. Prior to this study, there
were significant gaps in the bathymetric coverage of s3. The new bathymetry data reveal the complete axial
zone and off‐axis topography. At the western end of s3, a large volume of lava erupted in the past. The lavas
have been cut by axis‐facing normal faults and spread off axis (Figure 4a). The current axis in the western
part of s3 runs along a 2 km wide deep, which contains small volcanic cones. A volcanic ridge cut by

s3

Figure 4. (a) Bathymetry within the box marked on Figure 2a showing segments at the western tip of the Galapagos gore. The location of the change in spreading
regime from C‐N to C‐G occurs in the region marked. This is also the probable location of the GNC triple junction. Note the large pile of volcanics at the western
end of s3. Solid white lines: segments. IRR = Intrarift Ridge; AVR = axial volcanic ridge. Dashed white line: possible continuation of the s2 AVR into s3.
(b) Lineation map. Lines identified by eye from the map in (a). Thick black lines: gore scarps. Off‐axis lineations show a change in the strike of the faults between
s3 and s4.
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small normal faults borders the deep on the north and appears to be the
eastern continuation of the AVR in s2. Water depths shallow by about
300 m from west to east along the section of the volcanic ridge in s3. An
analogous feature may be present ~65 km south of the s3 axis where a
large (~500 m in relief) volcanic ridge appears to form the continuation
of an off‐axis ridge south of the s4 axis (Figure 4a). Volcanic ridges that
straddle two segments may document the westward movement of mag-
matism into a developing segment.

The morphology of the eastern end of s3 is different from that of its wes-
tern end (Figure 4a). The well‐defined 2‐km‐wide axial deep in the wes-
tern section disappears in the eastern half of the segment, the relief on
the axis‐facing faults decreases, and the axial volcanic topography looks
similar to segments farther east. The change from C‐G to C‐N spreading
occurs in this region, and the location of the Cocos‐Nazca‐Galapagos tri-
ple junction is probably here as well. Where exactly the change from slow
spreading C‐G to intermediate‐spreading C‐N occurs is hard to pinpoint
based on the bathymetry data alone. The average strike of abyssal hill
faults in the C‐G spreading regime is 087 while their average strike is
097 in the C‐N spreading regime. Based on the orientation of the abyssal
hills, the transition between these spreading regimes occurs in the region
near 101°10′W (Figure 4b).

The length of s4 is ~24 km. It is offset south of s3 by ~3 km. A volcanic
mound has been constructed near the western end of s4, but east of this,
the axis is defined by a shallow graben a few hundreds of meters deep
and roughly 3 km wide. Isolated volcanic features cover the valley floor.
Water depths in s4 average ~3,700 m compared to those in s3, which aver-
age ~4,200 m along the axial deep.

East of Segment s4 (Segments s5–s9), with the exception of a short seg-
ment identified between s5b and s6, the morphology of the axis is also that
of a shallow graben with varying widths ranging up to 9 km. The grabens
contain volcanic features that in some places string together to form a vol-
canic ridge a few tens of km in length and 100–200 m in relief. There are
no features equivalent to the large AVR in s2. Additionally, no detach-
ment faults are identified at the current spreading axis east of s2, which
contains the IRR.

The MBA of the Galapagos gore is shown in Figure 3b. Within the gore,
the data are not of sufficient resolution to be useful west of s5a. In general,
though, the MBA values decrease to the east along the axis, suggesting
hotter temperatures and increasing mantle upwelling beneath the seg-
ments. The first occurrence of a (somewhat diffuse) MBA low centered

on the axis is ~180 km from the gore tip and is associated with s6. The MBA low becomes more circular
and centered within individual segments farther east.

4.2. Segment Lengths and Offsets

In general, segment length increases as distance from the gore tip increases (Figure 5a). In contrast, lengths
of faults bounding the gore on its northern side (also shown on Figure 5a) do not vary significantly with dis-
tance from the tip, and average 19 ± 4 km. If gore wall fault lengths reflect initial rift basin lengths, then
initial segment lengths at the tip of the gore have been more or less constant at ~20 km for the last 5–6 Ma.

On average, north‐south lateral offsets are larger at greater distances from the gore tip with the offset
between s8 and s9 being notably large (>25 km; Figure 5b). Westward propagation of segments can increase
lateral offset by eliminating segments. As an example, the very short segment s6a is being overtaken by the
westward propagation of s6. If s6a is eliminated, the lateral offset between s5b and s6 will become ~18 km,

Figure 5. (a) Segment and gore fault lengths plotted as a function of
distance from the gore tip. Filled black circles: segment lengths Open
circles: lengths of faults bounding the gore on its northern side. Segment
lengths increase, but fault lengths do not increase with distance from the
gore tip. (b) Lateral offsets between segments measured in a north‐south
direction plotted as a function of distance to the gore tip. (c) Offset plotted
versus segment length. Inset in upper left shows that if spreading
direction is not orthogonal to the axis of the gore, segment offsets will
increase with segment length. Alpha = angle between the gore axis and
segment strike. L = segment length. O = segment offset. In the study area,
C‐N gore axis is ~088 and C‐N segments are ~097 predicting an alpha of 9°.
Lines: O/L for differing values of alpha.
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which would be larger than all other offsets except for the one between s8 and s9 (Figure 5b). North‐south
lateral offset also could be a function of segment length (Figure 5c). Because the C‐N spreading direction
(~007) is not orthogonal to the gore symmetry axis (~088), offsets between longer segments will be larger
(Figure 5c, inset).

The offsets between s1, s2, s3, and s4 are simple offsets of less than 3 km with no defining topographic fea-
tures within them (Figure 4a). Starting at s4, however, different styles of offset are observed (Figure 6) and
described below. A topographic ridge, ~1 kmwide, 100m high, and oriented at high angle to the overall ridge
axis trend, separates s4 and s5a. Within the offset of s5b and s6a is a 600‐m‐deep basin flanked on the north
and south by ridges oriented oblique to spreading. To the east, it appears that a recent and rapid episode of
westward propagation of s6 has broken into abyssal hill topography and isolated a small (~7‐km‐long) sec-
tion of the topography that now bounds s6a on the north from s6. Farther east, a large topographic ridge
separates s6 and s7. The ridge is ~7 kmwide and 1 km in relief. Finally, the offset between s7 and s8 is simple
and just a few km wide, but the next offset east is very large. The ~27‐km‐wide lateral offset between s8 and
s9 contains a semicircular topographic high that is ~17 km in width in the north‐south direction and over
1 km high. It is faulted and rotated.

5. Off‐Axis Topography and Magnetic Data (s4–s9)
The off‐axis topography of the segments that are magmatically spreading and opening between Cocos and
Nazca (s4–s9) displays a well‐defined, linear, faulted abyssal hill fabric. The tops and outward facing slopes
of the abyssal hills are coated with abundant volcanic cones. The magnetic isochrons that record magmatic
spreading are well behaved from the early Bruhnes through anomaly C2An (Figure 3a). The anomalies are
clearly recognizable, and individual anomalies can be correlated along axis until interrupted by the off‐axis
traces of segment propagation. Well‐defined magnetic anomalies and linear, faulted off‐axis seafloor topo-
graphy close to the gore scarps suggest that normal magmatic spreading begins soon after rifting.

Three profiles that are unaffected by rift propagation were selected for magnetic data analysis (labeled 17–19
on Figure 3a). In Figure 7a, total distance between picked magnetic chrons is plotted versus time for the
three profiles, and spreading rates are estimated using a linear fit. An increase in spreading rate is evident
at ~1.1 Ma. Prior to that time, the opening rate between C‐N was 39 mm/year, and since then, it has been
48.2 mm/year. The opening rate of 48.2 mm/year is larger than the value of 40 mm/year obtained from plate
model NUVEL 1A (DeMets et al., 1994) and more consistent with the value of 47 mm/year obtained from
plate model MORVEL for current plate motions (DeMets et al., 2010). We note, though, that the NUVEL
1A spreading direction of 007 is more consistent with the average strike of C‐N spreading segments and sea-
floor fabric than the 003 spreading direction obtained fromMORVEL. Our results support the conclusions of
Wilson and Hey (1995), who identified a similar spreading rate change near 1.5 Ma. We have found no indi-
cation of the change in the seafloor topography, however.

Figure 6. Bathymetry within the box indicated on Figure 2b. White lines: spreading segments. The styles of offset between segments are labeled.
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DeMets and Wilson (2008) documented the displacement of magnetic polarity transition zones away from
the axis from their idealized positions and suggested this could be caused by several processes including
off‐axis diking, eruption or flow of lavas off‐axis, and the addition of magnetized gabbros at the base of
the crust. To assess outward shift of recent magnetic polarity transition zones in the study area and possibly
place constraints on these processes, we show rate reduced plots in Figures 7b and 7c. Reduced distance is
obtained by subtracting the product of the age and spreading rate from the total spreading rate distance
(DeMets & Wilson, 2008). The dashed line in Figure 7b represents a constant spreading rate of
39 mm/year; the best fitting rate for ages >1.1 Ma (Figure 7a) and clearly shows a spreading rate change
at ~1.1Ma. The dashed line in Figure 7c represents a constant spreading rate of 48.2 mm/year, the best fitting
rate for ages <1.1 Ma. The nonzero, positive y intercept of this line (Figures 7a and 7c) implies an outward
displacement of the magnetic polarity transition zones of magnetic chron C1n of ~2 km. The global average
reported by DeMets and Wilson (2008) also is ~2 km, suggesting the characteristics of the magnetic source
layer at this section of the C‐N spreading center are similar to other mid‐ocean ridges. Whether the outward
displacement varies along the C‐N axis remains unclear.

Synthetic magnetic anomalies were calculated for the three profiles using the program MODMAG (Mendel
et al., 2005), assuming a magnetized layer of thickness 0.5 km, accounting for the transition zone between
adjacent inversely magnetized blocks using a contamination coefficient of 0.9 (Tisseau & Patriat, 1981).
Blocks in the model were assumed to have acquired magnetization at a latitude of 2°N, in a north‐south
orientation. Adjustments to spreading rate and spreading asymmetry were made to minimize the residual
between observed and modeled anomalies (Figure 8), resulting in good fits for chrons C1n to C2An. In
the model between 0 and 1 Ma, a total spreading rate of ~48.2 mm/year is used, and between 1 and 4 Ma,
we use 39 mm/year, with modest asymmetry ranging from 3–10%.

6. Discussion
6.1. Comparison of Two Spreading Regimes

A change in spreading regime occurred ~1.4 Ma with the isolation of the Galapagos microplate. Its possible
effect on the transition to magmatic seafloor spreading is considered below. Figure 1 shows the current

Figure 7. Estimates of Cocos‐Nazca plate separation rates. Blue/orange/green circles: magnetic chron picks from Lines 17–19, respectively (line locations marked
on Figure 3a). (a) Full spreading rate distance versus age. Black lines: best fitting linear trends with full spreading rates noted, obtained independently for picks
before and after C1r.1n.o. Gray band: transition between two apparent spreading rates at ~1.1 Ma. (b) Reduced spreading distance versus age for picks before
C1r.1n.o. Reduced distance is defined as the full spreading rate distance (D) minus the product of the age and the reduction rate (AxR) determined from the best
fitting line in (a) (DeMets & Wilson, 2008). A change in spreading rate is indicated at ~1.1 Ma. (c) Reduced spreading distance versus age for picks after C1r.1n.o.
The nonzero intercept suggests an ~2 km outward displacement of the magnetic polarity transition zones of Anomaly 1 from its modeled position.
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configuration of the plate boundaries at the triple junction with the location of the probable Galapagos‐
Cocos‐Nazca triple junction marked. As can be seen in Figure 1, opening of the first three segments at the
western end of the Galapagos gore (s1–s3) occurs within the very slow spreading C‐G regime. Using the
rate of 48.2 mm/year obtained from this study for current C‐N spreading, the opening rates estimated by
Smith and Schouten (2018) for s1, s2, and s3 increase by ~20% but remain slow spreading at ~19, ~23, and
~29 mm/year, respectively.
6.1.1. Stages From Rifting to Spreading
The progression from Segments s1 to s3 documents the transition from initial rifting to magmatic seafloor
spreading: Segment s1 is the newest rift basin, s2 is the transition segment, and all evidence suggests that
s3 is spreading magmatically. The distribution of seismicity (Figure 2a) indicates that slip on the gore bound-
ing faults at s3 is minor compared to s1 and s2. When magma is abundant, extension by dike intrusion is
expected to accommodate the far‐field extensional stress (e.g., Ebinger et al., 2013). Thus, the cessation of

Figure 8. (a–c) Magnetic anomaly data and models for Lines 17–19 on Figure 3a. Blue/red lines: observed/modeled
magnetic anomalies, respectively; black/white polygons: seafloor bathymetric profile and modeled magnetized blocks
with labels for selected magnetic chrons (Ogg, 2012); solid black dots and lines: magnetic chron picks and age‐distance
fit, with half‐spreading rates noted; vertical gray lines: changes in spreading rate.
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widespread seismicity near the eastern end of s2 supports the idea that magmatic spreading begins at s3, with
magmatism accommodating most of the extension.

The IRR detachment fault borders the axis of s2 on the north. Smith and Schouten (2018) conjectured that
the formation of the detachment fault in s2 reflected the slowdown in spreading rate and presumed lower
melt supply associated with C‐G spreading. The IRR is the only detachment fault identified along the rift axis
in the study area. An inspection of the available multibeam bathymetry data in the entire study area out to
the gore scarps yields only one feature at the base of the scarps near 100°45′W that is similar in morphology
to the IRR. As observed in other areas, however, without additional information other than the
surface‐collected bathymetry, it is difficult to identify this feature as a low‐angle detachment fault or to rule
out that other features are not detachments (e.g., Smith et al., 2014). From the presumed absence of detach-
ments in the study area other than the IRR, however, it appears that the normal mode of C‐N spreading
development has not favored detachment fault formation during the transition to magmatic spreading.

It has been suggested that melt supply must fall within a certain range to form and maintain slip on
low‐angle detachment faults (e.g., Buck et al., 2005; Olive et al., 2010; Tucholke et al., 2008). If this is the
case, then perhaps, magma supply reached the maximum threshold for detachment fault formation more
quickly during the faster C‐N opening than currently during slower C‐G opening, and thus, the formation
of large‐offset detachment faults was inhibited. Since the present kinematic configuration is relatively
new, more rift segments will need to form within the slow spreading C‐G regime to determine if detachment
fault formation will remain a stage in the transition to magmatic spreading.
6.1.2. Axial Morphology
The decrease in opening rate at 1.4 Ma from the C‐N to C‐G regime might also be reflected in a change in the
morphology of the axial zone of magmatically spreading segments. The morphology of the ridge axes of
Segments s4–s9, which open in the C‐N spreading regime, is that of a shallow graben within which numer-
ous small volcanoes have been constructed. This axial morphology is similar to that of three segments east of
the study area between 98°W and the 95.5°W propagator (e.g., Detrick et al., 2002; Sinton et al., 2003), which
are thought to be largely outside of the area influenced by the Galapagos hotspot (e.g., Canales et al., 2002;
Sinton et al., 2003). We conclude that s4–s9 display the characteristic morphology of C‐N spreading. (Note
that close to the Galapagos hotspot the C‐N spreading center is commonly referred to as the Galapagos
spreading center.)

Oncemagmatic spreading is fully established at Segments s1–s3, the axial morphology may be different from
that of s4–s9 and more similar to other slow spreading ridges, which typically have rift valleys. Currently, s2
has a rift valley. The AVR at the eastern section of s2 is similar in size to AVRs observed at the slow spreading
(~25 mm/year) northern MAR (e.g., Searle et al., 2010). How will s2 evolve? Eruptions may fill the valley
floor burying the AVR, and the IRR detachment fault may be abandoned. This might yield a morphology
similar to segments to the east. Another possibility is that s2 will continue to display a rift valley with an
AVR along the axis and perhaps a detachment fault on one side of the axis as commonly observed at the
northern MAR (e.g., Escartín et al., 2008). At the estimated slow opening rate of 29 mm/year, s3 may also
develop a rift valley as it continues to evolve.

6.2. Establishment of Magmatic Spreading

The history of the establishment of magmatic spreading is displayed along the length of the s2 transition seg-
ment. At the deep western end of s2, which is ~0.375Ma younger than the eastern end, a hummocky seafloor
hints that magmatism may be just emerging. In the older eastern half, magmatism is sufficient to create a
large AVR. As magmatism is enhanced at s2, we assume that the AVRwill continue to build toward the wes-
tern end of the segment.

The AVR in s2 appears to be a continuation of a volcanic ridge in s3 that now borders the s3 axis on the north
(Figure 4a). It is possible that at some point in the past, the volcanic ridge in s2 and s3 was a single AVR that
extended across the two segments. South of the axis of s3, a large volcanic ridge links to a faulted volcanic
ridge south of the axis of s4 in the same way that the AVR in s2 links to the volcanic ridge in s3
(Figure 4a). Similar to the s2 and s3 volcanic ridges, it is possible that a single AVR spanned s3 and s4. If this
is the case, dikes from a magmatically spreading segment may propagate westward into the adjacent rift
basin as part of the development of the magma supply system.
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The western end of s3 is currently ~50 km from the actively propagating tip of the gore, and the western end
of s2 is ~25 km from the tip. The gore tip is estimated to propagate westward at roughly half the EPR spread-
ing rate (64 mm/year) (e.g., Lonsdale, 1988; Schouten et al., 2008). If magmatic spreading propagates at the
same rate, in <0.5 Ma, full magmatic spreading will be established at s2, s1 will be a transition segment, and
a new rift basin may have opened west of s1.

6.3. Development of Segmentation

Initial rift basins appear to achieve much of their length early in their formation. The lengths of s1–s4 do not
vary substantially (17, 24, 18, and 24 km, respectively), and the lengths of gore bounding faults on the north
side of the gore also fall within this range (Figure 5a). The initial lengths of rift basin scarps may be con-
trolled by the strength of the lithosphere into which the rift tip propagates.
6.3.1. Westward Propagation of Individual Segments
Westward propagation of spreading segments is common in the study area beginning at Segment s6 and
modifies the initial segmentation. Propagation is marked in the topography as V‐shaped pseudofaults, failed
rift basins, and oblique fabrics in the zone of lithosphere transferred from one plate to the other (Figure 9).
As described by Hey et al. (1986), the receding rift fails and breaks into short sections as spreading slows and
stops, and these short sections (basins) are carried off axis. The bathymetric continuity and linearity of large
parts of the outer pseudofaults imply that propagation has been continuous at times (see outer pseudofault of
s6 in Figure 9). The off‐axis traces of propagation correspond to offsets in the magnetic lineations (Figure 3a)
and highs in the MBA (Figure 3b).

Most outer pseudofaults begin several tens of km south of the northern gore wall, indicating that propaga-
tion begins ~1 Ma after rifting initiates. The outer pseudofault associated with the westward propagation
of s6, however, initiates closer to the northern gore walls (~10 km from the gore scarps). If a

Figure 9. Bathymetry of the Galapagos triple junction region. Segments along the C‐N gore are labeled. Circles are scaled to the length of the segment axis to
aid in visualizing the variation in lengths. Traces of segment propagation are marked. Thin solid black lines: pseudofaults. Dashed black lines: regions transferred
from one plate to the other and spread off‐axis. Red lines: gore faults. The lengths of the northern gore faults are plotted in Figure 5a. Arrows: spreading
directions from Figure 1. Arrows are scaled by spreading rate. Matching offsets in the northern and southern gore scarps are marked by A‐A′ and B‐B′ and
corroborate a long‐term C‐N spreading direction of 007.
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well‐developed magma supply is necessary for propagation to begin, then magma supply to s6a must have
been established quickly.

The azimuth of the outer pseudofaults of Segments 6a, 6, and 7 yields propagation rates ranging between 12
and 54 mm/year. The latter rate is similar to that estimated by Hey et al. (1986) for the 95.5°W propagator
east of the study area. It appears that occasionally, the westward propagation of a segment stalls and the fail-
ing rift axis advances eastward a few tens of km. This may have occurred recently between s8 and s9 and
would explain why the spalled off failed rift basins do not align with the eastern end of s8 (Figure 9).
6.3.2. Segment Lengths
There is a gradual increase in the length of spreading segments from ~20 km near the western tip of the gore
to about 75 km at 350 km from the gore tip (Figures 5a and 9). In contrast, fault lengths bounding the gore on
its north side do not increase with distance from the tip. Their lengths average 19 ± 4 km. Assuming that
gore scarp lengths reflect the lengths of the initial rift basins/segments, the consistency of the fault lengths
suggests that initial segment lengths have remained more or less constant for the last 5‐6 My at ~20 km.

The mechanism for segment lengthening is not clear. Westward propagation of individual segments is com-
mon, but propagation both lengthens and shortens segments. Another idea is that segmentation wavelength,
and thus segment length, is related to the development and enhancement of 3‐D mantle upwelling. MBA
values decrease and become more circular and centered within individual segments east of s6, supporting
the notion of hotter temperatures and increasing mantle upwelling beneath these eastern segments.

It was suggested early on that the structure of 3‐Dmantle upwelling is controlled by melt diapirs rising from
a buoyant, low‐viscosity layer at depth (e.g., Crane, 1985; Whitehead et al., 1984) with increasing thickness of
the layer, hotter temperature, and faster spreading rates leading to increased spacing of the diapirs. Many
others have explored 3‐Dmantle upwelling beneath spreading centers since then (e.g., Carbotte et al., 2015;
Choblet & Parmentier, 2001; Lin & Phipps Morgan, 1992; Rabinowicz & Briais, 2002). If segments in the
study area lengthen in response to the development of mantle upwelling with a preferred spacing between
melt diapirs, then the initial 20‐km‐long segments must merge or be subsumed by other segments. We exam-
ined the off‐axis topography to investigate the evolution of segmentation. The results are inconclusive, how-
ever, because the topography is difficult to interpret (see off‐axis bathymetry for s5a in Figure 4, for example).
Magnetic anomalies also do not provide sufficient constraints because their continuity is based on widely
spaced tracks. Whether final segment lengths in the study area will remain variable (i.e., 40–75 km) or pos-
sibly continue to evolve to reflect an evolving mantle upwelling structure or some other process remains
unknown. East of the study area, segment lengths are variable and in the same range but become influenced
by the Galapagos hot spot (Sinton et al., 2003).
6.3.3. Lengths and Styles of Lateral Offsets Between Segments
North‐south lateral offset will increase if a propagating segment overtakes and eliminates the adjacent seg-
ment to the west. One example of a segment being eliminated is s6a whose westward propagation appears to
have stalled. The rapid westward propagation of adjacent segment s6 has eliminated all but a small section of
s6a. If s6 overtakes s6a, the resulting offset will be between s6 and s5b and will be ~18 km. The offset between
s8 and s9 (~27 km, Figure 5b) would be the only one larger than this. Increasing north‐south lateral offset
also might be related to increasing segment length. In the study region, segment spreading direction is not
orthogonal to the symmetry axis of the Galapagos gore (see Figure 5c, inset), and because of this longer seg-
ments will have larger offsets.

The contrasting styles of the observed offsets in the study area, which vary from simple with no defining
topographic features between them to large, faulted, and rotated highs, are likely controlled by a combina-
tion of factors including the amount of offset, the trends of the segments, and the amount of overlap. Such
factors influence the mechanical properties and ultimately the strength of the lithosphere within the offset.
Where topographic highs are observed within offset zones, we expect that they reflect an increase in litho-
spheric age, and thus lithospheric strength, associated with larger lateral offsets.

7. Conclusions

Bathymetry, magnetic, and gravity data collected over the first nine segments in the western section of the
Galapagos gore are used to examine how individual magmatic spreading segments are established and
evolve. The transition from rifting to magmatic spreading presently occurs over the three westernmost
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segments (s1, s2, and s3) all within the very slow spreading C‐G spreading regime. Segments s4–s9 originated
within the intermediate‐spreading C‐N regime.

Segment s2 marks the transition between rifting and full magmatic spreading. At its deep western end,
which is roughly 0.375 Ma younger than the eastern end, hummocky seafloor suggests that magmatism
may be just emerging. At its older eastern end, the magmatism is sufficient to create a well‐developed
AVR. We assume the AVR will continue to build westward as magma supply is enhanced.

The only detachment fault identified in the survey area is at Segment s2 where the active IRR detachment
borders the axis at the base of the northern gore scarp. Melt supply along s2 must be within the range for
oceanic detachment fault formation (e.g., Buck et al., 2005; Olive et al., 2010; Tucholke et al., 2008;
Whitney et al., 2013). Because detachment faults are apparently absent elsewhere along the gore scarps, melt
supply to Segments s4–s9 during initial rifting may have reached the maximum threshold for detachment
fault formation faster than at the current transition segment, s2.

Magnetic anomalies and regular, lineated abyssal hill topography show that seafloor spreading has been well
organized along Segments s4–s9 and suggests that magmatic spreading developed quickly. The only features
that disturb the anomalies are a result of the westward propagation of segments. A change in Cocos‐Nazca
spreading rate from 39 to 48.2 mm/year is documented at ~1.1 Ma. The spreading direction in the study area
has remained unchanged at 007.

MBA values decrease to the east along the axis. The first occurrence of a (somewhat diffuse) MBA low cen-
tered on the axis is ~180 km from the gore tip. The MBA low becomes more circular and centered within
individual segments farther east, suggesting increasing temperatures and mantle upwelling, and perhaps
progression to a developed melt supply.

At the western tip of the Galapagos gore the lengths of newly formed segments have averaged ~20 km for the
last 5–6My based on the lengths of the northern gore wall faults. These segment lengths are likely controlled
by the strength of the lithosphere at the gore tip. Segment lengths increase with increasing distance from the
tip. The eventual spacing of segments may be related to the structure of the developing 3‐Dmantle upwelling
and the spacing between upwelling centers.

Data Availability Statement

Multibeam bathymetry, magnetic, and gravity data access is through the Rolling Deck to Repository website
(https://www.rvdata.us/search/cruise/SR1806); bathymetry from the broader region can be obtained from
the Marine Geoscience Data System website (http://www.marine-geo.org/index.php). T‐phase origins are
available online (from http://www.pmel.noaa.gov/acoustics/). Focal mechanisms for teleseismically
recorded earthquakes are available from the Centroid Moment Tensor catalog (http://www.globalcmt.org/
CMTsearch.html). Bathymetry data are displayed using Generic Mapping Tools software (Wessel &
Smith, 1991).
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