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As valuable land in the ocean, coral islands are not only important bases formaking use ofmarine resources
and protecting marine rights and interests, but also important for breakthrough research in many fields of
earth science. Hence, the economical and efficient determination of the underground structure of coral
islands has become significant in coral island engineering geology, but remains challenging for traditional
marine geophysical prospecting and drillingmethods.While ambient noise tomographywith dense arrays
has beenwidely used in continental regions, its applicability to coral islands remains undetermined. In this
study, based on the data recorded by a dense array on an isolated coral island in the South China Sea, we
analyzed the ambient noise characteristics and obtained a 3D subsurface structure of the coral island using
ambient noise tomography. We made the following findings: ① The ambient noise frequencies can be
roughly categorized into three levels: < 1, 1–5, and > 5 Hz. The spectral characteristics of the noise below
5 Hz were consistent at different stations, but there were significant differences in the characteristics of
the noise above 5 Hz. ② For ambient noise frequencies below 5 Hz, cross-correlation functions with high
quality could be obtained with only 24 h of waveform data. However, it was difficult to extract meaningful
cross-correlation functions for ambient noise frequencies above 5 Hz.③ The surface-wave velocity in the
coral island was higher toward the sea and lower toward the lagoon, which was consistent with the high
degree of cementation of the outer reef flat stratum on the seaward side. ④ There were two low-velocity
horizons at depths of 25–75 and 200–300 m, which were in good agreement with the high-porosity hori-
zons that were revealed by drilling core samples, reflecting theweathering history of the reef. Our research
demonstrates that ambient noise tomography is a potentially economical, efficient, and environmentally
friendly method for the geological prospecting of coral reefs.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction to conduct detailed studies on the fine subsurface structure of coral
Coral islands can be thought of as the oases of the marine
‘‘desert.” As an extremely valuable land resource, they are essential
for marine resource management and the protection of marine
rights and interests [1,2]. In addition, as a unique geological unit
formed by the joint action of marine organisms and geological ac-
tivity, they are important nodes of connectivity between the litho-
sphere, hydrosphere, and marine biosphere [3,4] and a repository
of information on regional tectonic evolution and global environ-
mental change [5]. With the increasing need to make use of off-
shore oil, natural gas, and fishery resources and to construct
infrastructure, the scale of reef engineering construction continues
to grow. To meet the needs of this industry, there is an urgent need
islands [6]. The strata of coral reef islands are composed of differ-
ent materials than terrestrial substrates, being primarily composed
of reef limestone and bioclastic sediment—a weakly cemented
layer comprising bioclastic sand and gravel that includes frag-
ments of corals, mollusks, calcareous algae, and so on [2,7]. The
reef limestone is formed from the skeletons of dead coral groups
that have grown in situ. During its formation, due to changes in cli-
mate, sea level changes, or crustal subsidence and uplifting, loose
gravel layers and general unconformities are developed in the reef
limestone, and holes and karst caves often appear [8,9]. The special
strata and diagenesis of coral islands make their geological struc-
ture complex and dynamic, with significant lateral inconsistencies,
and prone to geological events such as collapse, landslides, and
earthquakes [10,11]. Therefore, the effective detection and imaging
of the subsurface structures of coral islands has become an impor-
tant field of research in engineering geology [6,12].
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For many years, traditional marine geophysical exploration
methods, such as seismic reflection, side-scan sonar, multibeam,
and acoustic techniques, have been widely used to survey the sub-
surface structure of coral reefs. These methods have been success-
fully used to study submarine topography [13,14], sedimentary
characteristics [15–17], carbonate hydrocarbon accumulation and
evolution [18,19], fault distribution [20], and submarine landslides
[21,22]. However, these technologies are generally limited to areas
with water depths of more than 20 m, making it challenging to sur-
vey shallow lagoons and exposed surfaces. Thus, most of our cur-
rent knowledge on coral island bodies comes from drilling data
that can only provide point information [23–25], which limits
the resolution of three-dimensional (3D) subsurface coral island
maps. In addition, drilling and artificial seismic exploration is
expensive, and field operation processes are cumbersome. There-
fore, there is a need to develop an efficient and economical imaging
methodology that suits the unique geological attributes of coral
islands and the acquisition of 3D subsurface maps of these areas.

Ambient noise tomography, which uses ambient seismic noise
to characterize the surface-wave (S-wave) attributes of the
substrate, is economical and attractive to many geophysicists
[26–29]. In recent years, with the development of dense arrays,
the effectiveness of using ambient seismic noise tomography to
investigate subsurface structures at fine resolutions has been rec-
ognized [30–32]. This methodology has been successfully applied
to fault zone imaging [33,34], geothermal reservoir imaging
[35,36], hydrological studies [37,38], and geological hazard pre-
vention and mitigation contexts [39]. In the ocean, empirical
cross-correlation functions have been retrieved from ocean-
bottom seismometer pairs, whose interstation distance are tens
to hundreds of kilometers, at a range of periods from 1 to a few
hundred seconds, and the structure of the crust and uppermost
mantle has been studied [40–42]. Ambient noise tomography
extracts S-wave empirical cross-correlation functions from the
continuous seismic waveforms between station pairs to study the
subsurface structure, so its successful application is closely tied
to the ambient seismic noise attributes of the study site. Coral
island strata are uniquely isolated in the ocean, with noise sources
that are significantly different from those of continents and the
ocean floor. What characterizes coral island ambient noise? Can
this ambient noise be used for imaging purposes? If so, what noise
frequency band is appropriate for imaging? How long data must be
recorded to obtain cross-correlation functions with high signal-to-
noise ratios (SNRs)? What are the characteristics of the S-wave
structure in coral islands? What tectonic information on coral
islands can the S-wave structure supply? Further study is needed
to answer these questions.

In this study, we set up a dense seismic array on an isolated
coral island in the South China Sea (Fig. 1(a)) and applied ambient
noise tomography to the recordings. From the continuous 5-day-
long seismic noise waveform data we collected, we obtained
cross-correlation functions with high SNRs and used them to pro-
duce a 3D subsurface geological map of the coral island at the
study site. Here, we discuss the structural characteristics and
genetic mechanisms of the low-velocity bodies of the island, using
drilling core samples as a comparative method. Our research effec-
tively evaluates the feasibility of using ambient noise tomography
to map the subsurface geological structure of a coral island.
Fig. 1. (a) Distribution of the seismic stations (triangles) on the coral island, with
red triangles depicting faulty stations; the coral island is located in the southern
South China Sea. (b) Installation pictures of our stations.
2. Data and ambient noise analysis

2.1. Data

A dense array comprising 43 portable seismic instruments, with
a corner frequency of 5 s for all three components, was deployed
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on an isolated coral island in the South China Sea (Fig. 1(a)) from
5 to 9 January 2019. The stations were distributed along the coral
island, covering an area of approximately 300 m � 2000 m (north–
south � east–west). The array was sandwiched between the deep
sea and lagoon on the southwest and northeast sides, respectively.
The average station spacing was approximately 100 m, and the
sampling rate was set to 100 samples per second for all stations.
To ensure the acquisition of good-quality data and the safety of
the stations, all instruments were buried approximately 10 cm
below the surface (Fig. 1(b)). Over the 5-day-long deployment
period, the northeast monsoon conditions in the South China Sea
were intense, with strong winds and waves. Two of the instru-
ments failed to record usable data due to failure, so 41 datasets
of good quality were acquired.

2.2. Frequency spectrum of coral island ambient noise

The daily frequency spectrograms for the data from the 41
good-quality datasets were first calculated (Figs. 2(a)–(e)). As
depicted in the figure, they revealed that ① the ambient noise
recorded at the coral island can be divided into three frequency
categories: < 1, 1–5, and > 5 Hz, with the amplitudes of frequencies
increasing in the following order: 1–5, > 5, < 1 Hz; ② the ambient
noise was relatively stable over the observation period, and the fre-
quency spectrogram characteristics were consistent across each
day; and ③ across stations, ambient noise frequencies below
5 Hz were generally consistent, while those above 5 Hz varied
widely, indicating that the source of the former and latter were
likely regional and local, respectively.

2.3. Cross-correlation functions of coral island ambient noise

The first stage of ambient noise tomography involves the cross-
correlation of ambient noise waveforms between each dataset. Our
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methodology followed that of Bensen et al. [43]. Continuous
waveforms were cut into 1 h segments; they were then demeaned
and detrended, and spectrum whitening and waveform normaliza-
tion were applied. Cross-correlation, with a maximum lag time of
10 s, was then conducted on each segment, and the final cross-
Fig. 2. (a–e) Ambient noise frequency (f) spectrograms of 41 stations from 5 to 9 Janu
waveforms recorded on 5 January 2019 at (f) 0.2–1.0 Hz, (g) 1.0–5.0 Hz, and (h) 5.0–10.0 H
lag for small interstation distances, which can interfere with accurate calculation of the
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correlation functions were obtained by superimposing the results
from this step over each other [44]. The cross-correlation functions
for the vertical waveforms for 5 January 2019, at 0.2–1.0, 1.0–5.0,
and 5.0–10.0 Hz, are respectively shown in Figs. 2(f)–(h). They
show that the cross-correlation function of the ambient noise
ary 2019, respectively; (f–h) cross-correlation functions derived from the vertical
z, respectively. (f) and (g) subplots also illustrate signals with positive and negative
cross-correlation functions. Alp: amplitude; Dis: distance.
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below 5 Hz was of very good quality, and that a clear seismic phase
could be observed. In contrast, the cross-correlation functions for
the 5–10 Hz spectrums did not show an obvious seismic phase.
Our analysis of the frequency spectrograms from different stations
(Figs. 2(a)–(e)) indicates that the noise sources that are below 5 Hz
are regional. It should be mentioned that for closely spaced station
pairs, signals with positive and negative lag can interfere with each
other over long periods of time, rendering the dispersion curves
unreliable [29]. As shown in Fig. 2(f), although a clear Rayleigh
waveform is visible for the cross-correlation functions at 0.2–
1.0 Hz, it was difficult to obtain reliable dispersion curves because
of low signal frequencies. Therefore, in this study, we mainly used
the cross-correlation functions at 1–5 Hz for ambient noise
tomography.
2.4. Influence of continuous observation time on cross-correlation
functions

The cost and efficiency of exploration are directly determined
by the duration of field operations. To identify any possible links
between the length of observation and the cross-correlation func-
tions, we calculated the cross-correlation functions using continu-
ous 1 h, 12 h, 1 d, and 5 d waveform segments, at 1–5 Hz. We found
that a less obvious seismic phase could be observed in the cross-
correlation functions (Fig. 3(a)) obtained from the 1 h segments.
The seismic phase in the cross-correlation functions obtained from
the 12 h segments (Fig. 3(b)) was relatively clearer and continued
to become more evident as the segment duration extended. Thus,
the seismic phase was more obvious in the cross-correlation func-
tions obtained from 1- and 5-day-long segments (Figs. 3(c) and
(d)). Our calculations of the SNR of the cross-correlation functions
are shown in Fig. 4. Here, the SNR is defined as the ratio of the max-
imum amplitude in the signal window (from �4 to 4 s) to the aver-
age absolute amplitude of the noise window (from �10 to �4 s and
4–10 s) of the cross-correlation function. The SNRs of the 1 h, 12 h,
1-day-long, and 5-day-long cross-correlation functions were 4–13,
10–30, 13–40, and 20–60, respectively, indicating that the SNR of
the cross-correlation functions increased with increases in seg-
ment duration (i.e., observation time). The SNR consistently
Fig. 3. Cross-correlation functions derived from (a) 1 h, (b) 12 h, (c) 1 d, and (
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decreased with increases in the interstation distance (Fig. 4) for
all segment durations.

The symmetry of the cross-correlation functions can indicate
the azimuth of the noise source: The greater the symmetry, the
more uniform the distribution of the noise sources, and vice versa
[45]. We used the ratio of the maximum absolute amplitude of the
positive window of the cross-correlation function (0–10 s) to the
maximum absolute amplitude of the negative window (from �10
to 0 s) to characterize symmetry. The closer the amplitude ratio
was to 1, the stronger the symmetry. As shown in Fig. 5, the ampli-
tude ratios of the correlation functions were mainly concentrated
between 0.5 and 1.5. The amplitude ratios converged to 1 as the
segment duration increased, and the symmetry of the 5-day-long
cross-correlation functions was the greatest. This finding indicates
that longer observation periods result in more uniform noise
source distributions. The results of the symmetry analysis showed
that the distribution of 1–5 Hz noise sources at the coral island was
uniform, and there was no obvious directional variation during the
observation period.
3. Method and results

3.1. Method

The cross-correlation functions derived from the 5-day-long 1–
5 Hz waveform segments were subsequently averaged across the
positive and negative lag, to improve their SNRs. From these, we
obtained 189 cross-correlation functions from interstation dis-
tances larger than 1 km (Fig. 6(a)). Multiple filter techniques were
applied to the cross-correlation functions to obtain the dispersion
curve of the Rayleigh group velocities between 0.2 and 0.5 s [46].
Group velocity dispersions with interstation distances less than
1.5 times the wavelength were rejected. As shown in Fig. 6(b),
the group velocities were mainly distributed in the range of 1.2–
1.9 km�s�1, with an average of approximately 1.4 km�s�1. The num-
ber of data points ranged from 161 to 189. The strong fluctuation of
the group velocity dispersion curves (1.2–1.9 km�s�1) may indicate
that the velocity of the reef is significantly horizontally heteroge-
neous. Therefore, we classified the dispersion curves into three
d) 5 d segments. The red lines show the reference velocity of 1.3 km�s�1.
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parts according to their ray paths (Fig. 6(c)) as follows: ① rays that
propagate on the outer reef (red); ② rays that propagate on the
inner reef (blue); and ③ rays that propagate on both the outer
and inner reef (black). It was found that the group velocity of the
rays passing through the outer reef was greater than the average
group velocity, while the group velocity of the rays passing
through the inner reef was less than the average group velocity
(Fig. 6(b)), which implied that the S-wave velocity (S-wv) of the
outer reef was greater than that of the inner reef.

We then applied a subspace inversion algorithm to the Rayleigh
wave group velocity data at 0.2–0.5 s periods, using an iterative
nonlinear tomographic method with fast marching [47]. Since
the straight-ray assumption of surface wave propagation no longer
holds in a strongly horizontally heterogeneous media, the fast-
marching method can account for the ray path bending away from
the path of a straight ray and could improve the imaging results
[47]. After obtaining the group velocity maps for different periods,
the 3D S-wv structure of the coral island was determined using the
linear inversion method [46], by dividing the inversion model into
20 m deep layers.

3.2. Results

Checkerboard resolution tests were first conducted to evaluate
the horizontal resolution of the group velocity tomographic results.
We assigned positive and negative velocity anomalies (±0.1 km�s�1)
with a size of 150 m � 200 m to the average group velocity model
Fig. 4. SNR of the (a) 1 h, (b) 12 h, (c) 1 d, and (d) 5 d cross-correlation functions. The ge
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(Fig. 7(a)) to establish the checkerboard model and calculate
corresponding synthetic arrival times. The numbers of stations
and rays in the synthetic data were the same as those in the real
dataset (Fig. 7(b)). Then, we inverted the synthetic data to test
the obtained checkerboard results. Restricted by the spatial distri-
bution of the stations, the azimuth of the ray data was mainly west
northwest–east southeast (WNW–ESE) oriented (Figs. 6(c) and
7(b)), and the checkerboard test results were slightly smeared in
a WNW–ESE direction. But, the group velocity checkerboard pat-
tern was reliably recovered in the ray coverage area (Figs. 7(c)–
(f)), indicating that the data used in our study can be used to reveal
the horizontal variations that are characteristic of coral islands.

The group velocity results for the 0.2, 0.3, 0.4, and 0.5 s periods
are shown in Figs. 8(a)–(d), respectively. The subsurface structures
of the island are horizontally inhomogeneous, higher on the sea-
ward side (northeast side), and lower on the lagoon side (south-
west side) for all periods. The low-velocity anomalies were
further divided into northwest and southeast sections. The S-wv
inversion results are shown in Fig. 9. We plotted the horizontal
slices of the S-wv structures at depths of 0–400 m (Fig. 9(a)),
according to the depth-sensitivity kernels for the 0.2–0.5 s Ray-
leigh wave group velocity dispersions of the S-wvs (Fig. 9(d)).
The 3D S-wv structures were generally characterized by high ve-
locities in the seaward (northeast) side and low velocities in the
lagoon-ward (southwest) side. Their S-wv range was about 1.3–
1.8 km�s�1, which was consistent with the S-wv range (approxi-
mately 1.2–2.3 km�s�1) of the core samples above depths of 160 m
neral trend is for the SNR to decrease with an increase in the interstation distance.



Fig. 5. Amplitude ratios for positive and negative windows of cross-correlation functions derived from (a) 1 h, (b) 12 h, (c) 1 d, and (d) 5 d segments.

Fig. 6. (a) 5-day-long cross-correlation functions, averaged by positive and negative lags, at 1–5 Hz. The red lines show the reference velocity of 1.3 km�s�1. (b) Dispersion
curves derived from the cross-correlation functions shown in (a); red, blue, and black lines are the dispersion curves of the rays that propagate on the outer reef, inner reef,
and whole reef in (c), respectively. Red circles indicate the average dispersion curve, and blue stars are the number of data points at 0.2–0.5 periods. (c) Stations and rays of
the dispersion curves; triangles indicate the stations, while red, blue, and black lines are the rays that propagate on the outer reef, inner reef, and whole reef, respectively.
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in theNY-1well in the SouthChina Sea [48], indicating the reliability
of our results. A comparison of the horizontal slices of different
depths revealed a distinct structural contrast between the high-
and low-velocity anomalies above adepthof200m.With an increase
in depth, thedifferencesbetween the high- and low-velocity anoma-
lies of the reef gradually decreased, indicating that the lateral differ-
ences of the island also gradually disappear with depth.
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There is a well on the study coral island, and its core samples
showed that there are obvious differences in strata porosity at dif-
ferent depths, among which there are two relatively high porosi-
ties (approximately 60%) at 25–75 and 200–300 m (Fig. 9(c)).
Our constructed S-wv structures showed low-velocity anomalies
at the same depths (Fig. 9(b))—a result that was consistent with
the core sample porosities. The checkerboard test results (Fig. 7)



Fig. 7. (a) Checkerboard model; (b) azimuthal coverages of the rays at each grid; (c–f) checkerboard results at (c) 0.2, (d) 0.3, (e) 0.4, and (f) 0.5 s periods, respectively. The
triangles in the figure indicate the stations used with the inversion algorithm.
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and depth–sensitivity kernels (Fig. 9(d)) also showed that these
two low-velocity layers are reliable. The good correspondence
between the high porosities and the low-velocity anomalies
indicates that the S-wave models obtained by ambient noise
tomography can accurately reflect the subsurface material compo-
sition and reveal the weak structural layers in the coral reef.

4. Discussion

4.1. Coral reef geological structure revealed by ambient noise
tomography

The shallow strata of coral reefs, which are mainly composed of
bioclastic sediment and reef limestone, is the main focus of coral
reef engineering geology. Bioclastic sediment is a weakly cemented
sedimentary layer formed from bioclastic sand and gravel, includ-
ing fragments of corals, mollusks, calcareous algae, and so on [2,7].
Bioclastic sediments generally develop from reef flats to lagoons, in
which the outer reef flat sediment is primary reef with a high
degree of cementation, and the sediment in the lagoon is mainly
composed of consolidated coral detritus [8,49]. The reef limestone
is formed from the skeletons of the dead coral that grew in situ. In
the process of reef limestone formation, climate and sea level
changes or coral reef subsidence and uplifting often result in the
loosening of gravel layers and the development of unconformities
such as holes and karst caves [8,9]. The distribution and degree
188
of cementation in bioclastic sediment and reef limestone are the
key factors determining the stability of coral islands.

The 3D S-wv structures we obtained revealed the state of the
substratum and the weaknesses in the structure of the stratum
across the coral reef. Spatially, the northeast face of the coral reef
is close to the deep sea, and the southwest side is close to the
lagoon (Fig. 1(b)). The S-wvs of the coral reef were higher in the
northeast and lower in the southwest (Figs. 8 and 9(a)), which is
consistent with the evolutionary features of the coral reef stratum
from the outer reef flat to the lagoon, where the primary state and
extent of the stratum cementation gradually decrease. Vertically,
the drilling core samples revealed that there are two layers with
high porosity at depths of 25–75 and 200–300 m (Fig. 9(c)), which
is consistent with the low S-wv anomalies (Fig. 9(b)). The petrology
and geochemistry of the 0–220 m core samples showed that the
coral reef stratum in the study region has mainly been controlled
by regional sea level changes. The decrease in the sea level of the
South China Sea at approximately 0.23–0.90 mega annum (Ma)
resulted in stagnation in the growth of the coral reefs and exposed
the stratum to precipitation [50]. Thus, the reef limestone was
eroded, which caused the porosity to increase, resulting in a
decrease in the seismicwave velocity at depths of 25–75m (Fig. 10).

Although the low-velocity anomalies at depths of 200–300 m
were consistent with the high porosities of the drilling core sam-
ples (Figs. 9(b) and (c)), our imaging results showed that anomalies
did not develop throughout the whole coral reef but are only clear



Fig. 8. Plotted group velocity inversion results for the (a) 0.2, (b) 0.3, (c) 0.4, and (d) 0.5 s periods, where black stars indicate the stations used in the inversion.
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in local areas (Fig. 10); this finding is in contrast to the low-velocity
anomalies at depths of 25–75 m. The AA0 profile of the outer reef
flat (Fig. 10(b)) showed that the S-wvs reverse at a depth of
approximately 200 m, and the S-wvs at depths of 75–200 m are
higher than those at depths greater than 200 m. Previous studies
have shown that the strata of the outer reef flat are mainly com-
posed of primary reefs, where the sedimentary cementation
increases with depth [8,9,49]. In the absence of geological events,
the strata S-wv should also lack obvious deep low-velocity rever-
sions. Our results revealed an obvious low-velocity reversion phe-
nomenon in the outer reef flat at a depth of 200 m, which should be
indicative of strata exposure, erosion, and weathering events dur-
ing the reef’s history. Because the stratum at depths of 200–300 m
formed earlier than that at depths of 25–75 m, it experienced more
intense—and possibly lateral—forces during its compaction after
deposition, which produced lateral heterogeneity in low velocities
at depths of 200–300 m.

Previous studies have shown that multiple sea-level-change
events have occurred in the South China Sea since the early
Miocene [24–26]. We speculate that the low-velocity reversions
in the 200–300 m stratum may be the geological footprint of one
of these sea-level-change events. It should be noted that data
sensitivity decreases with increases in depth (Fig. 9(d)). Hence,
the image results for depths of 200–300 m are relatively smoother
than those of the shallow layers, which is another factor to
consider when explaining the differences between the low-
velocity anomalies at 25–75 m and those at 200–300 m.
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In summary, our research shows that the S-wv structures
obtained from dense-array ambient noise tomography can accu-
rately reflect the characteristics of the coral reef stratum. The
method successfully reflected weak geological areas (such as
low-velocity and high-porosity layers) in the studied coral reef.
These results support the effectiveness of this method for detecting
subsurface structures in coral islands and thereby providing
important references for the study of coral reef tectonic evolution
and engineering construction.

4.2. Preferred frequency range for ambient noise tomography on coral
reefs

Ambient noise tomography uses seismic noise to study subsur-
face structures; therefore, the quality of its imaging output is
closely related to the characteristics of the noise source. Previous
studies have shown that noise sources at low frequencies
(< 1 Hz) are natural (i.e., the ocean or large-scale meteorological
conditions); those of intermediate frequencies (1–5 Hz) are either
natural (local meteorological conditions) or anthropogenic; and
those of higher frequencies (> 5 Hz) are generally anthropogenic
[51–53]. Our analyses showed that a cross-correlation of the
0.2–5.0 Hz ambient noise frequency spectrograms (Figs. 2(a)–(e))
is appropriate for coral islands. Cross-correlation functions with
high SNR were extracted from the ambient noise waveform data
with good symmetry (Figs. 2(f) and (g)), indicating that the
0.2–5.0 Hz noise sources were uniformly and evenly distributed



Fig. 9. (a) Horizontal slices of S-wv structures at 0–400 m. Black stars are the stations used in the inversion, and the gray column is the drilling location. (b) S-wvs at the
drilling position; according to the age information of the drilling core samples, the stratum above 400 m of the studied coral reef can be divided into three periods:
Quaternary, Pliocene, and Late Miocene. (c) Porosities of the drilling core samples. (d) Depth–sensitive kernels for the 0.2, 0.3, 0.4, and 0.5 s Rayleigh wave group velocity
dispersions in the S-wvs.
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around the coral island. Considering the fact that coral islands are
far away from areas of human activity, the ambient noise below
5 Hz at the coral island was considered to have mainly natural ori-
gins and to be appropriate for use with ambient noise tomography.
For the noise above 5 Hz, the ambient noise frequency spectro-
grams of different stations were significantly different (Figs.
2(a)–(e)). We could not effectively extract the cross-correlation
functions of the corresponding frequency bands from the ambient
noise (Fig. 2(h)). We propose that the above 5 Hz noise at the coral
island was mainly anthropogenic and was not statistically random,
because the coral island had a small population. This limits the
application of high-frequency noises on coral islands for ambient
noise tomography.

Although our analysis results show that the low-frequency
noises (0.2–5.0 Hz) of each station on the coral island correlated
well with each other (Figs. 2(a)–(e)) and that cross-correlation
functions with high SNRs (Figs. 2(f) and (g)) could be obtained, it
should be noted that not all low-frequency noises can be used
for ambient noise tomography. This is because it is necessary to
extract the dispersion curves from the noise cross-correlation func-
tions when ambient noise tomography is based on ray theory. To
ensure the reliability of the dispersion curves, the interstation
distance is usually required to be greater than 1.5 times the wave-
length [54,55]; that is, the lower the noise frequency is, the longer
the noise wavelength will be, and the larger the required intersta-
tion distance will be. In contrast to array apertures of several hun-
dred or even several thousand kilometers in continental regions
[27,28,56], the width of a typical coral island usually ranges from
190
only a few hundred meters to a few kilometers. The aperture of
the dense array is thus limited by the size of the coral island, which
in turn limits the applicability of low-frequency noises.

Taking the detection test in this study as an example, only 1–
5 Hz noises could be used (Fig. 6(b)), with a corresponding maxi-
mum imaging depth of approximately 400 m (Fig. 9(d)). This was
because the aperture of our array was under 2 km (Fig. 6(a)); thus,
there would have been far fewer measurements with longer peri-
ods than measurements with shorter periods, which might have
limited the lateral resolution of longer periods. Assuming that
the Rayleigh group velocity of coral islands is 1.4 km�s�1

(Fig. 6(b)), the wavelength of 1 Hz noise is 1.4 km, and the corre-
sponding minimum interstation distance is 2.1 km (1.4
km � 1.5), which is close to the size of most coral islands in the
South China Sea. Therefore, attention should be paid to 1–5 Hz
noises when performing dense-array ambient noise tomography
on coral islands. Based on the imaging results (Fig. 9), a one-
dimensional (1D) S-wv model of the coral island was established
(Fig. 11(a)). Fig. 11(b) shows the depth–sensitive kernels for the
1, 2, and 5 Hz Rayleigh wave group velocity dispersions for the
S-wvs. We found that the 1–5 Hz noises can reflect the S-wv struc-
tures above a depth of 800 m. For coral islands, ambient noise
tomography can obtain deeper stratum structures than that by
using active surface wave detection, which has an imaging depth
of 25 m for such sites [12]. However, it should also be noted that
the imaging accuracy of ambient noise tomography is slightly
poorer because the signal frequency used is lower than that of
active surface wave detection.



Fig. 10. (a) S-wave inversion results on the surface and the locations of three profiles; black stars represent the stations used in the inversion and the red square indicates the
drilling well. (b–d) Three S-wv profiles; Lv1 and Lv2 represent two high-porosity layers found by drilling at 25–75 and 200–300 m depths, respectively, while the gray column
in (c) indicates drilling.

Fig. 11. (a) 1D S-wv model of the coral island; (b) depth–sensitive kernels for 1, 2,
and 5 Hz Rayleigh wave group velocity dispersions for the S-wv based on the 1D
model shown in part (a).
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4.3. Recording time required for ambient noise tomography on coral
islands

In addition to the interstation distance, the SNR of the cross-
correlation functions should also reach certain thresholds, such
as 3.5 [55], 5 [57], 7 [56], and 15 [29], to ensure the reliability of
the dispersion curves. In addition, the more random and uniform
the noise source distribution is, the closer the empirical Green’s
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functions extracted from noise are to the real Green’s functions,
and the smaller the deviation of the imaging result is [58–60].

When ambient noise tomography is performed on continental
regions, the SNR and symmetry of the cross-correlation functions
can be improved by increasing the recording duration [38].
However, coral islands are isolated by the ocean, and the cost of
field operations is high. Moreover, the humid environment of a
coral island can easily cause corrosion of scientific instruments.
In summer, coral islands may also be affected by extreme weather,
such as typhoons, which is not conducive to the implementation of
long-term observations. Fortunately, our study shows that for
ambient noise below 5 Hz in the coral island, only 1-day-long
waveforms are needed to extract the high SNR cross-correlation
functions (Figs. 3 and 4), and the symmetry of the obtained
cross-correlation functions is good (Fig. 5). This result may be
due to the fact that the coral islands are small and surrounded
by the sea. Thus, natural noise sources are evenly distributed
around the coral island, and the propagation distances from the
sources to the array are very short, limiting energy attenuation.
In addition, the interference of human activities on the coral island
is very small, making it possible to obtain high-quality cross-
correlation functions for noise below 5 Hz by using very short
waveform segments, which can greatly reduce the cost of
fieldwork.

Ambient noise tomography is a passive-source detection tech-
nology with no active source required. Thus, its use can not only
reduce the workload, but also minimize any potential damage to
the island environment from active sources. Therefore, ambient
noise tomography based on dense arrays is an economical, efficient,
and environmentally friendly method for imaging the subsurface
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strata structures of coral islands, and should be one of the preferred
methods for future engineering geological research at such sites.
5. Conclusions

In this study, using ambient noise tomography on 5-day-long
data recorded by a dense array set up on an isolated coral island
in the South China Sea, we analyzed the ambient noise character-
istics of the coral island and obtained a model of its 3D subsurface
structure. We found that the ambient noise of isolated coral island
in the ocean can be roughly divided into three categories of fre-
quencies: < 1, 1–5, and > 5 Hz.

The spectral characteristics of noise below 5 Hz were consistent
at different stations, indicating that the spectral band mainly orig-
inates from natural activities. Cross-correlation functions with a
high SNR and good symmetry were obtained with only 1-day-
long continuous < 5 Hz waveforms. In contrast, it was difficult to
extract good cross-correlation functions for noise above 5 Hz.
Finally, we were able to use a 1–5 Hz frequency band to carry
out ambient noise tomography at the studied coral island because
the area of the station array was small.

We revealed that the subsurface geological structure of the
studied coral island had obvious zones. The S-wv of the island
was higher toward the sea and lower toward the lagoon, which
was consistent with the high degree of cementation of the outer-
reef flat stratum on the seaward side of the island. We found two
low-velocity horizons at depths of 25–75 and 200–300 m in the
coral island, which were in good agreement with the high-
porosity horizons revealed by drilling core samples, reflecting the
multiple geological events of strata exposure and strong weather-
ing that occurred during the development of the reef. Our research
suggests that ambient noise tomography is an economical and
efficient technique for obtaining the fine subsurface structure of
coral islands.
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