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ABSTRACT

A free-fall ocean-bottom seismograph (OBS) cannot always
achieve the desired seismometer leveling because of the impact
of the descending OBS with the seafloor and the complexities
of the ocean bottom. How a failure of the leveling system of
OBS affects seismic applications, especially those relying on
three-component seismograms such as the receiver function
(RF), needs to be carefully explored. Here, we investigate the
effects of a tilted seismometer on the RF analysis using data
from a passive-source OBS experiment in the South China Sea.
The back azimuth—dependent, negative polarity of P signature
observed on RF traces of two OBSs can only be explained by
tilted seismometers. Analyses of tilt noise independently con-
firm that scismometers in these two OBSs were permanently
tilted. By correcting the tilt, we are able to greatly enhance the
signals of the Moho-associated P-to-S-converted phases on the
REFs.

Supplemental Content: Discussion about and figures illustrating
how characteristics of the horizontal-vertical transform func-
tion vary with the tlt angle of ocean-bottom seismo-

graph (OBS).

INTRODUCTION

The receiver function (RF) is a powerful tool to investigate
discontinuities in the Earth’s crust and upper mantle (e.g,
Langston, 1979; Ammon, 1991; Zhu and Kanamori, 2000).
However, applications of this technique are mostly limited
to land data. RF analysis using ocean-bottom seismograph
(OBS) data has proven to be difficult. Many factors contribute
to the difficulties, including noisy seismograms, particularly on
horizontal components; multiple reflections caused by the
water layer; and the presence of sediments (e.g., Crawford ez al.,
1991, 1998; Webb ez al., 1991; Leahy ez al., 2010; Bostock and
Trehu, 2012; Brillon, ez al., 2013; Ball ez al., 2014; Janiszewski
and Abers, 2015; Audet, 2016).
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In addition, another difficulty is the failure of the OBS
leveling system (e.g., Crawford and Webb, 2000; Dahm ez 4/,
2006; Bell ez al., 2015). Most OBSs are deployed in free-fall
fashion. When the instrument reaches the ocean bottom, the
impact with the seafloor could damage the fragile gimbal sys-
tem. Irregularities of the seafloor, such as steep slopes and
rough and bumpy rocks, could also cause imperfect leveling.
Therefore, a permanent tilt of the seismometer could result
during these deployments. On the other hand, there were
observations of time-varying tilt, which are likely associated
with bottom currents or releveling processes of seismometers
(e.g» Romanowicz ez al., 1998; Crawford and Webb, 2000;
Collins et al., 2001; Stephen et al., 2003; Bell ez al., 2015). In
both cases, three-component seismograms recorded by the
tilted seismometers are no longer what the recordings are
supposed to be. How the imperfect leveling affects seismic
applications, especially those relying on three-component seis-
mograms such as the RF, needs to be carefully explored.

In this article, we study how a defective OBS leveling
affects the conventional RF analysis in an OBS experiment in
the South China Sea (SCS). Based on synthetic tests and the
tilt noise analysis, we are able to prove that seismometers at two
OBSs are permanently tilted. The quality of RF traces from
these tilted seismometers is significantly improved after the tilt
corrections.

THE 0BS EXPERIMENT AND RF ANALYSIS

Data used in this study were collected from a passive-source
OBS array experiment in the central sub-basin of SCS (Liu
et al., 2014). This experiment deployed a total of 18 OBSs near
the extinct mid-ocean ridge and the seamount chain in April
2012 (Fig. 1). About 11 OBSs were successfully recovered 1 yr
later. Of these, seven Giiralp CMG 40T OBSs recorded valid
data, which lasted about seven months because of the limited
lifetime of the battery. Data quality analysis (Liu ez 4/, 2014)
shows that recovered OBSs recorded high-quality seismograms,
including horizontal components, even though several OBSs
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A Figure 1. Map of the central sub-basin of the South China Sea showing main
geologic features, the passive-source ocean-bottom seismograph (0BS) array in
the 2012 experiment. Colors represent the state of health of OBSs (red represents
recovered and retrieved valid data, yellow represents recovered but no data or bad
data, and black represents unrecovered data). Data of three 0BSs (HY15, HY16, and
HY18) are studied in this article. (Top inset) Distributions of earthquakes used in this

study are shown. (Bottom inset) the study region.

had pronounced clock errors and drifts (Liu ez 4/, 2014; Le
et al., 2018).

To obtain the crustal structure of the sub-basin and
understand the evolution of the fossil ridge before the cessa-
tion, we conduct a conventional RF analysis using this dataset.
Events with magnitude greater than 5.0 and epicentral distance
between 20° and 90° are selected. We manually screen all
events and only use those with high signal-to-noise ratios
(SNRs; Fig. 1, top inset). The back-azimuth distribution of
these events is fairly good. The radial and tangential compo-
nents of seismograms are transformed based on previously
determined horizontal orientations for all OBSs using
Rayleigh-wave polarization analysis (Stachnik ez 4/, 2012; Liu
et al., 2014). The clock-corrected seismograms (Le ez al., 2018)
are windowed 50 s before and 150 s after predicted P-wave
arrivals based on the IASP91 Earth model. A bandpass filter
0f 0.1-2.0 Hz is applied to the waveforms to enhance the SNR.
RFs are calculated by employing the iterative time-domain
deconvolution method (Ligorria and Ammon, 1999), which
presumably yields better RF estimation for noisy seismograms

such as OBS data.

Figure 2 shows radial RFs at three OBSs—
HY15, HYI18, and HYI16, respectively—
arranged according to back azimuths of events.
Although  the  Moho-associated ~ P-to-S-
converted phases (Ps) are identifiable on some
RF traces, there are striking features on RFs at
HY15 and HY18: polarities of direct P signa-
ture are negative in a range of back azimuths.
More importantly, the Ps phases at those back
azimuths do not show any consistent feature.
Therefore, it would be difficult to reliably deter-
mine the Moho depths beneath these OBSs
based on such RFs. The lower panels in Figure 2
show the stacked RFs, on which the Ps phases
can be hardly identified for HY15.

Unlike those at HY15 and HYIS,
however, most of RFs at HY16 have normal
P signature even though events used to calculate
RFs for the three OBSs are almost the same.
Figure 3 shows RFs at different OBSs from four
individual earthquakes. All RFs at OBSs other
than HY15 and HY18 have a normal and pos-
itive direct P signature. Therefore, the negative
P polarities of HY15 and HY18 must be caused
on the receiver side, cither by the very local
structure beneath the OBSs or because of prob-
lems with the instruments. A sloping Moho
could be the reason. Numerical modeling
(Cassidy, 1992) has shown that it is possible to
have negative P phases on RF if the interface
steeply slopes. However, such cases usually hap-
pen to transverse RF instcad of radial RE
Therefore, issues associated with the instru-
ment, such as the seismometer tilting to a cer-
tain direction, are likely responsible for the back
azimuth—dependent negative P polarities.

To prove a tilted seismometer could generate negative P
polarity on RFs, we perform a series of synthetic tests. Figure 4a
schematically shows a tilted seismometer represented by a tilted
coordinated system (N’Z’). In the normal coordinate system
(NZ), the displacements on the radial and vertical components
caused by P-wave polarization would have the same signs: both
are positive or negative. Now considering an incoming P wave
(the dashed line) whose incident angle is less than the tilt angle,
whereas the displacement on the radial component will change
its sign in the tilted coordinate system, the vertical component
remains the same sign. Because of the different signs of these
two components in the tilted coordinated system, deconvolu-
tion of them in RF calculations leads to a negative polarity.
This effect is maximum for incoming waves on the tilting
plane, but it affects P waves coming from back azimuths near
the tilting plane as well. As a result, the negative P polarities on
RFs appear at a range of back azimuths. Synthetic RFs shown in
Figure 4c demonstrate, for a given crustal model (Fig. 4b), seis-
mograms from a seismometer tilting to the north with a 20°

1192  Seismological Research Letters Volume 90, Number 3 May/June 2019

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/90/3/1191/4686524/srl-2018276.1.pdf
bv Tianiin Academv of Aaricutural Sciences user



(bep) yinwize yoegq

A Figure 2. Radial receiver functions (RFs) at 0BSs (a) HY15, (b) HY18, and (c) HY16 arranged according to the back azimuths of events.
Each RF trace shown in top panels is normalized. All original traces (overlay) and their stacked RFs (gray) are shown in lower panels. The
apparent Moho-converted phase (Ps) and their timings (tp5) are given in lower panels. Note that the striking feature of negative P sig-

natures at a range of back-azimuth range for HY15 and HY18.

angle generate negative P polarities at a back-azimuth range
centered at the back azimuth of 180°.

The seafloor with sediments is more likely to generate neg-
ative P polarity on RFs if the seismometer is tilted. This is
because the lower velocity of the sediment reduces the incident
angles of incoming P waves. The tilt angle could thus easily
exceed the incident angles, leading to the displacements of
the radial components change their signs. Synthetic RFs in
Figure 4d—f demonstrate how the presence of sediments at sea-
floor facilitates the occurrence of negative P polarities. For
incoming P waves with ray parameter of 0.03 s/km, a 10° tilted
seismometer on the seafloor without sediments (Fig. 4b) barely
generates negative P (Fig. 4¢), but the same seismometer at the
seafloor with sediment (Fig. 4d) has abnormal P RFs at a range
of back azimuths (Fig. 4f). Because most of the seafloor is
covered by sediments, if the seismometer of an OBS is tilted,

the tilt angle does not have to be very large to observe negative
P on RFs.

TILT NOISE ANALYSIS

If a three-component seismometer tilts from its true vertical
direction, the seismic energy polarized on horizontal compo-
nents will transfer to its vertical component and vice versa,

giving rise to correlations between seismograms at different
components. This feature has been used to remove tilt noise
generated by bottom currents (e.g., Crawford and Webb, 2000;
Webb e al., 2001; Dahm ez al., 2006). By defining a transfer
function between horizontal and vertical components, these
methods are able to predict the tilt noise on the vertical com-
ponent and remove it. A recent improvement of this method
(Bell ez al., 2015), in which the transfer function is computed
between the rotated horizontal component and the vertical
component, allows us to directly estimate the tilt parameters,
including the tilt angle and direction.

To further prove the seismometers of HY15 and HY18
are truly tilted and to determine tilt parameters, we applied
this tilt noise analysis to our OBS data. We follow the data
processing method of Bell ez 4. (2015) to calculate the transfer
function and its components, including the coherence, the
admittance, and the phase shift. The tilt angle and direction
can be determined from the arctangent of the admittance.
We note that because the frequency band in which the transfer
function is highly coherent becomes much broader as the tilt
angle increases (® Fig. S1, available in the supplemental con-
tent to this article), the frequency band we use to calculate the
tilt parameter is 0.1-0.15 Hz instead of that used by Bell ez 4/.
(2015; <0.1 Hz).
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A Figure 3. Radial RFs at HY15, HY18, and other OBSs from four events: (a) event 2
December 2012, magnitude 6.1, back azimuth (Baz) 122; (b) event 6 July 2012, mag-
nitude 6.3, Baz 120; (c) event 28 April 2012, magnitude 6.6, Baz 115; and (d) event 1
June 2012, magnitude 5.8, Baz 138. Note that negative P polarities at HY15 and

HY18, but other OBSs have normal positive polarities.

Our results show that these two OBSs, HY15 and HY18,
have strongly coherent transfer functions. Figure 5a gives exam-
ples of one day’s transfer functions for both OBSs. In the fre-
quency band of 0.1-0.15 Hz, the coherences are nearly 1.0, the
admittances are constants, and the phase shifts are close to
zero, indicating the seismometers of these two OBSs are tilted.
Furthermore, the coherent features of transfer functions for
both OBSs only vary slightly during the entire deploying
period. Figure Sb shows the tilt angle and direction of each
day, which are calculated from the daily admittances. The tem-
poral variations of tilt angles and directions over the seven-
month deployment are small compared with their mean values,
with the exception of a sharp change in HY18’s tilt angle
occurred at about two months after deployment. These fea-
tures indicate seismometers in these two OBSs were perma-
nently tilted.

For comparison, an example of the transfer function and
tilt parameters over time of another OBS, HY16, are also given
in Figure 5. There is no coherence of the transfer function, and
the admittance and phase vary greatly at different frequencies,
suggesting that the tilt effect is not significant. As expected, the
tilt angles calculated from admittances during the deployment
are negligible for this OBS.

The large tilt angles of HY15 and HY18 from the begin-
ning of deployment suggest their gimbal systems were likely
damaged during the deployment. Unlike HY15, which has a
tilt angle around 16.3° all the time, HY18 suddenly changed
the angle from 12.1° to 6.7° about two months after
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seismograms can be obtained by rotating the
original three-component seismograms to the
coordinate system with the true vertical
The mean tilt angles and directions in Table 1
are used to rotate the original seismograms of
HY15 and HY18.

Based on the new tilt-corrected three-com-
ponent seismograms, we can recalculate the RFs
in the real ZRT coordinate system. The tilt-cor-
rected RFs for HY1S and HY18 are shown in
Figure 6. As expected, the negative polarities of P signature on
most of RFs are flipped, especially for HY15. The Ps phases are
more conspicuous, and for most events, they align at roughly
same time, indicating they are converted at roughly same
depths. The stacked RFs (the lower panels in Fig. 6) also show
clearly visible Ps phases, and the improvement is particularly
manifest for HY15. The times of Ps on the stacked RFs are
increased by 0.13 and 0.15 s for HY15 and HY18, respectively,
from the uncorrected stacked RFs, suggesting that the tilt cor-
rection is necessary to better constrain the Moho depths.

Nevertheless, there are still some RF traces with negative P
polarities and distorted P and Ps phases. This situation is more
severe for HY18 (Fig. 6). As shown in Figure 5b, there are daily
variations in the tilt angles. The corrections, however, are done
using the mean values of parameters. Therefore, some daily seis-
mograms may be over- or undercorrected, giving rise to negative
P on their RFs. In addition, the presence of sediments may also
play a part. The age of the SCS basin is in the 16- to 32-Ma
range (Li ez al., 2015). The seafloor where most OBSs deployed
is covered by thick sediments. For example, the drilling site
U1413 of International Ocean Discovery Program Expedition
349, located near the extinct ridge, has sediments in which
P-wave velocity is less than 2 km/s down to at least 600 m
beneath the seafloor (Li ez 4/, 2015). Furthermore, HY18 is near
the Manila trench, where the water depth reaches 4739 m. The
site must have trapped even thicker unconsolidated sediments.
Given these seafloor conditions, small under- or overcorrected
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A Figure 4. Synthetic tests demonstrating how a tilted seismometer generates negative P polarity on a radial RF. (a) A schematic diagram
showing, when the seismometer tilts with an angle is greater than the incident angle of P wave (dashed line), the radial component will
change its sign in the tilted coordinate system (thicker lines). (b) The crustal structure without sediments used for generating synthetic
RFs. (c) Synthetic RFs calculated from seismograms based on crustal model shown in (b), and they are rotated from the ZRT coordinate
system assuming the seismometer is tilted to north by 20°. (d) The crustal model with a sedimentary layer. (e) Synthetic RFs from seismo-
grams with a tilt angle of 10° based on the crustal model shown in (b). (f) Synthetic RFs from seismograms with a tilt angle of 10° based on
the crustal model shown in (d). RFs are generated using a ray parameter of 0.03 s/km.
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relatively narrow (~40 cm), between which the
seismometer sphere sits. During the deploy-
ment, the mainframe and anchor reach the sea-
floor first, and then the seismometer sphere is
released from the frame and drops to the sea-
floor after receiving the signal. When the
anchor impacts with the seafloor, the soft
unconsolidated sediment between two cylinders
could be strongly disturbed, generating bumps
or pits. It is likely that the large slope of the
bumps or pits causes the failure of the gimbal
system in the seismometer sphere.

It is worth noting that the tilt of both seis-
mometers is nearly in the direction of one hori-

zontal component (4.9° and 180.6° for HY15

and HY18, respectively). This fact is probably
a picce of evidence for that the tilt is caused
by the failure of the leveling system. The gimbal

consists of two rings, and their rotating axes are

A Figure 6. Same as in Figure 2 for RFs at (a) HY15 and (b) HY18 based on ftilt-

corrected seismograms.

tilt could easily produce negative P phases and distorted wave-
forms as demonstrated in Figure 4d-f.

DISCUSSION

The tilt angles we find in these two OBSs are significantly
larger than typical tilt angles that were believed to be primarily
caused by bottom currents or engineering defects (e.g., Bell
et al., 2015). Despite large tilt angles, the seismometers in
HY15 and HY18 appear to operate properly based on three-
component seismograms from earthquakes they recorded.
Figure 7 shows seismograms at HY15, HY16, and HY18 from
three earthquakes. The original or filtered seismograms
recorded by HY15 and HY18 show clear main phases. Their
quality is comparable with those at HY16, which have no sign
of tilting,

It is indeed puzzling why the two seismometers have so
large tilt angles. We suspect that the design of the anchor may
be responsible for the gimbal malfunction. The OBS, Giiralp

orthogonal. The leveling is achieved by rotating
the rings along the axes. The two axes coincide
with the directions of two horizontal sensors. If,
for some reasons, one axis is stuck or does not
function properly, the whole sensor can only
rotate along the other axis, generating the tilt in the direction
of the stuck axis, which is also one of the horizontal directions.
That is probably why the seismometers have tilt directions
close to 180° or 0°.

CONCLUSIONS

Deploying a free-fall OBS cannot always achieve an ideal seis-
mometer leveling. The permanent and time-varying tilt of the
seismometer could result from the impact of the descending
instrument with the seafloor and the effects of bottom cur-
rents. The tile has profound effects on the seismic applications
using three-component seismograms such as the RF analysis.
We prove that the back azimuth—dependent negative P signa-
ture on RFs observed at two OBSs in the SCS is generated by
the tilted seismometers. The synthetic RF modeling shows that
the existence of a marine sedimentary layer can also contribute
to the polarity reversal of RFs even when the tile angle is
relatively small. By analyzing the tilt noise, we are able to

Table 1
Locations (Longitude and Latitude), Water Depths (Depth), Calculated Tilt Angles (Tilt), and Tilt Directions (Direction) for HY15,
HY18, and HY16, Respectively

Station Longitude (°) Latitude (°) Depth (m) Tilt (°) Direction (°)
HY15 117.537 16.5033 3753 16.3 49
HY18 119.2166 15.8003 4739 12.1/6.7 180.6
HY16 118.2134 16.4513 3920 0.3 —

The direction is the angle relative to one of the horizontal components (H1).
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A Figure 7. Seismograms of three earthquakes recorded at 0BSs HY15 and HY18. They show clear main phases indicative of properly
operation of the seismometers. Seismograms from a normal OBS, HY16, are also shown for comparison.

determine the tilt angle and direction for both OBSs. After
correcting the tilt, the quality of RFs is improved significantly.

DATA AND RESOURCES

Seismograms used in this study were collected in a passive-
source ocean-bottom seismograph (OBS) array experiment in
the South China Sea (SCS) from 2012 to 2013. Data can be
available by contacting Ting Yang. B4
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