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Abstract

Deciphering the seismic character of the young lithosphere near the mid-oceanic ridges
(MOR) is a challenging endeavor. In this study, we determine the seismic structure of
the oceanic plate near the MORs, using the P-to-s conversions isolated from good
quality data recorded at 5 broadband seismological stations situated on the ocean Is-
lands in their vicinity. Estimates of the crustal and lithospheric thickness values from
waveform modeling of the P receiver function stacks reveal that the crustal thickness
varies between 6 and 8 km with the corresponding depths to the lithosphere astheno-
sphere boundary (LAB) varying between 43 and 68 km. However, the depth to the LAB
at Macquire Island is intriguing in view of the observation of a thick (~ 87 km) litho-
sphere beneath a relatively young crust. At three other stations i.e., Ascension Island,
Sao Jorge and Easter Island, we find evidence for an additional deeper low velocity
layer probably related to the presence of a hotspot.

1 Introduction

The Mid-Oceanic Ridges (MOR) are the largest sources of magma on the earth. Being
locales where new lithosphere is generated and accreted to the existing ones, their
study assumes importance in understanding the dynamics of plate tectonics. These
linear features on the ocean floor control the rheology of oceanic lithosphere, ridge
topography, the style of oceanic crustal accretion and also affect the earth’s deeper
discontinuities. New oceanic plates created at the mid-oceanic ridges undergo cooling
and thickening as they subsequently spread away and again plunge downward into
the mantle along the trenches by the process of subduction. In a broader perspec-
tive, the thermal contraction of lithosphere created at the ridge also defines the shape
of the mid-oceanic ridge (Parsons and Scalater, 1977). The lithosphere is the rigid
outer shell, made up of the crust and the top most part of the mantle that floats over
a lower viscosity asthenosphere that is seismically characterized by a low velocity zone.
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The first seismic observation of the asthenospheric low velocity layer was reported by
Gutenberg, at a depth range of ~50-200 km (Gutenberg, 1959). Therefore, any veloc-
ity reduction in the uppermost mantle, similar to the one at LAB, has been sometimes
referred to as the Gutenberg (G) discontinuity (Revenaugh and Jordan, 1991), which
may define the top of the low-velocity layer. At short scales, the lithosphere is deformed
due to faults (Atwater and Mudie, 1968; Ballard and Van Andel, 1977).

Most of the seismological knowledge of the oceanic plates, particularly that near the
ridges comes from tomography studies (Evangelidis et al., 2004; Rodgers and Har-
ben, 1999) with the exception of a few seismic reflection/refraction studies that have
been carried out across the ridges (Du and Foulger, 1999; Bjarnson and Menke, 19983;
Evangelidis et al., 2004; Rodgers and Harben, 1999). Surface wave dispersion studies
first elucidated the nature of the oceanic plate and LAB (Kanamori and Press, 1970;
Leeds, 1975; Zhang and Tanimoto, 1993; Nettles and Dziewonski, 2008). However,
the depth resolution of surface wave and body wave tomography studies is limited
to > 40 km. Shear-wave anisotropy studies suggest horizontally connected melts near
the MOR (Nowaki et al., 2012). Attempts to understand the oceanic plates have been
made through a number of seismological studies at different locations beneath the Pa-
cific ocean (Gaherty, 1999; Tan and Helmberger, 2007; Kawakatsu, 2009; Kumar and
Kawakatsu, 2011; Kumar et al., 2012; Rychert and Shearer, 2011; Schmerr, 2012 etc).
Logistic problems and the extreme costs compared to land surveys, impose severe
constraints on obtaining similar information about the nature of other MORs. Another
factor which hampers body wave observations from the oceanic data is the water re-
verberations that mostly contaminate the vertical component of the seismograms of the
ocean bottom seismometers (Kumar et al., 2012). In this study, an attempt is made to
investigate the seismic structure using the available data from 5 seismological stations
situated on the islands but close to the mid-oceanic ridges. Although the crustal struc-
ture may not truly represent the nature of the oceanic plate due to possible influence
of the islands, the deeper structure is devoid of such effects.
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2 Data and methods

We used all the available teleseismic data from five oceanic islands near the MORs.
The locations of the stations are shown in Fig. 1 together with the major plate bound-
ary and mid-oceanic ridges. In the present study, we use converted wave techniques,
namely P receiver functions (PRF) (Burdick and Langston, 1977; Langston, 1977; Vin-
nik, 1977). Receiver functions are time series, computed from three component seis-
mograms, which show the relative response of Earth structure near the receiver. The
events with magnitude > 5.5 Mb and epicentral distance range of 30-90° are selected
from all available back azimuths. First, the Z, N and E components are rotated into
Z(vertical), R(radial), and T (transverse) system using back azimuths derived from the
waveforms. We further rotate the ZRT components into the LQT system using the
theoretical angle of incidence determined by the global velocity model, IASP91 and
also with the angle of maximum polarization direction of P wave. We chose only those
events whose difference in theoretical and waveform back-azimuth and incidence an-
gle are less than 30° and 5° respectively. Further, we derive the P receiver functions in
time domain by deconvolving the radial components by their respective vertical ones.
The deconvolution makes the equalization of source and propagation path effects. P
receiver functions thus obtained are then moveout corrected to a reference slowness
of 6.4sdeg'1 (Yuan, 1997) in order to remove the dependence of the travel times of
the converted phases on the source receiver distance. In addition, we stack several
P receiver functions after moveout correction, to enhance the signal to noise ratio.

3 Results and discussion

The receiver function results are summarized in the Table 1 and the observed stacked
traces are shown in Fig. 2. In order to pick the conversions unambiguously, we per-
form error analysis utilizing the bootstrap technique (Efron and Tibshirani, 1993) and
consider only those phases which are above +2 SE error bound. In Fig. 2, the stacked

1644

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

uI
| I

SED
5, 1641-1657, 2013

Seismic structure of
the lithosphere

C. Haldar et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/1641/2013/sed-5-1641-2013-print.pdf
http://www.solid-earth-discuss.net/5/1641/2013/sed-5-1641-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

P receiver functions for the corresponding stations are shown. The prominent discon-
tinuities are marked. The phases observed prior to ~ 3 s are interpreted as Ps conver-
sions from the Moho, which are positive in polarity arising due to the increase in velocity
downward. Other discontinuities which are marked as LVL (low velocity layer) and LAB
(Lithosphere-Asthenosphere Boundary) are also visible above the error limit. Further,
we generate synthetics (Frederiksen and Bostock, 1999) using simple models in order
to constrain the depths to the boundaries. The 1-D synthetic P-to-s receiver functions
for each of the stations are shown by dashed wiggles (Fig. 2) and the corresponding
models are shown in Fig. 3. Since the islands are volcanic in nature, the velocities and
crustal thickness values are taken from other studies to construct the upper crustal
models. While modeling the RFs at various stations, the velocity of the basaltic layer
was adopted from Rodgers and Harben (1999). Also the velocities in the crustal part
are kept close to the estimates obtained regionally and globally based on active seis-
mic experiments (Shinohara, 2008; White, 1992), except for the station PSCM where
the data required inclusion of a low velocity layer at the top.

3.1 Mid-Atlantic ridge (PSCM, ROSA and ASCN)

These three stations are located in the Atlantic ocean; PSCM and ROSA are in the
north Atlantic and station ASCN is located in the central part (Fig. 1). The station PSCM
is at the Terceira Island while ROSA is at Sao Jorge Island in the middle of the North
Atlantic Ocean. Both these islands are volcanic in origin and about 10 km away from the
MOR, making it one of the closest landmasses to an active, oceanic spreading center.
ASCN is located in the South Atlantic Ocean at Ascension Island, which is a volcanic
island. This island is located 100 km west of the MOR.

Our modeling results indicate that the crust-mantle boundary is located at depths of
~ 6, 7 and 8 km for ROSA, PSCM and ASCN respectively. Near the station ASCN, the
wide-angle reflection seismic tomography studies indicate the Moho depth at ~ 10.2 km
(Evangelidis et al., 2004). The depths to the LAB beneath these stations are at 40, 68
and 48 km respectively. The result for the station ASCN is consistent with the observa-
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tions by Li et al. (2003b). The depth to the LAB beneath ROSA (~ 40 km) and PASCM
(~ 68 km) are quite different, in spite of the fact that they are only ~ 100 km apart with
similar average crustal ages (the average crustal ages of ROSA and PSCM are 13
and 19 My respectively). The inset of Fig. 1 shows that PSCM much closer to the ridge
compared to ROSA. These two stations are situated on a complex triple junction ridge
system. The possible reason for this discrepancy might be due to the influence of the
compositional nature of the oceanic islands and structural complexity.

3.2 Rano Kau ridge (RPN) and Macquarie ridge (MCQ)

Station RPN is situated at the Easter Island, ~ 100 km west from the Rano Kau Ridge
in the Pacific, while station MCQ is located at the Macquarie Island, which lies in the
middle of the Macquarie Ridge. Both these volcanic islands are dominated by the pres-
ence of basalt and gabbro. The results of receiver function modeling suggest a crustal
thickness of ~7km and plate thickness of 43km at station RPN. On the other hand,
the crust (~ 24 km thick) and the lithosphere are much thicker (~ 87 km) below station
MCQ. The LAB depth found below RPN is consistent with the results obtained ear-
lier from S receiver functions (Heit et al., 2007; Li, et al., 2003b). This study suggests
that the numerical value corresponding to the negative discontinuity below RPN might
correspond to a oceanic LAB.

4 Upper mantle discontinuities

Figure 4 shows the receiver function stacks at individual stations after application of
a low-pass filter with a corner frequency of 6s. The stacks clearly reveal the global
upper mantle seismic discontinuities typically detected at 44.1 and 68.1s. However,
the oceanic stations reveal a delay in both the phases (see Table 1). These seismic
discontinuities are globally observed and generally interpreted to be formed due to
a phase transformation in the mantle from olivine to spinel and from spinel-structured
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gamma phase to perovskite-structured magnesiowustite (Duffy and Anderson, 1989)
respectively. These phases are in a state of equilibrium governed by the temperature
and pressure at those depths, described by the Clayperon slope. The Clayperon slope
is positive and negative for the 410 and 660 km discontinuities respectively. Thus, the
respective locations of these phases can be interpreted in terms of the temperature
in the upper mantle. For an excess temperature of ~200°C, the separation between
these discontinuities can be reduced by ~20-30km (Helffrich, 2000). The delays in
both the phases might also indicate the lower average velocity in the upper mantle
implying a thinner mantle-lid of the oceanic lithosphere as compared to the continental
mantle.

The arrival times for the upper-mantle discontinuities are listed in the Table 1. All the
stations show delay in both the discontinuities with respect to the global average value
predicted by the IASP91 model. These observed delays might be related to elevated
upper-mantle temperatures just below the mid-oceanic ridges where hot magmas are
continuously out poured to make new lithosphere. These values are in general agree-
ment with the earlier results in oceanic environments by receiver function analysis (Li
et al., 2003a) and SS-precursors (Gu and Dziewonski, 2002). The observed values
suggest that the thickness of the upper mantle transition zone varies between 227
and 248 km as compared to the global average value of ~250 km. This thinning of the
transition zone favors a hotter mantle (e.g Agee, 1997; Shearer, 2000; Deuss, 2007).

5 Low velocity layer

The observed receiver function traces (Fig. 2) show an additional negative phase for
stations RPN, ROSA and ASCN. We choose to interpret the shallower LVLs as conver-
sions from LAB, since they are consistent with previous studies using different seismo-
logical techniques (Heit et al., 2007; Rychert and Shearer, 2009 etc.) and also these
values are close to those predicted by the cooling model for ocean lithosphere. The
deeper low velocity layers (Fig. 2) below RPN, ROSA and ASCN are observed much
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beyond the error limits. Owing to the proximity of these stations to the mid-oceanic
ridges, the possible source for the generation of these second LVLs may be related
to the source of magma at a depth range of ~75-100 km from where the magma as-
cends along the narrow lithospheric openings. This observation also get support from
the shear wave anisotropy study which argues for the horizontal layers of connected
melt pockets in the region near to ridge (Nowacki et al., 2012). The mid-oceanic ridges
receive magma from the plume which feed the hot magma from below and the most
volatile magmas reside at deeper depths. These locations are where the MORs inter-
act with the mantle plume (Montagner and Ritsema, 2001) and possibly produce the
second LVL, as observed along the mid-Atlantic ridge, where regions affected by the
shallow mantle plumes are detected, with the exception of Iceland.

6 Conclusions

P receiver function analysis at 5 stations located near the mid ocean ridges reveals
significant converted energy from the crust-mantle boundary, LAB and an additional
deeper low velocity layer. Modeling results reveal that the Moho depths vary from
~6km to ~8km except for station MCQ (where it is ~24 km). Hence, we conclude
that the crustal thickness beneath the MORs is ~ 8 km. The LAB depths beneath the
MORs vary from ~40km to ~92km. The observed LAB depths are consistent with
the thermal cooling model (Stein and Stein, 1992), however, the depth estimates may
not represent a pure oceanic plate in view of the contamination from the composition
of the ocean islands on which the stations are sited. Further, we observe sufficient
converted energy from the upper mantle discontinuities namely the 410 and the 660.
These phases are observed at ~46s and ~67s implying delay with respect to the
global average. Also the thickness of the transition zone is found to be thin, due to
a deepening of the 410 and swallowing of the 660 km discontinuities. This thinning of
the transition zone indicates the existence of mantle plumes beneath the stations (e.g.,
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ASCN and RPN). These findings are very much coherent with the fact that the present
observations are in the close vicinity of the mid-oceanic ridges.
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Fig. 1. The location of the seismic stations (inverted triangles) used in the present study. Black Back Close
line shows the mid-oceanic ridge (MOR) boundary. The color code of the stations corresponds
to the colors of the wiggles in the Fig. 2. The crosses and open circles indicate the geographical Full Screen / Esc
distribution of the events corresponding to the the stations in the same color. Two stations ROSA

and PSCM in north-Atlantic ridge are shown in the zoomed version as inset.
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Fig. 2. The observed stacked P receiver functions (solid wiggles) from 5 stations are shown.
The synthetic P receiver functions are also shown by dashed lines for the corresponding models
shown in Fig. 3. These receiver functions are filtered with a low pass filter with corner frequency
of 0.25 Hz and moveout correction with reference slowness 6.4sdeg‘1 using the IASP91 Earth
model before stacking. The two gray lines on both sides of the mean lines are the standard
error estimated using bootstrap for £2 SE.

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiq

1655


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/1641/2013/sed-5-1641-2013-print.pdf
http://www.solid-earth-discuss.net/5/1641/2013/sed-5-1641-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
(/2]
Vs (km/s) £ SED
3 4 5 o,
0 . | . | . S 5, 1641-1657, 2013
Moho

o
©

z Seismic structure of

20 Moho i o the lithosphere
i LAB g C. Haldar et al.

-~ LAB 2
LAB 2

—_ 50 e Title Page ‘
1 B T

3, = -

2w e | .

Tabl Fi

100 - LYL . 2
wn

150 4 i > K I

o - O —

:

o L . | -
O

Fig. 3. Shear wave velocity models for different stations that produce a good fit between the § Printer-friendly Version ‘
synthetic and observed seismograms. Only the upper part of models down to a depth of 140km 3

containing three discontinuities, Moho, LAB, and LVL are shown. Phases that are above the g'
2 sigma error limits are modeled. The color codes correspond to different stations: Black- MCQ, Ay

Red-ASCN, Blue- PSCM, Green-RPN and Grey-ROSA. 8
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Fig. 4. Stacked receiver functions similar to the Fig. 2 but shown till deeper depths in order to
show the upper mantle discontinuities. The traces are low-pass filtered with corner frequency
of 6 and moveout corrected to a reference slowness of 6.4sdeg™" using the IASP91 Earth
model prior to stacking. Two bounding lines parallel to the mean are error bounds of +2 SE. All
the stations show clear arrivals of the Ps conversions from the 410 and 660 km discontinuities
(marked by short line) and they are delayed with respect to the average global mode.
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