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[1] We investigate the intrinsic attenuation and scattering properties of the Moon by
parameterizing the coda decay of 369 higher-quality lunar seismograms from 72 events
via their characteristic rise and decay times. We investigate any dependence of the
decay times on source type, frequency, and epicentral distance. Intrinsic attenuation,
scattering, and possible focusing of energy in a near-surface, low-velocity layer all
contribute to the coda decay. Although it is not possible to quantify the exact contribution of
each of these effects in the seismograms, results suggest that scattering in a near-surface
global layer dominates the records of shallow events (�0–200 km depth), particularly at
frequencies above 2 Hz, and for increasing epicentral distance. We propose that the
scattering layer is the megaregolith and that energy from shallow sources encounters more
scatterers as it travels longer distances in the layer, increasing the coda decay times. A size
distribution of ejecta blocks that has more small-scale than large-scale scatterers
intensifies this effect for increasing frequencies. Deep moonquakes (700–1100 km depth)
exhibit no dependence of the decay time on epicentral distance. We suggest that because of
their large depths and small amplitudes, deep moonquakes from any distance sample a
similar region near a given receiver. Near-station structure and geology may also control
the decay times of local events, as evidenced by two natural impact records. This study
provides constraints and testable hypotheses for waveform modeling of the lunar interior
that includes the effects of intense scattering and shallow, low-velocity layers.
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1. Introduction

[2] Data collected during the Apollo Passive Seismic
Experiment (APSE, 1969–1977) have been pivotal in
understanding lunar interior structure. However, with a few
exceptions [Nakamura et al., 1975; Horvath et al., 1980;
Vinnik et al., 2001; Weber et al., 2011; Garcia et al., 2011],
analyses of seismic phases other than initial P and S wave
arrivals has proved challenging due to the following char-
acteristics of lunar seismograms: long durations, low ampli-
tudes, lack of identifiable secondary wave arrivals, gradual
build up of energy from the onset of the events, and a slow
amplitude decay from the maximum amplitude to the time
when the signal amplitude reaches the background noise
level at the end of the event. The long coda (typically
�60 min or more) result from transmission of seismic energy

within a poorly attenuating, and highly scattering medium
[Latham et al., 1970a; Nakamura, 1977]. These coda repre-
sent a largely untapped source of information about the lunar
interior and near-surface layers.
[3] Past studies have looked at the frequency content of the

coda to investigate geological structure surrounding the
receivers. Nakamura et al. [1975] used the peak frequency of
the ratio of the horizontal and vertical components to estimate
thicknesses of 3.7–4.4 m for the fine-grained regolith layer
beneath Apollo stations 11, 12 and 15. The study also identi-
fied a layer beneath the regolith whose P wave velocities of
250–400 m/s could correspond to those of welded tuff
deposited by major impact or extensively fractured rocks.
Horvath et al. [1980] used a spectral approach to calculate a
seismic velocity profile for the near-surface layers, to a depth
of �200 m. The decay of the coda amplitude with time can
also be used to investigate the properties and structure of the
scattering layer in which the coda is generated. The parameter
typically used to characterize the coda decay is the quality
factor, Qc, where the inverse, Qc

�1, represents the fraction of
energy dissipated per cycle at a given frequency, f. Latham
et al. [1970b] used diffusion theory (applicable in cases of
intense wave scattering) to model the energy envelope func-
tion of a lunar module impact at Apollo station 12. The study
found a coda Qc of 3600, up to an order of magnitude larger
than that typical of terrestrial crustal materials (100–1000) [e.g.,
Jin and Aki, 1988]. However, there exists no systematic study
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of scattering for all event types at all four APSE stations, which
is the main motivation behind this study.
[4] The literature on wave propagation in heterogeneous

media on Earth is extensive. Energy from local earthquakes
(for which the distance between source and receiver is
�100 km or less), propagating through a laterally heterog-
enous lithosphere, often results in seismic coda with quali-
tatively similar characteristics to those observed in the APSE
data [e.g., Aki, 1969; Aki and Chouet, 1975; Margerin et al.,
1999]. Several theoretical approaches to explain those
characteristics have been developed and applied successfully
to terrestrial seismograms. These all resort to a statistical
treatment of scattering, which allows the dominant char-
acteristics of the coda to be modeled using a small number of
parameters. Different models can be used depending on the
effective scattering strength of the medium. Single-scatterer
to multiple-scatterer models are applicable in the case of
weak to moderate scattering [Aki, 1969; Aki and Chouet,
1975]. These assume interactions of the seismic waves
with a given number of point-like scatterers. Energy diffu-
sion and radiative transfer models are used for more inten-
sively scattering media [Latham et al., 1970b; Aki and
Chouet, 1975; Margerin et al., 1998]. Scattering on the
Moon is strong and so the latter models are expected to be
more applicable to the APSE data [Latham et al., 1970b;
Dainty et al., 1974].
[5] Importantly, no scattering theory currently exists that is

directly applicable to the lunar context. The approaches
described above typically model modest scattering of energy
from local events, with the structural models comprising a
half-space [e.g., Aki and Chouet, 1975] or a constant velocity

plane layer over a half-space [e.g., Margerin et al., 1998,
1999], or low-level deep mantle scattering [e.g., Earle and
Shearer, 2001]. The Moon is a small rocky body with low
intrinsic attenuation and strong scattering. While scattering
can occur throughout the lunar interior the major contribu-
tion likely arises from the megaregolith layer (see below)
which is global, though heterogeneous, in extent. All events
in the APSE data set exhibit a long coda, indicating that
scattering affects all types of events, from any depth and any
epicentral distance. Thus seismic energy propagation in the
Moon is inherently different from on Earth. For example,
because of the small lunar radius, geometrical spreading
becomes less important at relatively shorter times after an
event occurs compared with on Earth. In addition, the scat-
tering region is to first order a spherical shell, within which
seismic velocities likely increase strongly with depth from
low values at shallow depths. Thus focusing of the seismic
energy in this layer may by important. In this paper, we
present new observations that provide insight into the scat-
tering properties of the lunar megaregolith.
[6] The megaregolith is defined as the highly fragmented

layer, composed of the ejecta of the large basin-forming
impact events, that lies on top of the fractured but in situ
crust [Hartmann, 1973]. Several estimates of the mega-
regolith thickness have been published, based either on
ejecta excavation and deposition models [McGetchin et al.,
1973; Pike, 1974; Housen et al., 1983; Petro and Pieters,
2004, 2008], or on radar and optical data [Shkuratov and
Bondarenko, 2001; Thompson et al., 2009]. However, the
range of published estimates is large (from a few hundreds
of meters up to �10 km thick). Information stored in the

Figure 1. Map showing the locations of the four APSE receivers (Apollo stations 12, 14, 15, and 16) and
the epicenters of the seismic events used here. Most located events in the APSE data set occurred on
the lunar nearside. The background is a shaded relief map of the surface topography, acquired by the
LRO-LOLA instrument.
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scattered coda of lunar seismic events can potentially con-
strain such critical parameters as the thickness of the scat-
tering layer beneath the stations [Dainty et al., 1974] and the
mean free path between scatterers (width of ejecta blocks).
[7] Understanding the scattering properties of the mega-

regolith properties is important because it will provide con-
straints on the shallow seismic structure of the Moon, as well
as contribute to understanding megaregolith formation and
evolution on other terrestrial bodies. In addition, a quanti-
tative study of the effects of scattering in current lunar
seismograms is needed to be able to assess secondary seis-
mic phases (from velocity contrasts in the lunar interior) that
can be identified in the Apollo or future data sets.
[8] We conduct a systematic survey of the coda char-

acteristics of impacts and moonquakes recorded at all four
APSE stations. We briefly describe the APSE data set
(section 2), data processing steps and criteria used to identify
higher-quality seismograms (section 3). These steps result in
a total of 369 seismograms from 72 events at 55 distinct
locations usable for this study (Figure 1 and Table 1). For
these seismograms, the coda are characterized via their
risetimes (time from initial P or S wave arrival to maximum
P or S wave amplitude), their maximum coda amplitudes,
and their characteristic decay times (td), where td is the time
taken for the coda amplitude to drop by a factor of e. We
investigate any dependence of these parameters on source
type, on source depth, and on source-receiver epicentral
distance. Those dependences are evaluated in seven different
frequency bands.
[9] Analysis of the results (sections 4 and 5) focuses on

two specific questions: (1) What is the importance of global
versus local (near the seismic stations) structure on the
overall characteristics of the seismic signals? and (2) What is
the contribution of intrinsic attenuation (Qi) and scattering
attenuation (Qs) to the signals’ coda decay? Our results
clearly demonstrate the need for future theoretical work and
synthetic seismogram modeling.

2. Data

[10] Four main types of seismic events were recorded at
four Apollo stations: artificial impacts (AI, including the
lunar module impacts and the Saturn IV booster impacts),
natural impacts (NI), deep moonquakes (DMQ), and shallow
moonquakes (SMQ). The data were recorded on three
orthogonal long-period channels (LP) with an instrument
frequency response of 0.004 to 2 Hz and on one vertical
short-period channel (SP) with a frequency response of 0.05
to 20 Hz. The long-period instruments could be operated
in one of two modes: flat mode, more sensitive to lower-
frequency signals (natural frequency of 0.07 Hz), and peak
mode, with a sharp peak in ground motion sensitivity at
0.45 Hz, but with a reduced sensitivity to low-frequency
signals (<0.45 Hz, see Figure 2). The different channels are
identified here as LPX, LPY, and LPZ for the two horizontal
and the vertical long-period channels and as SPZ for the
vertical short-period channel. The LPZ component at station
14 worked properly only for a short time and only 3
recordings from this channel are used in this study. Also, the
SPZ component at station 12 malfunctioned early on and did
not record any events [Latham et al., 1970b]. The data were

Table 1. Occurrence Time and Location of Events Used in This
Studya

Type Year Day
Time
(h:min)

Latitude
(�N)

Longitude
(�E)

Depth A
(km)

Depth B
(km)

Artificial impacts
LM12 1969 324 22:17 �3.9 �21.2 0 0
LM14 1971 038 00:47 �3.4 �19.7 0 0
LM15 1971 215 03:07 26.4 0.3 0 0
LM17 1972 350 06:52 20.0 30.5 0 0
SIVB13 1970 105 01:09 �2.8 �27.9 0 0
SIVB15 1971 210 20:40 �1.5 �11.8 0 0
SIVN16 1972 110 21:03 1.3 �23.8 0 0
SIVB17 1972 345 20:32 �4.2 �12.3 0 0

Natural impacts
1972 004 06:35 74.1 2.6 0 0
1972 134 08:46 1.5 �17.1 0 0
1972 199 21:56 32.8 137.6 0 0
1972 213 18:08 24 10.1 0 0
1973 269 20:48 28.7 41.1 0 0
1973 358 10:05 �24.8 �25.1 0 0
1974 109 18:34 7.4 �33.6 0 0
1974 198 12:05 20.3 6.5 0 0
1974 325 13:16 �7.3 19.9 0 0
1974 349 09:08 1.6 �8.2 0 0
1975 064 21:52 �52.4 4.2 0 0
1975 102 18:15 2 43.2 0 0
1975 124 10:05 �36.4 �121.3 0 0
1976 013 07:14 �39.4 62.8 0 0
1976 149 06:03 �16.8 �10.0 0 0
1977 179 22:25 �13.5 �75.3 0 0

Shallow moonquakes
1971 107 07:04 48 35 - -
1971 140 17:29 42 �24 - -
1972 002 22:32 54 101 - -
1972 341 23:10 51 45 - 10
1973 072 08:01 84 �134 - -
1973 171 20:25 1 �71 - -
1973 274 04:00 �37 �29 - -
1974 086 09:11 �48 �106 - -
1974 192 00:52 21 88 - -
1975 003 01:47 29 �98 - 0
1975 012 03:17 75 40 - 0
1975 013 00:28 �2 �51 - -
1975 044 22:05 �19 �26 - 21
1975 127 06:40 �49 �45 - -
1975 147 23:32 3 �58 - -
1975 314 07:56 �8 64 - -
1976 004 11:20 50 30 - 125
1976 012 08:22 38 44 - -
1976 066 10:16 50 �20 - 185
1976 068 14:44 �19 �12 - -
1976 137 12:36 77 �10 - -

Deep moonquakes
A001 - - - 15.7 �36.6 867 917
A006 - - - 43.5 55.5 844 860
A007 - - - 25 53.2 893 900
A015 - - - 0.7 �3.9 747 -
A020 - - - 23.7 �31.4 945 1055
A022 - - - 21.6 43.6 788 -
A026 - - - 14.3 5.2 1122 -
A040 - - - �1.3 �10.3 867 886
A042 - - - 22.2 �50.7 907 1004
A209 - - - �26.5 �35.1 - -

aLM and SIVB refer to lunar module and Saturn IV booster, respectively.
Source for event locations: AI from Nakamura [1983] and Lognonné et al.
[2003], NI from Lognonné et al. [2003], SMQ from Nakamura et al.
[1979], and DMQ from Nakamura [2005]. Source for event depth A from
Nakamura [2005] and depth B from Gagnepain-Beyneix et al. [2006].
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obtained from the IRIS Data Management Center (www.iris.
edu/dms/dmc/).

3. Methodology

3.1. Data Processing Steps

[11] The data were initially band-pass filtered and
despiked using a robust median despiking algorithm [Bulow
et al., 2005]. The long-period data were filtered from 0.25 to
3.31 Hz (the Nyquist frequency) and the short-period data
were filtered from 2 to 10 Hz. A 2 min running median filter
was used to despike the data by cropping amplitudes larger
than 5 times the median. These steps removed long-term
fluctuations, as well as most of the thermal and noise spikes.
[12] All DMQ, SMQ, NI and AI events in the lunar seis-

mic catalogue [Nakamura, 1992] were visually inspected
and a signal was selected if it met the following criteria: (i) a
clear decaying coda is present, (ii) at least one of the P or S
wave arrival times is identifiable, and (iii) the ratio of the
maximum amplitude of the S coda to the root-mean-square
(RMS) amplitude of the noise is larger than 3. The noise was
measured in a 2 min window either before the P wave arrival
or once the coda amplitude has decayed to the background
level. A total of 369 signals from 72 events were selected for
analysis. As some of the events are DMQ that occurred at the
same source region, the number of distinct locations is 55
(Table 1 and Figure 1). Arrival times for DMQ were iden-
tified through cross correlation of the individual events with
their respective source region stack. The stacks were gener-
ated using the method described in Bulow et al. [2005].
SMQ, NI, and AI arrival times were identified visually.
[13] Each signal was corrected for the instrument response

using the well established Seismic Analysis Code, applying
prewhitening to flatten the spectral response [Goldstein
et al., 2003; Goldstein and Snoke, 2005]. This allows us

to compare analyses from signals recorded on long-period
channels, whether they were recorded while the instrument
was in peak or in flat mode. Events recorded in peak mode
account for 71% of the total events recorded on the long-
period channels used here.
[14] Signals were then band-pass filtered to allow the

measurement of the coda characteristic decay time and the
coda risetime in specific frequency bands. The bands for
the LP signals were set to be 0.5 Hz wide and centered on
the 0.5, 1.0 and 1.5 Hz frequencies. The bands for the SPZ
signals were set to a width of 2 Hz and centered on the 3, 5,
7 and 9 Hz frequencies. Similar studies using earthquake
data will typically use octave-wide band-pass filters (cen-
tered at 1.5, 3, 6, 12 Hz, and so on)[e.g., Tsujiura, 1978].
However, due the limited bandwidth of the Apollo instru-
ments, the use of filters of constant width is necessary in
order to allow investigation of the dependence of decay and
risetimes on frequency. The different bands used in this
analysis are discussed in the text as L1, L2, and L3 for the
long-period bands, and S1, S2, S3, and S4 for the short-
period bands (Table 2 and Figure 2). Figure 2 shows that
the SP instrument response extends past 10 Hz, however

Figure 2. Instrument response curves (IR, red) and frequency response curves of band-pass filters used
in the analysis (blue). (left) The long-period (LP) instrument responses, both in flat and peak mode, and
(right) the short-period (SP) instrument response curve.

Table 2. The Different Frequency Bands Investigated in This
Analysisa

In Text Range (Hz) fc (Hz)

Long-period L1 0.25–0.75 0.5
L2 0.75–1.25 1.0
L3 1.25–1.75 1.5

Short-period S1 2–4 3.0
S2 4–6 5.0
S3 6–8 7.0
S4 8–10 9.0

aHere fc is the central frequency of each band.
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the signal-to-noise ratio of the seismic signal above 10 Hz
is too low for the decay to be measured accurately.
[15] Signal envelopes were generated using

E tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D tð Þ2 þ H tð Þ2

q
; ð1Þ

where D(t) is the original data; H(t) is the Hilbert transform;
and E(t) is the resulting envelope. Envelopes of LPX and
LPY channels were averaged using

EH tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EX tð Þ2 þ EY tð Þ2

q
; ð2Þ

where EH(t) is the resulting envelope of the averaged hori-
zontal long-period channel and EX(t) and EY(t) are the
envelopes of the LPX and LPY components. This step
increases the signal-to-noise ratio around the S wave arrival.
The averaging assumes horizontal isotropy, a step that is
justified by the similar (but noisier) results obtained indi-
vidually for LPX and LPY. This step and the previous band-
pass-filtering step generated a set of 842 analyzable seismic
traces. The envelope was smoothed using a 5 min (LP) or
35 second (SPZ) running window (�2000 sampling inter-
vals), keeping the 75th percentile. The window length and
percentile were empirically determined to retain the charac-
teristic signal amplitude, while reducing the contribution
from remaining noise spikes. Different window lengths (2 to
7 min for LP, 15 seconds to 1 min for SPZ) and percentile
values (the median and 99th percentile) were tested and
yielded comparable results.

3.2. Analytical Solutions for the Coda Decay

[16] Analytical solutions for coda decay are typically of
the form

E tð Þ ¼ 1

ta
e�t=td ; ð3Þ

where td is the characteristic decay time. The value of a can
range from 0.75 to 2 and depends on the model geometry
(which affects the geometrical spreading) and on the scat-
tering environment (see review in Shearer [2007]). The
model that most closely resembles the lunar scattering
environment is that of Margerin et al. [1998], in which a
scattering layer overlies a more transparent half-space.
However, the lunar and terrestrial contexts are inherently
different in the following ways:
[17] 1. Studies of terrestrial coda waves mostly use local

crustal events (see examples in Yoshimoto and Jin [2008]).
In the formulation of Margerin et al. [1998], the point-like
source resides in the scattering layer, close to the receiver.
On the Moon, these assumptions are only valid for a few
impact events local to the seismic stations. For most impacts
and some or all shallow moonquakes, the source resides on
or in the near-surface scattering layer, but because the events
are teleseismic much of the energy travels in the mantle
before entering, or reentering, the scattering layer en route to
the receiver. This effectively results in an infinite number of
sources along the base of the scattering layer, instead of a
single source.
[18] 2. In Margerin et al. [1998], the scattering layer lies

above a weakly or nonscattering half-space. Scattered
energy leaks into the half-space, and does not return to the

scattering layer. The Moon is a small spherical body with
increasing velocity with depth, and low intrinsic attenuation.
As such, seismic energy that propagates through the mantle
reenters a near-surface highly scattering layer elsewhere no
more than 7 min later (the approximate time it takes for a
downgoing P wave to travel through the lunar interior and
reach the surface). Seismic energy can go through this pro-
cess several times due to the low lunar intrinsic attenuation.
The net result is that once the body waves have expanded
through the majority of the scattering layer’s volume (about
12–14 min after the quake source time, or the time it takes
for an S wave to travel the lunar interior), the many multiply
scattered waves within a sphere reduce wave expansion
within the scattering layer (a→ 0). Lunar coda last for 30 to
over 60 min after the S wave arrival, suggesting that geo-
metrical spreading, which is captured by the a parameter in
equation 3, should have a reduced effect on the coda decay.
[19] Thus currently there is no published theoretical solu-

tion for the coda decay that is directly applicable to the lunar
environment, but the above discussion suggests that solu-
tions with a → 0 might be expected. In our analyses we set
a equal to zero in equation 3. In section 4.3 we discuss
further the implications of using a different choice of a.
[20] An exponential decay curve of the form e�t/td was fit

using least squares to the decay of the smoothed envelope
function and td was retrieved. The beginning of the fit was
identified visually, as the exponential decay does not always
start at the maximum coda amplitude. The end of the fit was
determined numerically and defined as the time at which the
envelope amplitude is twice the RMS background noise.
Only those fits for which td is less than the length of the fit
were kept for the final analysis, resulting in 641 decay times.
Figure 3 summarizes the methodology steps discussed
above. The envelope functions can also be fit in log space to
reduce the relative weight of the larger amplitudes at the
beginning of the coda for which the assumption a = 0 may
not be valid. The resulting decay times, not shown, did not
differ significantly from the results presented here.
[21] The measured td were then converted to the fre-

quency specific decay factor Qc using

Qc ¼ pfctd ; ð4Þ

where fc is the central frequency of the band of interest and
Qc is a dimensionless parameter called the coda wave quality
factor [Aki and Chouet, 1975]. Its inverse, Qc

�1, represents
the fraction of energy dissipated after one period of oscilla-
tion. Results for both td and Qc are presented in the fol-
lowing section as both parameters can provide insight into
the attenuation and scattering properties of the Moon. For
example, a decrease in td with frequency for a series of
given frequency bands, with similar Qc values for all bands,
might indicate a constant intrinsic attenuation (Qi) over the
frequency range. In this case, high frequencies lose as much
energy per cycle as low frequencies (constant Qc), but the
coda amplitude will decay faster (td) because high fre-
quencies go through more cycles per unit time.

4. Results

[22] Maximum amplitude and risetime results show no
clear dependence on epicentral distance, D, or on the source
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depth. The measured NI risetimes in the LP bands are mostly
greater than the SMQ risetimes, and they decrease with
increasing frequency. The SMQ risetimes are constant
among all 3 frequency bands (Figure 4). Risetime values are
lower by �15% if we halve the length of the smoothing
window, but the relationships among frequency, NI and
SMQ values remain the same. These results support the
observations reported in Latham et al. [1971]. td and Qc do
not exhibit a dependence on the depth of individual events,
but are distinct for events occurring at the surface (impacts)
and in the lunar interior (moonquakes). We refer to this
below as a dependence on event type, and present the td and
Qc results for each event type as a function of D and fre-
quency (Table 3 and Figures 5–8). The results from the
vertical and horizontal LP channels are generally very sim-
ilar and so no distinction is made between the two channels
in Figures 5–8.
[23] The median td and Qc values for all events with D

greater than 20� are given in Table 3. This distance was
empirically determined to avoid local effects, and is based

on the AI and NI results, which show either a change in td
and Qc values for D between 0 and 20� (AI), or large dif-
ferences among stations at short distances (NI). For D
greater than 20�, no clear dependence of td or Qc on D was
identified on the LP components for any event type
(Figures 5 and 6). Table 3 lists the median values for each
individual frequency band, as well as for all the bands
combined, along with the median absolute deviation
(MAD). A dependence of td and Qc on D is seen in the
short-period NI and SMQ data. The results of robust least
squares fits to individual frequency bands are shown for td
or Qc versus D for the NI and SMQ (Figures 7 and 8), and
Table 3 gives the slope and intercept (td and Qc value at 0�)
of each straight-line fit.
[24] For comparison, we show the measured lunar Qc

�1

values and the corresponding Qc
�1 values reported for the

terrestrial lithosphere (Figure 9). Lower attenuation and/or
higher scattering in the Moon are responsible for the much
lower lunar Qc

�1 values (higher Qc) compared with those
obtained for Earth.

Figure 3. Example of the different methodology steps for a SMQ. (a) Original data on the LPX channel.
(b) The three band-pass filtered envelope functions for the averaged LPX and LPY channels (black), the
smoothed envelopes (red), and the resulting fit (blue) for the highest-frequency band. The characteristic
decay times td (labeled on figure) and S risetimes (gray band) are also shown. Note that these vary with
frequency.
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[25] Below we discuss the td and Qc results measured on
the long-period and short-period channels in more detail. We
focus on any dependence on distance, frequency, and any
differences among stations.

4.1. Decay Parameters Measured on the Long-Period
Channels (LP)

[26] td values decrease with increasing frequency for all
event types on the LP channels, consistent with faster decay
of high-frequency signals compared with low-frequency
signals. No dependence of td or Qc on D, for D greater than
20�, is observed. In general, Qc values forD greater than 20�
are similar for all frequency bands for individual event types;
i.e., the median values for each band are indistinguishable
from one another within the reported median absolute
deviations (MAD) in Table 3. Examination of the median Qc

for all LP bands combined shows that the Qc values for
impact events are larger than the Qc values for tectonic
events (4491 � 756 for AI and 4182 � 651 for NI, versus
3433 � 412 for SMQ and 2941 � 648 for DMQ).
[27] At epicentral distances less than about 20�, both td

and Qc for AI may increase with D; however this is difficult
to verify, given the variability in td and Qc measurements,
possible differences among the results for individual stations
(Figure 6, AI), and the short overall distance range sampled

by the AI events. There are insufficient NI data at epicentral
distances less than 20� to investigate any dependence of td
and Qc on D; however some NI results at short epicentral
distances reveal clear differences between decay parameters
measured at individual stations. For the two impact events
closer than 10�, Qc values at station 15 are about twice the
Qc values measured at station 16 (Figure 6, NI). In addition,
Qc values for the NI events show greater variability (Qc =
�2000–6000) at short distances than at large distances (Qc =
�3500–5000 for D > 90�); this is particularly evident in the
results for station 14.
[28] td and Qc values on the L1 band for all event types, at

all D, show differences among stations. This is most easily
seen in the Qc results (Figure 6). Qc values measured at
stations 14 and 16 for moonquakes are typically smaller than
the values from stations 12 and 15 at similar epicentral dis-
tances. This is also true of the natural impacts at epicentral
distances less than about 90� (corresponding to the epicen-
tral distance range for most moonquake observations).
Similarly, for the AI, Qc on the L1 band appears to be lower
at station 14 compared with station 12, although in contrast
to the results for moonquakes and NI, the values for station
15 are similar to those at station 14. However the range of
epicentral distances spanned by the AI data is more limited
than for the other event types.

4.2. Decay Parameters Measured on the Short-Period
Channel (SPZ)

[29] The bandwidth covered by the SPZ instrument is
wider than that covered by the LP instrument, aiding
investigation of any dependence of td and Qc on frequency.

Table 3. Results From the Long- and Short-Period Bands

Long-Perioda Short-Periodb

Median td Median Qc td(0) Qc(0)

Band N (MAD) (MAD) Band N (dtd/dD) (dQc/dD)

Artificial impacts
L1 3 2732 (239) 4291 (375) - -
L2 7 1625 (258) 5106 (809) - -
L3 2 932 (126) 4394 (596) - -
All LP 12 1652 (530) 4491 (756) - -

Natural impacts
L1 47 2330 (434) 3661 (515) S1 16 380 (1.4) 3582 (13)
L2 62 1362 (143) 4278 (412) S2 11 234 (1.4) 3681 (22)
L3 46 865 (199) 4219 (938) - -
All LP 155 1405 (492) 4182 (651) - -

Shallow moonquakes
L1 30 2011 (433) 3158 (680) S1 33 298 (0.8) 2808 (7)
L2 32 1114 (80) 3499 (250) S2 35 193 (1.2) 3026 (18)
L3 28 722 (55) 3402 (259) S3 33 145 (1.8) 3183 (39)
All LP 90 1114 (504) 3433 (412) S4 34 144 (2.0) 4086 (57)

Deep moonquakes
L1 14 1373 (434) 2156 (681) - -
L2 15 978 (143) 3101 (449) - -
L3 5 732 (122) 3451 (573) - -
All LP 34 1062 (365) 2941 (648) - -

aMedian td and Qc values and median absolute deviation (MAD) for
individual frequency band (L1, L2, and L3) and for all the bands
combined. The median values are calculated from all events with
epicentral distances (D) larger than 20�, to avoid local effects. N indicates
the number of data points used to calculate the median values.

bInterpolated td and Qc values atD = 0� (td(0) or Qc(0)) and the slope of
the best fit straight line. N indicates the number of data points used to
calculate the best fit lines.

Figure 4. NI (red) and SMQ (blue) S risetimes for the L1,
L2, and L3 bands. NI risetimes are larger than SMQ rise-
times and also exhibit a dependence on frequency. SMQ
risetimes are frequency independent. The mean, median,
and standard deviation (std) in seconds are given. Only the
S wave risetimes that could be clearly measured are shown.
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However, the frequency content of events other than SMQs
is richer in lower frequencies (<3 Hz). This results in rela-
tively fewer high-quality AI, NI and DMQ events on the
SPZ component. This is especially true for DMQs, for which
the typically lower magnitudes and overall lower-frequency
content are responsible for the low number of events recor-
ded on the SPZ channels. The SMQ events, on the other
hand, have a frequency content that extends into the 8–10 Hz
band resulting in Qc estimates for all four bands that cover a
wide range of D (�20–120�).
[30] The low number of AI and DMQ events does not

allow the identification of a dependence of the decay para-
meters onD or frequency. However, a dependence of td and
Qc on distance and frequency is seen in the NI and SMQ
data.

[31] td shows a correlation with D on the 2–4 Hz and
4–6 Hz frequency bands for the NI events (correlation
coefficients R = 0.61 and R = 0.78 respectively), and for all
frequency bands for the SMQ (R = 0.45 for 2–4 Hz, 0.65
for 4–6 Hz, 0.75 for 6–8 Hz and 0.75 for 8–10 Hz). td values
for NI on the S1 band are twice those on the S2 band, but
the dependence on distance is the same within error
(Table 3). td values for SMQ on band S1 are larger than
those on all other bands, and the values on the other bands
(S2, S3 and S4) are similar to each other. The dependence
on distance increases for increasing frequencies (seen as
increasing slopes in Table 3).
[32] The td data result in Qc values that show a clear

dependence on epicentral distance and frequency (Figure 8
and Table 3). The slope of the straight-line fits to Qc ver-
susD increases from bands S1 to S2 for the NI, and from S1

Figure 5. Measured td for all types of events on the LP channels. The colors represent the different sta-
tions and the symbols refer to each frequency band. No distinction is made between the vertical and hor-
izontal channels, as the measured td are similar for a given event. Measured td from a single DMQ source
region have been averaged, and the error bars correspond to one median absolute deviation.
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to S4 for the SMQ. NI show similar Qc values for S1 and S2
at very short distances (≈3600). The Qc values for SMQ at
short epicentral distances in bands S1 and S2 are also similar
to each other, but lower than those for NI (≈2900), and they
increase for bands S3 and S4.
[33] Finally, there is a marked difference in the SMQ td

and Qc values between station 14 and stations 15 and 16, on
the 8–10 Hz band. td values are larger by �100 and Qc

values are larger by �2000 at stations 15 and 16 compared
to station 14. The dependence of td and Qc on D for each
station is similar.

4.3. Dependence of Decay Parameters on a
[34] We investigated whether the observed coda decay can

be better or equally well fit by the more general form of
equation 3 with a ≠ 0. We used a = 1 and a = 2, and for each
value we refit the coda decay for all events. We compared

the RMS misfits of the fits with a = 1 or a = 2 with those for
a = 0. Results show that fits with a = 0 are better, for all
event types. We found that using a > 0 generally resulted in
values of td that are two to three times larger than their value
for a = 0. However for some seismograms, using a > 0 led
to unrealistically large td and Qc values. Importantly, we
found that the SPZ dependence of Qc on epicentral distance
and frequency was robust with respect to the choice of a.
Given these results, and the limitations of the assumptions
underlying existing theoretical work for the lunar applica-
tion, we retain the simplest possible function form for the
lunar decay that relies on only one parameter (td).

5. Implications

[35] The physical significance of td and Qc is still not fully
understood, especially in the lunar context. Theoretical work
suggests that for single scatterer models (i.e., weak

Figure 6. Measured Qc for all types of events on the LP channels. The colors and symbols are the same
as in Figure 5.
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scattering), Qc is an averaged S wave attenuation parameter,
which includes both intrinsic (Qi) and scattering (Qs)
attenuations [Sato and Fehler, 1998]. In the case of multiple
scatterer models (stronger scattering), numerical and labo-
ratory experiments, as well as theoretical studies indicate
that Qc corresponds to the S wave Qi (see review in
Yoshimoto and Jin [2008]). This assumes that Qc is mea-
sured at a lapse time larger than the mean free time (defined
as twice the time it takes for an S wave to go from the source
to the receiver). However, the dependence of Qc on epicen-
tral distance, observed in the short-period NI and SMQ data,
is difficult to reconcile with simple geographical and/or
depth variations in Qi. This suggests a contribution of Qs to
the observed Qc, at least for frequencies larger than 2 Hz.
The dependence of Qc on epicentral distance could then

reflect the fact that the seismic energy will encounter more
scatterers along longer path lengths, resulting in increased td
and Qc values. Thus, a major question is what are the relative
contributions of Qi or Qs to the signal recorded in the seismic
coda?
[36] The lunar interior is different from the Earth in at least

two respects that are important to understanding our obser-
vations. First, the relative paucity of volatiles in the lunar
interior leads to lower intrinsic attenuation (higher Qi) than
on Earth. Studies of the decay of the maximum signal
amplitude with distance yield lunar upper mantle S wave Qi

values ranging from 4000 at frequencies of 3 Hz to 8000 at
7 Hz [Nakamura et al., 1976; Nakamura and Koyama,
1982], compared with terrestrial values of �25–500 [e.g.,
Mitchell, 1995]. Second, unlike on Earth, the Moon has a

Figure 7. Measured td for all types of events on the SPZ channel. The colors represent the different
stations and the symbols refer to each frequency band. No events were recorded at station 12 due to
an early malfunction of the instrument. Robust least squares fit straight lines showing dependence of
td on epicentral distance are shown for the two NI lower-frequency bands and for all SMQ bands.
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highly fractured megaregolith layer that is global in extent
but with regional variations in thickness and structure [e.g.,
McGetchin et al., 1973; Thompson et al., 2009]. Thus, scat-
tering can be expected to occur globally in the near-surface
megaregolith layer, with regional or local variations in
intensity. Scattering in such a global layer is supported by the
observations that seismograms for all types of lunar events,
from all depths (up to�1100 km) and all epicentral distances
(up to 150�), exhibit strong scattering. Scattering of seismic
energy in the lunar mantle may also be occurring, as on Earth
[e.g., Earle and Shearer, 2001], but its seismic signature is
likely obscured by the relatively intense scattering in the
megaregolith.
[37] Below, we present a scenario that can explain the

observations of td and Qc for different event types, fre-
quencies, epicentral distances and stations. Based on the
above discussion, we assume that scattering occurs in the
megaregolith layer. Two end-member processes can explain

increases in td and Qc values: the seismic energy encounters
(i) more scatterers along its path (higher effective Qs),
through either a higher scatterer number density and/or a
longer path, effectively both spreading and refocusing the
energy, causing it to reach the station over a longer period of
time (increasing td and Qc) and (ii) a lower intrinsic attenu-
ation (higher Qi) in the scattering layer, increasing the
amplitude of the scattered wave arrivals, and effectively
increasing td and Qc. Accordingly, lower td and Qc values
indicate less scattering (lower effective Qs) and/or higher
intrinsic attenuation (lower Qi). We note that for direct
waves, scattering will defocus the energy, resulting in
decreased amplitudes. Thus high scattering might be expec-
ted to imply lowQs. However, in the lunar context, scattering
continues well after the direct wave arrivals, refocusing the
seismic energy, resulting in longer td. Thus high scattering
implies high Qs. This effect can be expected to be even

Figure 8. Measured Qc for all types of events on the SPZ channel. The colors and symbols are the same
as in Figure 7. Robust least squares fit straight lines are also shown for NI and SMQ.
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stronger if the scattering layer is also a low-velocity layer, as
is quite likely for the megaregolith.
[38] We discuss shallow moonquakes and impacts

(section 5.1) separately from deep moonquakes (section 5.2),
because the distribution of energy entering the scattering

layer is likely to be quite different in these two cases, and has
implications for the observed td and Qc.

5.1. Shallow Events (SMQ, NI, and AI)

5.1.1. Teleseismic Shallow Events (D > 20���)
[39] We propose that the seismic energy forming the coda

of teleseismic shallow events spends a large proportion of its
total travel time in the scattering layer. As such, td and Qc

values are controlled by the scattering layer Qi, by the scat-
tering efficiency of the layer (related to Qs), and by the
distance traveled, or equivalently the time spent, in the layer.
In addition, the low seismic velocities at shallow depths
[Garcia et al., 2011; Kovach et al., 1971] will contribute to
trapping energy in a near-surface layer. While the depth
extent and exact seismic velocity structure of the low-
velocity near-surface region is unknown, it is reasonable to
suppose that it encompasses some or all of the scattering
(megaregolith) layer.
[40] For teleseismic events, the most direct path in the

scattering layer has a distance proportional to D. Figure 10
shows that increasing D will increase the time intervals
between the arrival of the most direct waves (making up the
coda from the first arrival up to its maximum), the partly
scattered waves (which travel part of the way in the mantle
and enter the scattering layer at some point between the
source and the receiver), and the fully scattered waves
(which enter the scattering layer at, or near, the source).
Assuming similar relative amplitudes between these arriving
waves for all D, td and Qc will increase for increasing D.
[41] Importantly, the energy entering the scattering layer

along the source-receiver path does not have a constant
amplitude at all points. Seismic waves entering the layer
near the source will have a larger amplitude than waves

Figure 9. Comparison between terrestrial and lunar Qc
�1

values. Lunar values are much lower than terrestrial values
(i.e., larger Qc). Lunar mean Qc

�1 values do not exhibit a
strong dependence on frequency in the 0.5–4 Hz range, in
contrast to the terrestrial data. The blue (SMQ) and yellow
(NI) shaded regions show the variations in Qc

�1 due to its
dependence on epicentral distance at frequencies larger than
2 Hz. Qc

�1 was plotted (and not Qc) in order to better com-
pare with previously published terrestrial data. Figure is
modified from Yoshimoto and Jin [2008], with permission
from Elsevier.

Figure 10. Schematic representation of seismic energy propagation showing the effect of epicentral dis-
tance on td. (a) At short teleseismic distances, the time intervals between the arrival of the most direct
waves (in red, forming the coda up to its maximum amplitude), the partially scattered waves (in gray)
and the fully scattered waves (in blue) are small. (b) As the epicentral distance increases, these time inter-
vals increase, resulting in larger td for similar relative amplitudes between the waves.

BLANCHETTE-GUERTIN ET AL.: SCATTERING IN LUNAR SEISMIC CODA E06003E06003

12 of 17



entering the scattering layer after traveling some distance in
the mantle (Figure 11b). Geometrical spreading results in
amplitude differences of an order of magnitude or more for
the waves entering the scattering layer at different points
between the source and receiver. Furthermore, the mantle S
wave Qi has been estimated to be <1500 at depths greater
than 300 km at frequencies of 3 Hz [Nakamura et al., 1976].
Thus energy traveling in the mantle and entering the scat-
tering layer close to the receiver will have been attenuated
relative to the energy that enters the scattering layer near the
source. Energy entering the scattering layer close to the
source will spend more time in the layer and will be the most
scattered, increasing td and Qc. In this scenario, we can
expect td and Qc at a given frequency to increase with
increasing D.
[42] Our results show an increase in td and Qc with

increasing D for signals in the S1–S4 frequency bands.
Because the increase is seen for all 3 stations for which we
have observations, it is difficult to explain in terms of geo-
graphical variations in Qi, and so we examine the scattering
hypothesis above further. Assuming S wave velocities, (Vs),
in the scattering layer range from�300 to 3,000 m/s [Garcia
et al., 2011], the relevant wavelengths of scatterers are given
by l = Vs/f, where f is the frequency. For the S4 band, this
yields scatterer scale lengths of about 30–400 m, for the S1
band scale lengths are about 75 m to over a km. For the LP
bands (for which we observe no increase in td and Qc with
D), relevant scatterer scale lengths are of the order of 200 m
up to several km. Laboratory impact ejecta experiments
[e.g., Ryan and Melosh, 1998], suggest that the size-
frequency distribution of ejecta blocks in the megaregolith
will follow a power law distribution, with relatively more
small-scale blocks than large ones. This suggests that high-
frequency seismic energy will encounter more scatterers
compared with low-frequency energy, predicting an increase
in td and Qc with frequency at a givenD, as seen in the lunar
data. Furthermore, we propose that the lack of dependence
of td and Qc on D in our LP results (frequencies < 2 Hz) is
because at these frequencies scatterer scale lengths are on the
order of the scattering layer thickness. If the large scatterers
are not distributed uniformly laterally and vertically, or are
not present in sufficient number, we might expect no clear
dependence of td and Qc on D. At the LP frequencies,
scattering is still occurring (i.e., the coda waves are still
present), but the measured Qc reflects a relatively stronger
contribution from Qi than at higher frequencies.
[43] The source depth, above or beneath the scattering and

low-velocity layer(s), will also affect the intensity and
duration of the recorded scattering. Impact events occur
directly above the scattering layer and the seismic energy is
scattered at least twice along the way (going through the
layer once, traveling in the mantle, and going through the
layer again to reach the station, see NI plots in Figure 11a).
A large part of that energy may also get trapped in the
scattering layer, in particular if this layer is also a low-
velocity region, and will travel within the layer all the way to
the station. We propose that td and Qc values for impact
events are larger than for moonquakes because the seismic
energy spends more time overall in the scattering layer. This
could also explain the longer risetimes for NI compared with
SMQ (Figure 4). The larger decay values for NI could also
be explained by the fact that impact seismic source functions

last longer due to the time it takes for the ejecta blanket to
fall back down on the lunar surface. Longer source functions
would result in larger td and Qc. Median td and Qc for
shallow moonquakes are also slightly larger than for deep
moonquakes. SMQ events occur closer to the scattering
layer then DMQ. As such, more SMQ energy will be trapped
in the scattering layer on its way to the receiver, increasing
the overall amount of scattered energy, and increasing td.
[44] The difference in td and Qc magnitudes between

station 14 and stations 15 and 16 on the 8–10 Hz band points
to differences in the local structure and/or rock composition
surrounding the receivers at those wavelengths. A lower Qc

(station 14) points to either a weaker scattering, or a higher
intrinsic attenuation (lower Qi). Station 14 sits on top of a
thick layer of mare basalt, whereas station 15 sits at the edge
of a large basin and station 16 overlies crustal ferroa-
northosite. This difference in composition and structure
could lead to different scattering properties. As such, the
scattering characteristics of a signal are not only controlled
by the global scattering layer, but also by the local structure
near the receivers.
5.1.2. Local Shallow Events (D < 20���)
[45] In contrast to teleseismic shallow events, local shal-

low events defined here as SMQ, NI and AI events having
an epicentral distance of 20� or less, have td and Qc values
that may be controlled dominantly by the local scattering
structure surrounding the receivers. An example of the pos-
sible effects of local structure is the difference between the
td and Qc values of the two NI events with epicentral dis-
tances less than 10�. The two events were recorded at station
15 (Qc = 3941 on L1) and station 16 (Qc � 2100 on L1) and
their locations are shown as crossed yellow circles on the
location map (Figure 1). Station 15 is slightly to the west of
the boundary between Mare Imbrium and Mare Serenitatis,
and the local impact event occurred to the south of this
boundary. Deep lateral structure related to the margins of
these two large basins may have trapped the seismic energy
arriving from the south, increasing the decay time of the
signal (and increasing td and Qc). Station 16 is on the high-
lands to the southwest of Mare Tranquilitatis, and the impact
event hit the surface to the northeast of the receiver. There are
no identifiable structures in the vicinity of station 16 that
could trap seismic energy as for station 15, potentially
explaining the lower td and Qc values for this particular
event.

5.2. Deep Moonquakes

[46] DMQs have depths of 700–1100 km, and energy
propagates from the source regions through the lunar mantle
and crust, to the scattering layer. The amplitude of seismic
waves reaching a given point at the base of the scattering
layer depends on the combined effects of geometrical
spreading, intrinsic attenuation and seismic velocity structure
of the mantle and crust. This energy is then scattered, and so
seismic waves that enter the base of the scattering layer need
to have a sufficiently large amplitude to still be detectable by
an instrument on the surface. Path lengths traveled by energy
between a DMQ source region and the base of scattering
layer will vary by less than a factor of about 3 for the epi-
central distance range over which we have observations of
DMQ (D < 80�). Consequently, in the absence of large lateral
variations in seismic velocity and intrinsic attenuation, the
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amplitude of the wave entering the scattering layer will vary
by less than an order of magnitude for points along the base
of the scattering layer (Figure 11c). DMQ magnitudes are
small [Latham et al., 1973], and so the amplitude of the wave

that reaches any point along the base of the layer is also
small. Hence energy entering the scattering layer further from
the stations may decay to imperceptible levels before reach-
ing the receivers. The measured td and Qc are then

Figure 11. (a) Schematic illustration of the scattering layer. Each line represents a scatterer and its thick-
ness indicates its effective length scale. A larger scatterer (thicker line) is seen by long-period waves,
whereas small-scale scatterers (thin lines) affect higher-frequency waves. (b) The signal decay measured
at the receiver is dominated by the energy entering the scattering layer with the largest relative amplitude.
For NI events, this is the energy trapped in the layer directly after impact. For SMQ occurring below the
scattering layer, this is the energy that enters the scattering layer near the source. The relative amplitude of
seismic waves entering the base of the scattering layer is shown in blue. For impacts and SMQ, increasing
the source-receiver distance (D) increases the number of scatterers encountered, and for a power law size
distribution of scatterers [Ryan and Melosh, 1998], the effect will be greater at higher frequency (shown
for NI on the left). Thus, td and Qc increase with increasing D and frequency (gray shading). (c) For
DMQ, the energy entering the base of the scattering layer is approximately uniformly distributed over a
wide area. Because DMQ magnitudes are small, only energy entering the scattering layer within some
region of influence around the receiver is still detectable after scattering. The td and Qc values measured
at all D are similar and represent the scattering properties of regions surrounding the stations.
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representative of the properties of the scattering layer in a
region surrounding each station (the region of influence). The
extent of this region, and hence the measured decay para-
meters, should be insensitive to the source-receiver distance
(Figure 11c), but might be expected to increase for larger
magnitude DMQs.
[47] No dependence of the decay parameters on D is

observed in the data (Figures 5 and 6), which is consistent
with the above scenario. Source region A001 exhibits the
largest number of DMQ in the lunar event catalogue
[Latham et al.,1971; Bulow et al., 2005], and contributes the
greatest number of DMQ events to our analyses here, so we
use it to examine any dependence of the decay parameters on
amplitude at a given station. DMQs from source region
A001 do not show any dependence of td and Qc on ampli-
tude (Figure 12), but this may simply be due to the low
amplitudes, the small amplitude range for most events, and
the fact that the recorded amplitudes also include local sta-
tion effects. While the actual extent of the region of influ-
ence is unknown, td and Qc for band L1 for source region
A001 are larger at station 12 (D = 18.2�) than at station 14
(D = 22.3�), and station 16 (D = 51.2�). This suggests
localized differences in the scattering characteristics around
station 12, compared with those around station 14, and
might offer an upper bound on the size of the region of
influence for DMQ type events of similar magnitudes. This
limit has to be smaller than the epicentral distance between
stations 12 and 14 (D = 180 km). We note that the obser-
vation of larger td and Qc for band L1 at station 12 com-
pared with stations 14 and 16 is supported by our global data
set of NI, DMQ, and SMQ as summarized in section 4.1,
suggestive of lateral variations in scattering properties at
scale lengths corresponding to the L1 frequency band.
[48] Scattering of DMQ energy near the source region

may also occur. If scattering takes place in the deep Moon,

seismic waves entering the near-surface scattering layer will
already comprise a long coda (with its own td). This initial
td would be affected by the strong scattering in the mega-
regolith, and would be increased even further. However, a
higher intrinsic attenuation in DMQ source regions (lower
Qi, which is plausible due to the temperature increase with
depth) would act to mitigate this effect. It is not possible to
confirm or deny sourceside scattering for DMQ with our
data set: one test of sourceside scattering might be differ-
ences in Qc for different DMQ source regions, and we do not
observe such differences. It is likely that the DMQ coda are
dominated by scattering and intrinsic attenuation in the
megaregolith.

6. Conclusions

[49] The long decay times of lunar seismograms, recorded
for all types of lunar events, at all stations, indicate that
scattering of seismic energy occurs in a global layer. This
layer is likely the near-surface megaregolith, which is global
in extent, with recognized regional variations in thickness
and structure. Both intrinsic attenuation and the scattering
properties of the megaregolith contribute to coda decay
times. In addition, low seismic velocities in (and possibly
extending below) the megaregolith will focus seismic energy
into this scattering layer. While it is not possible to uniquely
identify the contributions of intrinsic attenuation and scat-
tering, variations of coda td and Qc with event type, distance
and frequency allow us to identify when the relative contri-
bution of scattering might outweigh that of intrinsic attenu-
ation. The dependence of td and Qc on epicentral distance at
frequencies larger than 2 Hz suggests that Qs dominates the
coda decay at high frequencies and large distances.
[50] Differences in decay times between shallow events

(SMQ and NI) and DMQs indicate that the attenuation and

Figure 12. The td and Qc values for DMQ events in the A001 source region (sameD for a given station).
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scattering properties of the scattering layer are expressed
differently in the seismograms of shallow and deep events.
Shallow events show an increase of td and Qc with
increasing source-receiver distances for frequencies larger
than 2 Hz. We propose that this is because energy traveling
longer distances in the scattering layer encounters more
scatterers. This inference is further supported by the obser-
vation that td and Qc also increase with increasing fre-
quency, consistent with the presence of relatively more
small-scale versus large-scale scatterers (Figure 11b). In
contrast, the small magnitude and large depths of DMQs
may mean that the seismic energy recorded at the receiver
from those deep events samples the scattering layer in a
distinct region (region of influence) around the receiver
(Figure 11c). This hypothesis is supported by the observa-
tion that td and Qc for DMQs are independent of the source-
receiver distance, and less than those of shallow events.
Differences in td and Qc for DMQ recorded at stations 12
and 14 suggest that the region of influence for those stations
is less than 180 km (the epicentral distance between the two
stations).
[51] Local structure can also be important, in particular for

signals from local events (D < 20�). We see increased
scattering in the coda of a NI event recorded close to station
15, compared with one that occurred at a similar distance to
station 16, perhaps reflecting the trapping of seismic energy
by large-scale impact basin-related structures near station 15.
Lower Qc values in the L1 band for stations 14 and 16,
compared to stations 12 and 15, recorded for all event types
(Figures 6 and 12), reflect either relative differences in
intrinsic attenuation (at L1 frequencies) or in scattering (at
scale lengths of several hundred meters to a few km)
between those two groups of stations. Stations 12 and 14 are
both located on the southern basaltic plains of Oceanus
Procellarum and so the differences in L1 decay times for
those two stations point to local differences in structure near
the receivers. Stations 14 sits on a crater ejecta blanket (itself
overlying the older basaltic layers) and associated low
velocities, and fractured and welded structure might be
responsible for these differences in attenuation and scatter-
ing properties in the L1 frequency band. In contrast, at
higher frequencies (S4), Qc values are lower at station 14
than at stations 15 and 16, which once again points to dif-
ferences in the intrinsic attenuations near the receivers or to
relatively less scatterers corresponding to the S4 frequencies
at station 14 than at stations 15 and 16.
[52] Our results demonstrate that the scattering layer

comprises scatterers with a range of length scales, and they
indicate that scattering will also be important at frequencies
higher than those observed by the APSE experiment. In
contrast, recordings of lower-frequency signals might yield
data that contain minimal scattering and would greatly
facilitate the exploration of the Moon’s interior. Our results
and interpretations provide constraints and testable hypoth-
eses for future waveform modeling that includes the effects
of very low intrinsic attenuation, intense scattering and near-
surface, low-velocity layer(s) in a small rocky body. Such
studies can investigate suites of models that predict seis-
mograms with coda properties that match those reported
here from the APSE data set. These in turn can constrain
globally averaged and possible regional variations in prop-
erties of the scattering layer such as intrinsic attenuation,

velocity structure, scatterer size distribution and layer
thickness.
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