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Abstract The crust near an extinct mid-ocean ridge provides unique constraints on how its accretion
and deformation responded to the cessation of spreading. Here we present crustal thickness and Vp/

Vs measurements beneath 11 Ocean Bottom Seismograph sites that cross the South China Sea's extinct
spreading axis. We find that the oceanic crust, which generally had only slight thickness changes once
spreading started, abruptly thins at sites close to the extinct ridge axis. Abnormally high Vp/Vs ratios are
obtained at several sites south of the ridge, indicating the presence of serpentine. These observations
imply that, in its final stage, spreading changed to an ultraslow accretion style. As the axial crust thinned,
normal faults and/or detachment faults began to form. Water could penetrate more deeply through these
faults, and large fault slip could raise ultramafic peridotites to near or at the seafloor, creating favorable
conditions for their enhanced serpentinization.

Plain Language Summary Mid-ocean ridges can both form and die. As a ridge dies, what
happens to melt generation beneath the ridge axis? Clues exist in the oceanic crust near an extinct ridge
that was created during the ridge’s final stages of seafloor spreading. We explore a well-known extinct
spreading center within the South China Sea. Using ocean bottom seismometers and the receiver function
technique, we determine the thickness of the magmatic crust, and a parameter (Vp/Vs) that reflects

the structure of the underlying crust. We find that, approaching the extinct spreading axis, the crust,
typically uniform in thickness, thins significantly. This indicates that the melt supply decreases relative

to spreading rate during the final stages of spreading. The Vp/Vs ratio at three sites nearest to the extinct
spreading axis is abnormally high. Our inference is that the spreading rate and magma production has
decreased to the point where large crustal faults can develop at several locations along the ridge. These
faults provide pathways for seawater to reach and react with the uppermost mantle, forming minerals with
higher Vp/Vs ratios which are then uplifted to the seafloor as the faults grow.

1. Introduction

The spreading rate along the global mid-ocean ridge (MOR) system varies greatly, from less than 1 to
~20 cm/yr (e.g., Dick et al., 2003). Many characteristics of oceanic crust exhibit substantial variations with
MOR spreading rate. For example, although the thickness of most oceanic crust is relatively uniform, at
slow to ultraslow MORs melt production is typically reduced due to conductive heat loss to the surface,
which leads to the formation of thin magmatic crust (Bown & White, 1994; Chen, 1992) or even an “amag-
matic” spreading segment without crust (Dick et al., 2003). On the other hand, spreading rate and crustal
thickness are dominant factors in whether a ridge axis will develop a median valley with large detachment
faults (e.g., Cannat et al., 2010; Escartin et al., 2008; Morgan & Chen, 1993). Therefore, oceanic crustal
thickness and structure can serve as proxies that denote time-dependent changes in spreading rate and
magma supply at a MOR.
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Figure 1. Map of the central subbasin of the South China Sea (SCS)
showing the main geologic features in the region. Locations of working
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Extinct MORs represent an extreme case along the global MOR system,
where spreading has stopped and the formation of the new oceanic crust
has ceased. These features have been recognized in many places along
the global spreading system (e.g., Batiza et al., 1982; Castillo et al., 2010;
Davis et al., 2010; Delescluse et al., 2015; Fujioka et al., 1999; Livermore
et al., 2000; Louden et al., 1996; Nishizawa & Oikawa, 2011). During the
cessation of spreading along a propagating ridge where one spreading
segment replaces another, it is seen that the “dying ridge” undergoes a
transitional stage in which the spreading rate slows before the complete
cessation of spreading. Similar behavior has been suggested to occur
at other extinct spreading centers (e.g., Delescluse et al., 2015; Louden
et al., 1996). However, these studies are few in number and have primar-
ily looked at crustal thickness variations to infer magmatic variations
without constraining other parameters, such as Vp/Vs, that can give ad-
ditional insight into changing extents of brittle faulting and tectonism.
Improved observations of this transitional stage will allow us to further
explore how magma supply responds to slowing spreading, and how the
mode of crustal accretion changes as a spreading center dies.

3500 7000 In the central subbasin of the South China Sea (SCS), there is a classic
example of an extinct spreading axis. The SCS basin opened as a mar-
ginal sea at ~33 Ma and stopped spreading at ~15 Ma. Large amounts
of postspreading volcanism continued for nearly 10 Myr (~13-3 Ma) to

instruments in the OBS array are shown by red triangles. Locations of generate the Scarborough (also known as Huangyan-Zhenbei) seamount
additional OBSs that were lost or failed to record good data are shown by chain (e.g., Sibuet et al., 2016). Because of this postspreading volcanic
black triangles. The heavy dashed line along the seamount chain depicts activity, the spreading fabric along the extinct MOR axis has been masked

the location of the extinct spreading center axis (Briais et al., 1993; Li
et al., 2014). The top inset shows the teleseismic events that we used, and
the bottom inset shows the location of the regional map. OBS, Ocean

Bottom Seismograph.

by volcanoes and subsequent sediments. However, the timing of the on-
set and cessation of spreading has been confirmed by recent IODP drill-
ing (Legs. 349) (e.g., Koppers, ; Li et al., 2015). Based on shipboard and
deep-tow magnetic anomaly measurements, Briais et al.(1993) and Li
et al.(2014) demonstrated that the spreading rate of the SCS gradually
decreased with time during its lifetime, while strongly varying in the
range of 20-80 mm/yr. Magnetic anomalies can estimate the average spreading rate between two adjacent
distinguishable chrons, but in general, they cannot reveal a potential rate change within a relatively narrow
time window. As a result, we lack detailed magnetic constraints on spreading rate during the death of the
spreading axis in the SCS.

Here we use the data set collected by two passive-source Ocean Bottom Seismograph (OBS) array experi-
ments in the central subbasin of the SCS near the extinct MOR (Figure 1). We employ the receiver function
(RF) technique to determine the thickness and Vp/Vs ratio of crust near the extinct axis. The oceanic crustal
thinning and change in crustal structure that we determine provide insights into the geodynamic and mag-
matic changes that occur when spreading wanes and stops.

2. Data and RF

Data used in this study were collected from passive-source OBS array experiments in the central subbasin of
SCS, undertaken in 2012-2013 and 2014-2015 (Figure 1). In total, 36 OBSs were deployed near the extinct
ridge and seamount chain. Seventeen stations were successfully recovered, with 11 recording valid data.
Most of the recovered OBSs have data for 7-8 months, but three OBSs recorded only ~3 months of data due
to various issues with the instrumentation (Le et al., 2018; Liu et al., 2014).

To determine the RF for each station, we apply the following data processing procedures to the OBS seismo-
grams. We first determine the horizontal orientation of the OBS seismometer so that each event's radial and
tangential components can be accurately obtained. This was achieved—to a typical accuracy of 8.0°—by
analyzing long-period Rayleigh wave polarizations (Liu et al., 2014; Stachnik et al., 2012). Second, there

HUNG ET AL.

20f9



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL089755

Table 1

OBS Information and RF Results, Including locations (Long, Lat), Water Depths (WDep), Horizontal orientations
(HOTri), Tilt Angles, Tilt directions (TDir), and Resultant Crustal Thickness H and Vp/Vs Measurements With Their
Standard Deviations

Station Long (°) Lat (°) WDep (m) HOri (°) Tilt (°) TDir (°) H (km) Vp/Vs (x)

B04 117.0110 14.0243 —4,246 185 6.5 280 7.0 = 0.61 1.87 £ 0.13
B19 116.4990 14.5006 —4,301 350 6.5 110 6.7 + 0.48 1.95 + 0.10
B32 117.9990 14.3965 -3,859 110 0 - 73+0.65 1.63+0.12
HYO01 117.0006 16.4054 —4,071 220 1.0 200 7.7+1.18 1.88 £0.22
HY02 116.3061 16.2033 -3,750 20 35 160 7.8+0.65 1.87 +0.20
HYO08 117.7965 13.8004 —4,104 218 0.7 285 83+0.39 1.94+0.11
HY10 116.9983 14.5989 —4,276 166 0.8 215 52 +0.67 2.10+0.11
HY15 117.537 16.5033 —3,753 154 16.3 5 7.5+0.65 1.85%0.11
HY16 118.2134 16.4513 -3,920 49 0.3 91 7.4 £ 0.46 1.79 £ 0.11
HY17 118.8037 16.2010 -3,870 330 2.0 131 6.1 +040 1.81 +0.08
HY18 119.2166 15.8003 —4,739 20 12.9 172 6.6 +£0.62 1.73 £0.16

were pronounced clock errors in the data loggers of several OBSs (Le et al., 2018; Liu et al., 2014). Although
the RF analysis is not sensitive to small clock drifts as long as they are synchronous for all three compo-
nents, significant clock errors could lead to phase misidentifications in seismograms. Therefore, clock cor-
rection is still necessary. We use the time symmetry of Scholte waves in noise correction functions to correct
clock timings (Le et al., 2018).

Additionally, we found that the seismometers in two OBSs had a significant tilt (Hung et al., 2019). In-
strument tilt has a pronounced effect on RF analysis: the polarities of the P signature on RF in a back azi-
muth range can be flipped, and Moho-converted Ps phases can also be disturbed. A tilt noise analysis (Bell
et al., 2015) can determine the tilting angle and direction, with which we can do a correction for instrument
tilt. Apart from HY15 and HY18, the OBSs were found to have insignificant tilting angles (Table 1). None-
theless, we correct for tilt in all three-component seismograms whenever the inferred tilt angle is larger
than 2.5 degrees.

For the RF calculations, we consider only teleseismic events with magnitude greater than 5.0 and an epicen-
tral distance from 20° to 95°. Seismograms are initially selected automatically based on their signal-to-noise
ratios (SNR). For selected events, the SNRs of all three components must be greater than 4.0. We define
the SNR as the ratio of the peak-to-peak amplitude of the predicted P arrival to the standard deviation of
the time series in a 30-s window before the arrival. Automatically selected seismograms are then visually
inspected to ensure that they are high-quality records. Representative examples of the three-component
seismograms for all 11 OBSs are given in Figure S1. Each three-component seismogram is windowed from
30 s before to 80 s after the first P arrival predicted by the IASP91 Earth model. Records are then band-pass
filtered with corner frequencies of 0.1 and 2.0 Hz.

To calculate the RFs, we use an iterative time-domain deconvolution (Ligorria & Ammon, 1999). This meth-
od uses a least squares minimization of the difference between the observed radial component seismogram
and a predicted signal generated by convoluting an iteratively updated spike train with the vertical com-
ponent. A water level of 0.001 and Gaussian width of 4.5 are adopted to stabilize the deconvolution. We
obtained a total of 552 high-quality RFs (Figure 2, Figures S1 and S2). The number of usable events for each
OBS varied from 17 to 90, depending on the length and quality of recording, with an average of about 50
good event records/station.

A loose sedimentary layer would induce a delayed first peak and strong reverberations in the resultant RFs
(Yu et al., 2015). These are not observed in most of our RFs (Figure 2). This is likely due to the relatively thin
sediment along this part of the SCS, as measured by an active-source study (Zhao et al., 2018) (Figure S3).
A synthetic test indicates that (Figure S5), if the thickness of the seafloor sedimentary layer were less than
0.5 km, its influence on RF measurements would be small.
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Figure 2. The RFs and H-x stacking for OBS stations HY02, HY08, and B19. For each OBS, the upper panel shows the RFs from all events plotted against their
back-azimuths, while the lower panel shows the H-x stacking for the optimal crustal thickness and Vp/Vs. The RFs and H-x stackings for other working OBSs
are shown in Figure S2. OBS, Ocean Bottom Seismograph; RF, receiver function.

3. Crustal Thickness and Vp/Vs

From the 552 RFs calculated at all working OBS sites, we estimate the crustal thickness and vertically aver-
aged Vp/Vs (x) beneath each OBS using the H-x stacking algorithm (Zhu & Kanamori, 2000). This algorithm
involves stacking amplitudes along the predicted move-out curves for weighted Moho converted phases and
multiples, including PpPs, PsPs + PpSs on each RF trace. The optimal thickness and Vp/Vs are obtained by
maximizing the stacking amplitude of all RFs measured at each OBS. The weighting factors that we use for
phases Ps, PpPs, PsPs + PpSs are 0.6, 0.3, 0.1, respectively.

The results of H-x stacking at 11 OBS sites are shown in Figures 3 and 4, and Table 1. The measured crustal
thickness ranges from 5.2 to 8.3 km. The average crustal thickness is 7.0 £ 0.6 km, slightly thicker than the
“normal” range of oceanic crustal thickness (Bown & White, 1994; Chen, 1992; White et al., 2001). After
excluding the average thickness of the sedimentary layer in this region (~0.5 km) (Zhao et al., 2018) (Fig-
ure S3), the actual oceanic thickness varies from 4.7 to 7.8 km. These lower values, 4.7 and 5.6 km at HY10
& HY17, are discernibly thinner than the expected thickness for normal oceanic crust. The measured spatial
variation has a systematic pattern in that crustal thicknesses at sites near the extinct ridge are thin, while
crustal thicknesses increase away from the extinct axis (Figures 3 and 4).

Vp/Vs results are shown in Figure 3 and Table 1. Measured ratios fall into the range of 1.63-2.10, with an
average of 1.86. These values are slightly higher than anticipated for a mafic oceanic crust composition
(Christensen, 1996; Holbrook et al., 1992; Zandt & Ammon, 1995). The spatial distribution of Vp/Vs ratios
appears to show a strikingly asymmetric pattern: while the ratios at the northern sites are less than 1.9 (see
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Figure 3. Mapview of crustal thickness and Vp/Vs beneath the 11 measured OBS sites in the central subbasin of the
SCS. The number inside each circle and its color reflect its inferred crustal thickness (crust + sediments) in km (a) & its
Vp/Vs value (b). OBS, Ocean Bottom Seismograph; SCS, South China Sea.

Figure 3b), those to the south generally have larger values. Three southern sites HY08, B19, and HY10, all
have ratios close to or exceeding 2.0.

Note that the absolute values of crustal thickness and Vp/Vs are sensitive to the average crustal P-wave ve-
locity (V_p) that is assumed in the stacking. Previous studies indicate the V_p of the oceanic crust is around
6.0 km/s (e.g., Hyndman, 1979). However, this value can vary strongly depending on the age, sediment
cover, and internal layering of the oceanic crust. We calculated V_p based on active source seismic profiles
near the extinct ridge (Zhao et al., 2018). The value is 5.1 km/s (See Supporting Information for further
details). However, these profiles were carried out on or very close to an axis that experienced extreme
postspreading volcanism until 3 Ma. Therefore, the temperature of the crust may be anomalously high.
Our OBS sites are sited on older oceanic crust; their V_p should be higher. Therefore, we extrapolate from
a value of 5.5 km/s. To see how sensitive the results are to the assumed V—p we test different values of V—p

(5.1 and 5.8 km/s) and find that, although the absolute thickness chang-

10 ‘ ' . ‘ L L 8 es notably beneath each OBS, the varying pattern of crustal thickness
0 18Ma  18.9Ma 20.6Ma 223Ma Lyoq HY08 24.2Ma . —  versusdistance persists (Figure S4). Vp/Vs ratios only change negligibly
=1 | | HY02 RS ; 7
£ sl : B32 HY16 ! L6 g (<2%) for different assumed values of Vp.
2 ' B19! . | e
g7 : LS e
2 HY15 ® 4. Discussion
< 6 BD4 A
§ 5 ' v [a § 4.1. Insights Into the Time Variation of Spreading Rate and
S : : % Magma Emplacement Prior to the Cessation of Spreading at a
4 \ ! ! pop2e Ridge Axis
1 1 1 1 ! 1
340 50 50 100 120 140 160 180 As shown in Figure 4, the thicknesses of OBS sites whose distances
Distances to Ridge (km) to the ridge are greater than 60 km are in the normal range of ocean-
ic crust (White et al., 2001). Crustal thicknesses (crust + sediments)
Figure 4. Crustal thicknesses (crust + sediments) beneath 10 OBS appear to linearly increase from ~6.5 km 60-km from the extinct axis

sites plotted against the distance to the extinct ridge axis in the central
subbasin of the SCS. The short vertical line at each blue circle gives the
standard deviation of the thickness measurement at each OBS site. The

to ~8.5 km 160-km from the axis. The two sites closer than 60 km
from the ridge have crust that is significantly thinner than normal,

full spreading rate determined from magnetic anomaly measurements (Li and whose thickness decreases toward the extinct ridge axis. An
et al., 2014) is also shown (red line and y-axis to the right) for comparison. overall decreasing pattern of the spreading rate is also inferred from
Corresponding seafloor ages estimated from Li et al. (2014) (green magnetic anomaly modeling (Li et al., 2014), with an average full

numbers) are noted above transitions in magnetic-anomaly inferred
spreading rates. We note that the OBS HY18 is located right on the MOR,
where the crust was thickened by postspreading volcanism (Sibuet

spreading rate of ~6.5 cm/yr at distances >90 km from the axis, and
an average rate of ~3.5 cm/yr at distances <90 km from the axis.

et al., 2016). Thus, this measurement is not included in this plot. MOR, The slower spreading region broadly correlates with the region of
mid-ocean ridge; OBS, Ocean Bottom Seismograph; SCS, South China Sea. ~ reduced crustal thickness within ~75 km from the axis (Figure 4).
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The varying pattern of crustal thickness versus distance to the ridge has important implications for the
change of the spreading rate of MOR in the SCS. Both global observations (e.g., Dick et al., 2003; White
et al., 1992, 2001) and numerical models (e.g., Reid & Jackson, 1981) indicate that seismic crustal thick-
ness should show little dependence on spreading rate, unless the temperature of the underlying mantle
source changes (Note that Zhou et al., 2020 suggest that satellite altimetry-based gravity observations imply
a change to slightly thinner crust at fast and ultra-fast spreading rates, but this inference has yet to be con-
firmed by seismic observations). Only at those ridges whose full spreading rate is less than 2.0 cm/yr would
crustal thickness be predicted to decrease, in response to the amount of melting being reduced by deepening
of the top boundary of the melting region due to vertical conductive heat loss beneath a very slow-spreading
ridge (e.g., Bown & White, 1994; Chen, 1992; Reid & Jackson, 1981).

When spreading in the SCS-approached cessation, the spreading rate decreased significantly (Figure 4). Site
HY10, closest to the ridge, has the thinnest crust (~4.7 km exclusive of 0.5 km thick sediments). Thinning
crust appears to correlate with a significant decrease in spreading rate, although the inferred spreading rate
(~2-4 cm/yr, see Figure 4) appears to be slightly above the ~2 cm/yr that Dick et al. (2003) proposed for
where the transition to the ultraslow spreading regime takes place. However, the rapid reduction in crustal
thickness at ~60 km from the extinct axis is superimposed on the overall secular decrease in crustal thick-
ness shown in Figure 4. We propose that this secular decrease reflects overall cooling of the asthenosphere
beneath the SCS with time, which led to a ~2 km decrease in crustal thickness prior to the change to ultra-
slow-like rates of crustal production. The slowdown likely happened at the magnetic anomaly inferred sea
floor age of ~18.5 Ma at the site of OBS 17 where anomalous thinning is first observed (Figure 4).

4.2. Insights Into the Crustal and Uppermost Mantle Composition

Vp/Vs ratios provide another useful constraint on the evolution of oceanic crustal structure. While the val-
ues of Vp/Vs at sites in the north of the extinct MOR are comparable to the average of regular oceanic crust
composition (Bratt & Solomon, 1984; Christensen, 1996, 2004), southern sites have significantly higher
Vp/Vs. In particular, the ratios at these three sites are close to or even greater than 2.0. These anomalously
high Vp/Vs ratios hint that there could be a large fraction of serpentine in the crust beneath those sites
(Christensen, 2004), as serpentinite is the only major oceanic rock-type with such high Vp/Vs ratios. Serpen-
tinites have been widely observed and sampled at slow and ultraslow spreading ridges (Cannat et al., 1997,
Dick et al., 2003; Gracia et al., 2000; Guillot et al., 2015; Kelemen et al., 2004; Michael et al., 2003; Sauter
et al., 2013). Large offset normal faults and detachment faults commonly form in the oceanic crust con-
structed at such ridges. These crustal-scale faults can act as channels by which water can reach and react
with underlying mantle, while also acting as a conveyor belt that brings up mantle peridotites to the depths
of hydrothermal circulation and serpentinization (Cannat et al., 2010). Serpentinization leads to a decrease
in density and seismic velocities, and a significant increase in Vp/Vs (Carlson & Miller, 1997; Minshull
et al., 1998). Depending on the volume percent of serpentine, Vp/Vs can reach as high as 2.2 for oceanic
mantle rocks (Christensen, 2004; Hyndman & Peacock, 2003).

We conjecture that, when the spreading rate slowed to near the slow/ultraslow range at the ridge axis in
the central subbasin of the SCS and the magma supply had also significantly diminished, then large offset
normal faults and detachment faults could easily develop in the median valley-type ridge axis (Morgan &
Chen, 1993). This new axial structure with its large-offset normal faults was an environment where serpen-
tinite would form near fault escarpments (Cannat et al., 2010). Sites HY10, HY08, and B19 were locations
where this type of partially serpentinized crust would develop at the axis. Note that since serpentine is
typically associated with wavespeeds that mimic oceanic crust (except in terms of its higher Vp/Vs ratio),
magmatic crustal thicknesses could even be thinner than we determined for these sites. In this case, the
inferred cooling of the ridge's mantle source would be even larger at the time when spreading ceased.

On the other hand, the asymmetric pattern of Vp/Vs ratios with respect to the fossil axis may reflect the
different thermal state of mantle north and south of the ridge (e.g., Zhang et al., 2020). In the north, many
tomographic studies have found large low-wavespeed bodies in the upper mantle below the region of Hain-
an island and its neighboring margin, anomalies that have been interpreted to be the seismic expression of
a Hainan Plume (e.g., Huang et al., 2006; Lei et al., 2009; Xia et al., 2018). Xu et al. (2012) even proposed
that the ridge was fed through a sublithospheric asthenospheric channel originating from Hainan Island.
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Therefore, the upper mantle in the northern side of the basin appears to have had higher temperatures.
Shallower Curie depths in the north (e.g., Li et al., 2010) and the fact that strong postspreading volcanism
only occurred in the northern subbasin also hint at a higher local sublithospheric temperature in this re-
gion. This higher temperature, especially if associated with the intrusion of magmas into overlying crust,
could impede the development of brittle crustal faults, and so limit the extent of serpentinization.

Curiously, some volcanism persisted after the cessation of spreading. We see direct evidence for this at site
HY18 on the extinct axis, where the crustal thickness is inferred to be ~6.6 km. This implies the later addi-
tion of several kilometer of seamount volcanism, with other continued volcanism building the later-to-form
Scarborough seamount chain.

5. Conclusions

Crustal thicknesses and Vp/Vs in the central subbasin of the SCS are determined by performing RF analyses
based on data collected in two passive-source OBS experiments. While most OBS sites indicate oceanic crust
of normal thickness, the crust near the extinct ridge appears to be noticably thinner. We attribute the pattern
of crustal thickness versus distance to the ridge to arise from two factors: (1) an overall secular decline in the
temperature of the astheneosphere beneath the SCS spreading center, and (2) a reduction in spreading rate
to near ultraslow rates as the ridge approached its cessation. These two influences led to decreased magma
supply, thinner crust, and a change from axial high to median-valley-type axial structure at the time when
spreading ultimately ceased.

The Vp/Vs in our OBS sites indicates a mafic oceanic crustal composition. However, three OBS sites show
anomalously high Vp/Vs ratios. These high values are difficult to explain except by the presence of a sig-
nificant volume fraction (40% as a minimum) of serpentinized peridotite, which implies that a fraction of
the uppermost mantle experienced serpentinization and was incorporated into the oceanic crust. This is a
further indication that large offset normal faults and detachment faults developed at the ridge axis during
the final phase of spreading along the failing rift.

Data Availability Statement
The seismograms used to generate the RFs can be accessed at http://doi.org/10.5281/zenodo.3968504.
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