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Abstract14

In the 1970s, two types of seismometers were installed on the nearside of the Moon. One15

type is called the Long-Period (LP) seismometer, which is sensitive below 1.5 Hz. The16

other is called the Short-Period (SP) seismometer, whose sensitivity is high around 2 –17

10 Hz. So far, more than 13,000 seismic events have been identified through LP data anal-18

yses, which allowed us to investigate lunar seismicity and the internal structure. On the19

other hand, most of the SP data have remained unanalyzed because they include numer-20

ous unnatural signals and/or instrumental noises. This fact leads to the hypotheses that21

(i) we have missed lots of high-frequency seismic events and (ii) lunar seismicity could22

be underestimated. To verify these ideas, this study conducted an analysis of the SP data.23

In the analysis, I denoised the original SP data and performed the event detections by24

comparing the spectral features between the cataloged high-frequency events (such as25

shallow moonquakes) and the continuous SP data. Eventually, I discovered 22,000 new26

seismic events, including thermal moonquakes, impact-induced events, and shallow moon-27

quakes. Among these, I focused on analyzing shallow moonquakes — tectonic-related28

quakes. Consequently, it turned out that there are nearly three times more tectonic events29

than considered before. Furthermore, additional detections of shallow moonquakes en-30

abled me to see the regionality in seismicity. Comparing three landing sites (Apollo 14,31

15, and 16), I found that the Apollo 15 site is more seismically active than others. These32

findings can change the conventional views of lunar seismicity.33

Plain Language Summary34

The seismic observation on the Moon from 1969 through 1977 opened a way to in-35

vestigate lunar seismicity and the interior structure. There were two types of seismome-36

ters called the Long-Period (LP) and Short-Period (SP) seismometers. One has sensi-37

tivity below 1.5 Hz and the other is sensitive above 2 Hz. In past studies, only moon-38

quakes detected in the LP data were used. On the contrary, most SP data remained un-39

explored because of numerous unnatural signals, which raises questions about whether40

(i) we have missed high-frequency moonquakes and (ii) lunar seismic activity level is un-41

derestimated. To answer these questions, I investigated all SP data available today and42

tried to find undetected moonquakes. As a result, I discovered 22,000 new seismic events,43

which included thermally driven quakes, meteoroid impact events, and tectonic quakes.44

Focusing on the tectonic-type events, I re-evaluated lunar seismicity. It turned out there45

were about three times more tectonic quakes than considered before, changing the con-46

ventional views of lunar seismicity. My results also indicate that the northern hemisphere47

is more seismically active. These findings would contribute to not only the promotion48

of lunar seismology but also the hazard assessment on the Moon.49
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1 Introduction50

1.1 Apollo lunar seismic observation51

The dawn of seismic observations on extraterrestrial bodies goes back to the Apollo52

missions, in which two types of seismometers were deployed on the nearside of the Moon53

(Figures 1a-b; Latham et al., 1969). One is called a Long-Period (LP) seismometer with54

tri-axial components. The LP sensors were operated in two modes: peaked and flat modes,55

whose sensitivity curves are shown in Figure 1c. Because of the unstable behavior of the56

flat mode, the LP seismometer was mainly operated in the peaked mode (e.g., Nunn et57

al., 2020). The other type is called a Short-Period (SP) seismometer with one vertical58

component, which has a higher sensitivity above 1.5 Hz than the LP sensor (Figure 1c).59

Quasi-continuous operations of these sensors from 1969 through 1977 brought us about

PSE station Lat. (°N) Lon. (°E)

Apollo 12 -3.0099 336.5752

Apollo 14 -3.64408 342.52233

Apollo 15 26.13174 3.63803

Apollo 16 -8.9759 15.4986

(a)

(b)

(c)

Figure 1. (a) Locations of Apollo 12, 14, 15, 16 seismic stations. The base image was taken

by the Wide Angle Camera of the Lunar Reconnaissance Orbiter (Robinson et al., 2010) (the

courtesy of NASA and Arizona State University). (b) The coordinates of each Passive Seismic

Experiment (PSE) station. The values are referred from Wagner et al. (2017). (c) Response curve

of the Apollo lunar seismometers for velocity. The horizontal axis shows frequency and the verti-

cal shows sensitivity in DU/m/s. The gray solid line corresponds to the peaked mode of the LP

sensor, the dashed gray line represents the flat mode of the LP sensor, and the black solid curve

is for the SP sensor.

60

13,000 seismic events (Nakamura et al., 1981). The detected signals were categorized into61

five classes depending on the waveform and spectral features: deep moonquakes (∼7,50062

events), shallow moonquakes (28 events), meteoroid or artificial impacts (∼1,700 events),63

thermal moonquakes (> 555 events), and unclassified events (∼3,300 events) (Nakamura64

et al., 1981; Nunn et al., 2020). While deep and shallow moonquakes are considered to65
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be internal origin triggered by tidal stress and/or near-surface fault activities (e.g., Naka-66

mura, 2005; Weber et al., 2009; Kawamura et al., 2017; Goins et al., 1981; Watters et67

al., 2019), impacts and thermal moonquakes are strongly related to the lunar environ-68

ment such as lack of thick atmosphere and large temperature variations (e.g., Latham,69

Ewing, et al., 1970; Duennebier & Sutton, 1974a, 1974b). Over the past 50 years, the70

studies of the seismicity and internal structure of the Moon have built on the analyses71

of these moonquakes. The latest review is given by Garcia et al. (2019) and Nunn et al.72

(2020).73

1.2 Potential seismic events in Apollo short-period seismic data74

The existing moonquake catalog by Nakamura et al. (1981) includes about 13,00075

events. It is worth noting that these events were detected using only LP data. In fact,76

compared to LP data, SP data have been investigated less so far because of numerous77

artifacts (Section 3.2) and larger amounts of data due to an 8 times higher sampling rate78

than that of LP. Even though the initial description of high-frequency events recorded79

in the SP data was provided by Duennebier and Sutton (1974a) and Duennebier and Sut-80

ton (1974b), their analyses were limited to the first one-year of operation at Apollo 14,81

15, and 16 stations (Feb. 1971 – Jan. 1972). Lately, Knapmeyer-Endrun and Hammer82

(2015) analyzed both LP and SP data covering a longer observation period (Apr. 197283

– Jun. 1975) to find new seismic events; yet they only used Apollo 16 data. Therefore,84

a large portion of the SP data remained unanalyzed until today, which in turn raises the85

fact that high-frequency events (> 2 Hz) are less cataloged or even undiscovered (Frohlich86

& Nakamura, 2006).87

Then, what kind of events have we missed in the past half-century? There are three88

possibilities. First, looking at the Apollo data, I often encounter the period when the89

LP sensor did not function properly while the SP sensor recorded the data appropriately90

(Figure 2a). In such a case, the event signals can be only recorded by the SP sensor and91

one could miss them as long as checking only LP data. The second candidate is small92

shallow moonquakes. It is known that shallow moonquakes excite more energy at high93

frequencies (> 2 Hz) (e.g., Nakamura et al., 1979; Goins et al., 1981; Binder & Oberst,94

1985). Comparing the Root Mean Squared (RMS) envelope of a shallow moonquake (Fig-95

ure 2b), it is clear that the SP data have a larger amplitude than the LP by a factor of96

7 or so. Thus, the SP data are more suitable for detecting small and/or distant shallow97

moonquakes. The last candidate is thermal moonquakes. This is simply because they98

typically excite the energy above 2 Hz where the SP sensor has higher sensitivity (Duennebier99

& Sutton, 1974b). Therefore, it is expected that a thorough search of the SP data would100

bring us lunar seismic events only recorded in the SP data.101

1.3 Objectives of this study102

The objectives of this study are (a) to search for undetected moonquakes and (b)103

to describe the newly discovered events. Among the categorized events, shallow moon-104

quakes, thermal moonquakes, and local meteoroid impacts could be candidates to dis-105

cover in the SP seismic data because of their high-frequency energy excitation. In par-106

ticular, shallow moonquakes are the most energetic seismic events (e.g., Goins et al., 1981)107

and are usually used to evaluate the lunar seismicity (e.g., Lammlein et al., 1974; Banerdt108

et al., 2020). Even though shallow moonquakes are regarded as one of the primary top-109

ics in lunar seismology, their source distributions and focal mechanisms remain uncer-110

tain because of their smaller population (Section 1.1). Therefore, discovering new shal-111

low moonquakes is of great importance to refine our understanding of their nature (e.g.,112

spatial distribution, relation to the topographic structures, periodicity, and focal mech-113

anisms) and also leads to the assessment of lunar seismicity.114
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若手研究３ 

【１ 研究目的、研究方法など（つづき）】 

 
 
 
 
 
 
 
 
 
 

 

(3）本研究の着想に⾄った経緯や、関連する国内外の研究動向と本研究の位置づけ

図1. 短周期計と長周期計で観測された浅
発月震の移動平均を施した絶対振幅波形 

【本研究の着想に⾄った経緯】 
本研究は, ⽉震カタログに記載されている各イベ
ントの統計量に関する疑問やアポロ計画の関係者
との交流が着想の契機となっている。申請者は⽉
震の研究を始めた当初から, 「何故深発⽉震や衝突
⽉震が数千イベント⾒つかっているのに, 浅発⽉震
は28例しかないのか?」という疑問を抱いていた。
その疑問に対する回答は, アポロ⽉震観測の運⽤に
関わっていた中村吉雄教授(テキサス⼤)との交流
の中で得られた。中村教授によると, 現存する⽉震
カタログは, 主に⻑周期⽉震計で取得されたデータ
を元に作られており, 短周期計データを全て⾒尽く
した訳ではないとのことだった。
 浅発⽉震は他のタイプの⽉震と⽐べて⾼周波にエネルギーを持つため, ⻑周期計と短周期
計では振幅にして 5 ‒ 10倍程度異なる(図1)。つまり, ⻑周期計だけでは⾒落としているイベ
ントも存在する可能性がある。実際に短周期計データを解析してみると, ⻑周期計だけでは
検出できないイベントが複数⾒つかった。この事実は, 今までの⽉の地震活動度が過⼩評価
されていたことを⽰唆しており, 短周期計データを⾒直すことで, 正しく⽉の地震活動度を評
価したいと考えたことが, 本研究の着想に⾄った経緯である。

【関連する国内外の研究動向・本研究の位置づけ】 
 現在, 世界的に惑星地震探査の検討が進んでおり, 特に⽉においてはNASAのFarside 
Seismic Suiteが計画されている。また, 我が国においても, 次世代⽉科学の最重要テーマの⼀
つとして⽉震観測が掲げられており, 将来探査に向けた検討が進められている(⽥中他, 
2022)。こうした状況の中, アポロで取得された⽉震データの再アーカイブや再解析の潮流
ができつつある。本研究はその先駆けの⼀つになると考える。 
 特に短周期⽉震計のデータは機器ノイズが多く, 現在までにそれをフル活⽤した研究例は
無い。つまり, それらを⽤いて「⽉は地質学的に死んだ天体である」という定説に⼀⽯を投
じる本研究は, 敬遠されがちな古いデータであっても第⼀級の科学成果を創出できることを
⽰す⼀例になると考える。 

(4) 本研究で何をどのように、どこまで明らかにしようとするのか
本研究では, ⽉科学の最重要課題の⼀つである「形成進化史の解明」に重要となる「地震活
動度」の評価を⾏い, 「現在でも⽉内部が活動的かどうか?」について検討する。また, それ
らを基に熱進化史への制約を⾏う。課題達成のために研究段階を以下の五つに分類する。 
① アポロ短周期⽉震計データの整備とクリーニング
② ⽉震イベントの⾃動検出アルゴリズムの開発と実データへの適⽤
③ 検出されたイベントの特徴の記載と分類(カタログの作成)
④ ⽉の地震活動度の評価
⑤ ⽉の応⼒場ならびに内部熱環境の制約

以下, 各年度の具体的な作業項⽬について述べる。 

(a)

(b)
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Figure 2. (a) An example of seismic events only detected by SP sensor (Apollo 16, 1974-

Jun-28). The top panel shows the waveform recorded by the SP sensor and the bottom panel

shows that recorded by the LP sensor. The vertical axis is expressed in Digital Unit (DU). (b)

Comparison of Root Mean Squared (RMS) envelope of a shallow moonquake between SP and LP

recordings.

This paper is composed of three parts. The first part is dedicated to the detection115

of new moonquakes and the description of the discovered events (Section 3 – Section 4).116

In the second part, I will evaluate lunar seismicity, focusing on newly discovered shal-117

low moonquakes (Section 5). In the end, I will provide some implications for future seis-118

mic explorations on the Moon based on the updated lunar seismicity (Section 6).119

2 High-Frequency Lunar Seismic Events120

Among the cataloged seismic events, there are three types of events having energy121

over 2 Hz where the SP sensor is more sensitive: (i) meteoroid impacts, (ii) shallow moon-122

quakes, and (iii) thermal moonquakes (e.g., McGarr et al., 1969; P. J. Oberst & Naka-123

mura, 1987; Duennebier & Sutton, 1974a, 1974b; Nakamura et al., 1979; Nakamura, 1980).124

Hereafter, I summarize their characteristics, which would be helpful for interpreting the125

newly detected events.126

2.1 Meteoroid impacts127

Identification of the impact-induced events was achieved owing to the artificial im-128

pact experiments, where some Saturn rocket boosters (S-IVB) and Lunar Modules (LM)129

were intentionally dropped on the lunar surface (e.g., Latham, Ewing, et al., 1970; Latham,130

McDonald, & Moore, 1970). Because of the well-determined source locations, origin times,131

and impact parameters (e.g., angle, speed, and mass), these have been commonly used132
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as references for both data analyses and numerical simulations (e.g., Gudkova et al., 2011;133

Onodera et al., 2021, 2022; Raǰsić et al., 2021).134

Based on the characteristics of the waveform and spectral contents for the artifi-135

cial impacts, previous studies were able to identify 1743 meteoroid impacts in the LP136

recordings (e.g., Nakamura et al., 1981, 1982). Duennebier and Sutton (1974a) reported137

that the meteoroid impacts were also recorded by the SP sensor and described the char-138

acteristics at higher frequency part (> 2 Hz). Figures 3a-b compare the waveforms and139

spectrograms of the artificial impacts and some of the largest meteoroid impacts selected140

by Oberst and Nakamura (1989). Due to the intense scattering within the regolith or141

megaregolith layer (e.g., Blanchette-Guertin et al., 2012; Gillet et al., 2017; Onodera et142

al., 2022), the waveform shows a spindle shape and lasts for 20 min or longer. Looking143

at the spectrograms, the main energy is excited up to 8 – 12 Hz and monotonically de-144

creases toward lower frequencies, which differs from what is observed for other moon-145

quakes, such as shallow moonquakes (Figure 3c).146

(b) Meteoroid impacts

(c) Shallow moonquakes

289 km 1007 km 1655 km

1580 km949 km493 km

(a) Artificial impacts

186 km 1047 km 1597 km

Figure 3. Waveforms of SP data and spectrograms for (a) artificial impacts, (b) meteoroid

impacts, and (c) shallow moonquakes located at various epicentral distances.

Similar features have been confirmed for the Martian impacts, which were detected147

by the seismometer installed by NASA’s InSight (Interior Exploration using Seismic In-148

vestigations, Geodesy and Heat Transport) (Garcia et al., 2022; Posiolova et al., 2022)149

(Figures A1a-b in Appendix A). Because the scattering is weaker on Mars than on the150

Moon (Onodera et al., 2023; Menina et al., 2023) and the epicentral distances are smaller151
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than the identified lunar impacts, the event duration is shorter, but a similar tendency152

— the energy decays from 8 Hz toward 2 Hz — can be confirmed. Therefore, the mono-153

tonical energy decrease from a high frequency toward 2 Hz can be a solid criterion to iden-154

tify the impact-generated events.155

2.2 Shallow moonquakes156

Shallow moonquakes or high-frequency teleseismic (HFT) events are one of the most157

energetic events (e.g., Nakamura et al., 1979; Goins et al., 1981). According to the es-158

timates by Goins et al. (1981), they radiate 104 times larger energy than that of deep159

moonquakes, mainly controlling the lunar seismic moment release rate. As their name160

suggests, they are considered to occur in shallow depth. The estimates in focal depth161

vary from 0 to 250 km depending on studies (e.g., Nakamura et al., 1979; Gillet et al.,162

2017; Watters et al., 2019). So far, 28 shallow moonquakes have been discovered (e.g.,163

Nakamura et al., 1979), and most of them were located in the mare region or near the164

boundary between the mare and highland regions (Figure 4). Their source mechanisms165

have not been fully understood yet. However, because some shallow quake sources fall166

in the vicinity of lobate scarps (tectonic-related morphology), it is considered that young167

fault activities may cause shallow moonquakes (Watters et al., 2019).168

The prominent differences from other types of moonquakes are their waveform and169

spectral features. As shown in the middle and right panel in Figure 3c, almost all shal-170

low moonquakes show two energy packets corresponding to the scattered P- and S-waves,171

respectively. In addition, the energy decays differently from that of impact-related events.172

In the case of shallow moonquakes, the energy decay shows less frequency dependence173

compared to that of the impacts, making high-frequency energy (> 8 Hz) travel at a174

longer distance (Figure 3c).175

S12
S14

S15

S16

Figure 4. Possible source locations of cataloged shallow moonquakes estimated by Nakamura

et al. (1979) and Watters et al. (2019). Each number is linked with the event ID in Table 1. The

color of plots shows magnitude M defined by Nakamura et al. (1979) (green: M < 1.5, cyan:

1.5 ≤ M < 2.5, red: 2.5 ≤ M). Yellow triangles correspond to the Apollo seismic stations. The

background image is the digital elevation model by Araki et al. (2009).

2.3 Thermal moonquakes176

Most seismic signals included in the Apollo SP data are thermal moonquakes, which177

show impulsive and short-duration (< 5 min) signals (Duennebier & Sutton, 1974b). These178
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events are known to be repeatable quakes with a period of 29.5 days (i.e., one lunation).179

Depending on the characteristics of their waveforms and spectra, thermal moonquakes180

are roughly divided into two types: (a) Lunar Module (LM) events and (b) natural events.181

LM events show the impulsive signal with a duration of less than 5 min. They nor-182

mally have distinct resonances in 4 and/or 8 Hz or higher (Figure 5a). Because these sig-183

nals show similar amplitude, waveform, and duration, they are thought to share the same184

source. Considering the fact that the number of events abruptly increases just after sun-185

set and/or sunrise (i.e., rapid response to thermal change), Duennebier and Sutton (1974b)186

concluded that these events stem from the thermal contraction or expansion of the LM187

structure or freezing of trapped volatiles within the module. Differences in the spectral188

contents or timing of occurrence might reflect the responses of different parts of the LM189

structure to the external temperature changes (Duennebier & Sutton, 1974b).190

Natural thermal moonquakes have a relatively longer duration (> 5 min) without191

strong resonances (Figure 5b). Long duration implies that the wave traveled longer dis-192

tances. As LM events, the event number increases with the period of one lunation. Yet,193

the main difference is their delayed response. While the LM events typically start to oc-194

cur about 2 days after sunrise or sunset, the natural ones take 7 days to respond to the195

external temperature changes. With these characteristics, Duennebier and Sutton (1974b)196

speculated that they are driven by the thermal contraction or expansion of surface rocks197

or boulders. Since thermal fatigue is an important factor in the surface degradation pro-198

cess, understanding the mechanism of thermal moonquakes can give us some insights into199

the surface evolution of the Moon.200

(a)

(b)

Figure 5. (a) An example of the waveform and spectrogram of a thermal moonquake (LM

event). (b) An example of the waveform and spectrogram of a thermal moonquake (Natural

event).
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3 Method201

3.1 Dataset and preprocessing202

I utilized the newly archived Apollo lunar seismic data by Nunn et al. (2022), which203

is available via the Incorporated Research Institutions for Seismology Data Management204

Center (IRIS/DMC). Their thorough corrections of errors — such as variable sampling205

rate with temperature, data gaps, and incorrect timestamps — made it much easier to206

process the Apollo seismic data. In the following analysis, the SP seismic recordings at207

the Apollo 14, 15, and 16 stations were used.208

For preprocessing, I corrected the sampling rate of the original Apollo data and filled209

the data gaps with linear interpolation. These processes can be performed with some pro-210

grams provided by Nunn et al. (2022). After that, I performed detrending to the signal211

with a simple linear function. In the following, I call this data “preprocessed data”.212

3.2 Data cleaning213

I performed a denoising to reduce the contamination of artifacts and/or instrumen-214

tal noises from the Apolo SP data. In this study, I employed one of the classical meth-215

ods to remove noises, where the noise is detected based on the residual between the mov-216

ing average value and the recorded signals. First, I computed the exponentially weighted217

moving average (Sema) of the absolute values of the preprocessed SP data and its stan-218

dard deviation (Sems). The time window was empirically determined as 20 s. For noise219

detection, I considered the following criteria:220

||Ssp(t)| − Sema(t)| =
{

≥ Nths × Sems(t) for noise signal
< Nths × Sems(t) for natural signal

(1)

where Ssp is the preprocessed SP time trace and Nths is the threshold empirically set to221

5. When the left-hand term in Equation 1 exceeds Nths×Sems(t), the value is replaced222

with Sema(t). Repeating this procedure several times gives me a cleaned SP time series223

(Figure 6). For the SP data, I found that three times repeating was sufficient to reduce224

the unnatural signals, such as around 0 – 3 hr in the top panel in Figure 6.225

It is worth noting that my denoising process does not work perfectly at any time.226

Sometimes, mechanical noises cannot be removed completely, leading to false detections.227

It might be possible to remove these noises by giving more strict conditions to the de-228

noising algorithm. However, this is likely to affect natural signals (i.e., event signals).229

To avoid varying the event-related signals significantly, I employed relatively gentle con-230

ditions.231

3.3 Event detection through coherence analysis232

For detecting high-frequency events in the Apollo SP data, I focused on the spec-233

tral features of the already cataloged moonquakes that excite energy at higher frequen-234

cies (> 2 Hz). In this study, I used shallow moonquakes as references and then computed235

coherence between the continuous SP data and the references. As reference events for236

the coherence analysis, I selected shallow moonquakes with (i) a high signal-to-noise ra-237

tio (SNR), (ii) no data gap within the event time window, and (iii) no simultaneous en-238

counter with other seismic events were selected. The selected events at each seismic sta-239

tion are displayed in Table 1, and some examples of selected and unselected events are240

shown in Figures A2a-d in Appendix A.241

Coherence between a reference event and continuous SP data trimmed with the length242

of reference event duration (nominally 20 – 30 min) was computed for a given time win-243

dow. For i-th time window, coherence Hcoh,i is defined as follows:244

Hcoh,i(ω) =
|Prc,i(ω)|2

Prr(ω)Pcc,i(ω)
, (2)

–9–



manuscript submitted to JGR: Planets

…

Moonquake

S14 SPZ (1971-04-17T00:00:00 – 1971-04-07T23:59:59)

Input

1st denoising

2nd denosing

N-th denosing

Figure 6. The denoising process applied to the Apollo seismic time trace recorded on April

17-1971 with Apollo 14 short-period seismometer. The top panel represents the input time series

(i.e., the preprocessed SP data). From the second raw to the bottom, the comparison of the de-

noised seismic signals at different repeating rounds is made.

where ω is the angular frequency, Prc,i is the cross-spectrum of a reference event and con-245

tinuous signal within i-th time window, Prr is the power spectrum of a reference event,246

and Pcc,i is the power spectrum of the continuous signal within i-th time window. For247

the actual detection, the median value of coherence over 1 – 20 Hz (⟨H⟩i) was used, which248

corresponds to making the detection criterion less strict. The spirit of my detection pro-249

cedure is to find the high-frequency events (not a particular type of events). Therefore,250

although shallow moonquakes are referenced (i.e., more weight is put on them), any type251

of signal could be detected as long as it has energy at high frequencies. The (i+1)-th252

median coherence is computed by sliding the time window with a 25% overlap. Running253

this procedure all the way through the Apollo observation period gave me the time evo-254

lution of the median coherence. Figures 7a-c shows an example of the Apollo 14 data255
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Table 1. Reference event list. DOY means “Day of Year”. Start time was referred from

Nakamura et al. (1981). In the 8th - 10th column, the availability and quality of seismic data are

displayed. ⃝ represents the signal-to-noise ratio (SNR) is high enough for the analysis, △ means

the SNR is not high enough as a reference or the data include mechanical noise, data gap, and/or

simultaneous encounter of other seismic events, and × represents the data are not available. The

minimum body wave magnitude in the 7-th column was re-assessed with the same condition de-

scribed in Section 5.

Event ID Year DOY Month Day Start time (UTC) Min. mb S14 S15 S16

N-SMQ-1 1971 107 4 17 07:04 > 6.3 ⃝ × ×
N-SMQ-2 1971 140 5 20 19:05 > 5.6 △ × ×
N-SMQ-3 1971 192 7 11 14:15 > 5.5 ⃝ × ×
N-SMQ-4 1972 002 1 2 22:32 > 5.6 ⃝ △ ×
N-SMQ-5 1972 261 9 17 14:38 > 4.8 ⃝ △ △
N-SMQ-6 1972 341 12 6 23:10 > 5.2 ⃝ ⃝ ⃝
N-SMQ-7 1972 344 12 9 03:52 – △ △ △
N-SMQ-8 1973 039 2 8 22:53 > 4.7 ⃝ ⃝ ⃝
N-SMQ-9 1973 072 3 13 08:01 > 6.5 ⃝ △ ⃝
N-SMQ-10 1973 171 6 20 20:25 > 5.8 △ ⃝ ⃝
N-SMQ-11 1973 274 10 1 04:00 > 5.1 △ △ △
N-SMQ-12 1974 054 2 23 21:17 > 4.9 △ ⃝ △
N-SMQ-13 1974 086 3 27 09:11 > 5.2 ⃝ △ ⃝
N-SMQ-14 1974 109 4 19 13:39 > 4.5 △ ⃝ ⃝
N-SMQ-15 1974 149 5 29 20:45 > 4.1 ⃝ △ △
N-SMQ-16 1974 192 7 11 00:52 > 6.1 ⃝ ⃝ ⃝
N-SMQ-17 1975 003 1 3 01:47 > 6.3 ⃝ ⃝ ⃝
N-SMQ-18 1975 012 1 12 03:17 > 5.4 △ ⃝ ⃝
N-SMQ-19 1975 013 1 13 00:28 > 5.0 ⃝ ⃝ ⃝
N-SMQ-20 1975 044 2 13 22:05 > 5.2 ⃝ ⃝ ⃝
N-SMQ-21 1975 127 5 7 06:40 > 5.0 △ △ ⃝
N-SMQ-22 1975 147 5 27 23:32 > 5.3 ⃝ ⃝ ⃝
N-SMQ-23 1975 314 11 10 07:56 > 5.5 △ ⃝ ⃝
N-SMQ-24 1976 004 1 4 11:20 > 5.5 △ ⃝ △
N-SMQ-25 1976 012 1 12 08:22 > 5.4 △ ⃝ ⃝
N-SMQ-26 1976 066 3 6 10:16 > 5.9 ⃝ ⃝ ⃝
N-SMQ-27 1976 068 3 8 14:44 > 5.6 ⃝ ⃝ ⃝
N-SMQ-28 1976 137 5 16 12:36 > 5.7 △ ⃝ △

recorded on July 19, 1975. Comparing the SP spectrogram and the time evolution of the256

median coherence, it can be seen that ⟨H⟩ gets higher when strong energy is excited in257

the high frequencies (e.g., 2 – 12 Hz around 3 hr in Figure 7b-c). If ⟨H⟩ exceeds the em-258

pirical threshold 0.6 and the timing does not coincide with the cataloged events, the cor-259

responding signal is regarded as a “candidate” of a new moonquake. It is worth noting260

that the threshold value was determined based on the test runs to see whether all the261

cataloged shallow moonquakes can be detected with this method. It turned out that 0.6262

worked for the successful detection.263

Because the detected candidates include both natural seismic events and unnat-264

ural signals that could not be removed in the denoising process, the down-selection of265

the candidates needs to be performed. To reduce false detections, I quantitatively eval-266

uated the envelope shape by taking the median value of the normalized RMS envelope,267

which enabled me to rule out the spiky noises or step-like signals (see Section Appendix268

B for the details). Eventually, the detection process brought me 8,000 – 10,000 candi-269

dates at each station.270

4 Newly Detected High-Frequency Events271

4.1 Event classification272

Looking through all the candidate events, I found that they can be roughly divided273

into 9 types based on waveforms and spectral contents (Figure 8). Among these, Type-274

–11–



manuscript submitted to JGR: Planets

SP
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!

(a)

(b)

(c) DMQ

DMQ

0.6

Candidate of 
new MQ

SP Spectrogram

Figure 7. (a) Waveforms of LP (gray) and SP (black) seismic data recorded at Apollo 14

station on July 19, 1975. 30 DU offset is added to the SP data. The vertical orange line indicates

the occurrence timing of a cataloged deep moonquake. (b) Spectrogram of the SP data. (c) Time

evolution of the median coherence. The red plot means the signal has coherence higher than 0.6

and is regarded as a candidate for a new moonquake.

0 is regarded as a non-seismic event. Based on the waveforms, spectral features, and tem-275

poral distribution of occurrence, I interpret Type-1 through Type-5 as thermal moon-276

quakes, Type-6 as meteoroid impacts, and Type-7 as shallow moonquakes. Type-8 events277

are considered to be natural origins. Yet, they are mixed within the same time window,278

and I was not confident enough to put them in the right type. Therefore, I categorized279

them as “unclassified events”. Table 2 shows the event numbers of each type at the re-280

spective seismic stations. It is worth noting that I found some additional Type-7 events281

over the manual check and added them to the event list (numbers in parentheses in Ta-282

ble 2). The relevant information on the classified seismic events is available on Onodera283

(2023) or in Table A1 in Appendix A.284

It should be noted that when there are several events included in a time window,285

I performed the classification based on the largest amplitude signal (Figure A3a in Ap-286

pendix A). This usually happens to thermal moonquakes (Type-1 through Type-5). Be-287

cause my detection algorithm is targeted for quakes that typically continue 10 – 15 min288

long and is not optimized for short-duration events such as thermal moonquakes, the al-289

gorithm detected those successive events as one event (Figure A3a in Appendix A). Thus,290

I stress that the numbers presented in Table 2 for Type-1 through 5 are the minimum291

values. As an exceptional case, I picked up Type-6 or Type-7 over other large amplitude292

signals for the classification if they were separable from others (Figure A3b in Appendix293

A).294
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Type-0 Type-1 Type-2

Type-3 Type-4 Type-5

Type-6 Type-7 Type-8

Figure 8. Classification of signal types. For each type, the SPZ time series in DU and spec-

trogram are presented. Type-0 includes mechanical noises, Type-1 has a clear resonance in 4

and 8 Hz, Type-2 has a resonance in 4 Hz, Type-3 has an 8 Hz resonance, Type-4 does not have

resonance and the event lasts less than 5 min, Type-5 has a coda longer than 5 min with strong

energy above 4 Hz, Type-6 shows a linear decay of energy from the high frequency toward 2 Hz

with a long coda, Type-7 has two energy packets (e.g., P and S coda) with high energy contents,

and Type-8 includes various signals mixed within the time window or unclassified signals.

In the following sections, I will explain the characteristics of the respective types.295

I would especially spare more space for the descriptions of shallow moonquakes since the296

highest priority is put on them in the discussion section (Section 5).297

4.2 Thermal moonquakes (Type-1 – Type-5)298

The most characteristic features of Type-1 through Type-5 are their periodic oc-299

currence and a high correlation with surface temperature changes. This is a represen-300

tative feature of thermal moonquakes (Duennebier & Sutton, 1974b). Figure 9a repre-301

sents the temporal distribution of event occurrence of Type-1 through 4 (red) and Type-302

5 (green), respectively. Interestingly, the event number of these types spikes every two303

weeks (0.5 lunations) with 7 days (0.25 lunations) offset between Type-1 through 4 and304

Type-5. Correlation with the temperature variations can be seen in Figures 9b-f, where305
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Table 2. The population of the candidate events for each type. The number in the parenthesis

indicates the number of additional detections through a manual check.

Type Event Class S14 S15 S16

Type-0 Not Event 4,761 965 684
Type-1 LM Thermal Moonquake 1,932 2,047 1,568
Type-2 LM Thermal Moonquake 706 2,175 1,254
Type-3 LM Thermal Moonquake 1,656 2,145 3,763
Type-4 LM Thermal Moonquake 256 210 671
Type-5 Thermal Moonquake 698 715 50
Type-6 Meteoroid Impact 112 39 26
Type-7 Shallow Moonquake 5 (+1) 19 (+25) 0 (+2)
Type-8 Unclassified 687 1,760 63

Total Number 10,822 (+1) 10,075 (+25) 8,079 (+2)

the histogram of each type is shown with the horizontal axis of days from sunrise at Sta-306

tion 14. Type-1 and Type-3 (Figures 9b,d) have two distinct peaks after sunrise (< 3307

days) and after sunset (around 14 – 20 days). The event number of Type-2 increases af-308

ter sunset (Figure 9c), and that of Type-4 shows the opposite trend (Figure 9e). Type-309

5 events occur 7 days or later after sunset (Figure 9f), which is a different tendency from310

others.311

As seen in Figure 8, Type-1, 2, 3, and 4 events show high similarity in their wave-312

forms such as sharp energy arrival with rapid attenuation (∼ 5 min duration), which in-313

dicates that these events propagated a similar distance. Compared to them, Type-5 events314

show longer duration (∼ 10 min), which implies a longer travel distance. Building on the315

interpretation by Duennebier and Sutton (1974b), Type-1 through 4 are considered to316

be LM thermal moonquakes, and Type-5 is natural thermal moonquakes.317

Putting together my results and the past interpretation, both thermal expansion318

and contraction of LM structure generate Type-1 and 4, and either of them generates319

Type-2 or Type-4 events. The different resonance patterns might imply that the differ-320

ent parts of the LM structure respond to the thermal changes. For Type-5 both ther-321

mal expansion and contraction of surface rocks or regolith could drive the events. The322

7 days (0.25 lunations) offset of the event occurrence between Type-1 through 4 and Type-323

5 seems to result from the difference in the thermal conductivity of source materials (roughly324

metal vs. rocks or soils).325

In this study, I divided the detected thermal moonquakes into 5 types. Yet, as dis-326

cussed by Duennebier and Sutton (1974b), thermal moonquakes could be further clas-327

sified into 48 types at Station 14 and 245 types at Station 15 based on waveform sim-328

ilarities (e.g., amplitude and cross-correlation coefficient) and the occurrence periodic-329

ity. In spite of their large population, thermal moonquakes have not been used for the330

investigation of the subsurface structure due to the large uncertainties in source loca-331

tions and origin times (especially for natural ones). In addition, the source mechanism332

— an important factor for the topography degradation process — is not fully understood333

yet. Thus, investigation of thermal moonquakes using the detected events in this study334

would improve our knowledge of the above points. Because thermal moonquakes are not335

the main focus of the following discussions, I would limit myself to providing the event336

information (Onodera, 2023) and pass down this topic to future studies.337
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1972 1973 1974 1975 1976 1977 EndStart
Type-1,2,3 & 4
Type-5

Loss of Signal

Year(a)

Type-1 Type-2

Type-3 Type-4

Type-5

(b) (c)

(d) (e)

(f)

Days starting from the beginning of 1971 (Station 14)

Figure 9. (a) Histogram of Type-1, 2, 3, and 4 (red) and Type-5 (green) events for Station 14

SPZ. The lower horizontal axis shows the lapse day starting from 1971 and the upper horizontal

axis shows the year. The vertical axis shows the event number. (b-f) The temporal distribution

of event occurrence of Type-1 through Type-5. The horizontal axis shows the days from sunrise

and the vertical dotted line corresponds to sunset. The red profile indicates the evolution of sur-

face temperature.

4.3 Meteoroid impacts (Type-6)338

The characteristics of Type-6 events are their longer duration (> 10 - 15 min) with339

monotonic energy decay from high frequency toward low frequency, which is in accor-340

dance with the impact-induced seismic events (Section 2.1). Over the course of the clas-341

sification process, I identified 112, 39, and 26 new impacts at Stations 14, 15, and 16,342

respectively (Figures 10a-c). Since most of them were recorded at only a single station,343
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these impacts are considered to be local events at each site. This leads to the idea that344

there is asymmetricity in the spatial distribution of meteoroid impacts on the Moon.345

(a) Impacts (S14) (b) Impacts (S15) (c) Impacts (S16)

112 events 39 events 26 events

Figure 10. Arbitrary scaled waveforms of newly discovered impact-type events at (a) Station

14, (b) Station 15, and (c) Station 16. The waveforms are aligned based on the peak arrival sub-

tracted by P-wave arrival. The top panel covers 45 s ≤ Tpeak − Tp ≤ 130 s and the bottom panel

zooms in 75 s ≤ Tpeak − Tp ≤ 85 s.

In fact, the asymmetricity of the lunar impact flux has been indicated by past stud-346

ies. For example, Kawamura et al. (2011) found that the source locations of large me-347

teoroid impacts detected by Apollo seismic stations are situated more on the western side348

than the eastern side by 1.4 – 1.9 times. Also, the lunar impact flash observations from349

the ground (e.g., J. Oberst et al., 2012) and theoretical models (e.g., Le Feuvre & Wiec-350

zorek, 2008) support this idea. Furthermore, Speyerer et al. (2016) investigated the spa-351

tial distribution of new craters generated in the 2010s using the Lunar Reconnaissance352

Orbiter Camera (LROC) image data. Looking at their results, the newly formed craters353

appear situated more on the western side. Therefore, four individual approaches (seis-354

mic, lunar impact flash, remote sensing observations, and theoretical modeling) indicate355

that the asymmetricity in the impact flux does exist.356

Based on the previous studies, these asymmetric features are explained by the fact357

that the western side corresponds to the leading side (i.e., the Moon moves toward that358

direction). This allows the lunar western side to obtain a higher relative velocity for a359

given impactor, resulting in a higher energy flux on the leading side than the trailing side.360
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Although I would not go into further details in this report, combining the newly361

discovered impacts with the already cataloged events would allow us to evaluate the asym-362

metric impact flux more precisely. Since this topic is important for both future lunar seis-363

mic explorations and human activities on the lunar surface, I would encourage that kind364

of study using my event catalog (Onodera, 2023).365

4.4 Shallow moonquakes (Type-7)366

4.4.1 General characteristics367

The characteristic features of Type-7 events are two energy packets with energy368

excitation from 2 Hz to 8 Hz or higher (Figures 11c-d). As these characteristics match369

those of the cataloged shallow moonquakes (Figures 11a-b), I interpret Type-7 events370

as shallow moonquakes. In the following sentences, I call them “new shallow moonquakes”371

in order to distinguish them from the already cataloged shallow moonquakes. The rel-372

evant information on new shallow moonquakes is summarized in Table A1 in Appendix373

A. While most of them were detected at a single station, I found that several events were374

visible at multiple stations. In particular, I could confirm both P and S arrivals of the375

O-SMQ-6 event at Stations 14, 15, and 16, respectively (Figures 12d-f and Figure A4 in376

Appendix A), which allowed me to determine the source location (Section 4.4.3).377

P S P S

P S P S

(a) (b)

(c) (d)

Cataloged SMQ

Type-7

Cataloged SMQ

Type-7

Figure 11. Waveforms and spectrograms for the cataloged shallow moonquakes (a-b) and the

Type-7 events (c-d). The vertical lines indicate the P and S arrivals.

I display the waveforms of the cataloged and new shallow moonquakes in Figures378

12a-f. The waveforms are aligned with the S – P arrival times. The remarkable point is379

that Station 15 has larger numbers of events compared to other stations, implying that380

the seismically active regions lie in the vicinity of the Apollo 15 landing site or the north-381

ern latitude from that site (> 30°N). Further discussion of the spatial variations in seis-382

mic activity can be found in Section 5.2.383
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(a) (b) (c)

(d) (e) (f)

P S

O-SMQ-6

Figure 12. Waveforms of cataloged shallow moonquakes recorded in (a) Apollo 14 SPZ data,

(b) Apollo 15 SPZ data, and (c) Apollo 16 SPZ data, and those of new shallow moonquakes de-

tected in (d) Apollo 14 SPZ data, (e) Apollo 15 SPZ data, and (f) Apollo 16 SPZ data. In each

panel, the horizontal axis shows the lapse time from the P arrival and the vertical axis shows the

S − P arrival time. Two dotted lines indicate the P arrival (cyan) and the S arrival (green) for

respective events. The blue waveform indicates the O-SMQ-6 event in Table A1 in Appendix A,

which was detected at all stations with clear P and S arrivals.

4.4.2 Focal distance384

The focal distance of new shallow moonquakes was computed using “get tavel times””385

function in the Obspy module (Beyreuther et al., 2010). For the internal structure mod-386

els, I assumed three models proposed by Garcia et al. (2019) (Figure 13a). I also took387

into account the uncertainty in the focal depth of shallow moonquakes (0 – 250 km: Naka-388

mura et al., 1979; Gillet et al., 2017; Watters et al., 2019). The computed travel times389

for the P and S phases for different structure models and two focal depth cases are pre-390

sented in Figure 13b. Note that the p and s phases were also considered for a deeper source391

(250 km). Possible ranges of focal distance for new shallow moonquakes were assessed392

by comparing the observed S – P times and those for the computed ones (Figure 13c).393

As a result, I found that the new shallow moonquakes ranged between 500 and 3500 km,394

which is similar to those of cataloged events (e.g., Nakamura et al., 1979; Oberst, 1987).395
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(a) (b)

(c)

(b)

(c)

Figure 13. (a) Three lunar internal structure models (M1, M2, and M3) proposed by Garcia

et al. (2019). (b) Travel time curves of P and S phases for three structure models in (a). The

solid lines are for the case with a source depth of 0 km, and the dashed lines are for the case

with a source depth of 250 km. (c) Expected distances for new shallow moonquakes. The green

lines show S – P times for the case of 0 km source depth, and the blue lines show S – P times for

the case of 250 km source depth. The cross plots represent the uncertainty of travel times and

estimated distances for each shallow moonquake.

4.4.3 Source location of O-SMQ-6 event396

As both P- and S-wave arrivals were identified at Station 14, 15, and 16 for the O-397

SMQ-6 event (Figure A4b in Appendix A), I estimated the epicentral distances from each398

station and located the source. Regarding O-SMQ-4 (another event detected at three399

stations), it was hard to determine the source location because of the low signal-to-noise400

ratio (Figure A4 in Appendix A). Figure 14a represents the estimated source location401

of O-SMQ-6. The colored arcs indicate the focal distances of O-SMQ-6 from each sta-402

tion (the color links to each station). The region within the yellow plots is the area where403

three arcs overlap (i.e., the possible epicenteral location of O-SMQ-6).404

Figure 14b displays the close-up of the O-SMQ-6 source location. I found that sev-405

eral sources of the cataloged events were also situated in the same region. Among them,406

the O-SMQ-6 source overlaps one of the possible source locations of N-SMQ-14, imply-407

ing the possibility of a “repeatable” shallow moonquake. The discussion about repeaters408

will be focused on in a future publication. At least, as far as I checked the similarity of409

the observed waveforms of O-SMQ-6 and N-SMQ-14, it does not seem that they share410

the same source.411
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N-SMQ-8

N-SMQ-25

N-SMQ-6

N-SMQ-5
N-SMQ-14(1)

O-SMQ-6

A

B

C

D

Wrinkle ridges
Lobate scarps

(a)

(b)

Figure 14. (a) Estimated source location of the O-SMQ-6 event. Each triangle shows the

Apollo seismic station (cyan: S14, magenta: S15, and green: S16). See the text for more expla-

nation. (b) Close-up around the O-SMQ-6 source location. The base image is taken by the Wide

Angle Camera (WAC) of the Lunar Reconnaissance Orbiter Camera (Robinson et al., 2010). The

orange and green lines show the wrinkle ridges and lobate scarps. The yellow area indicates the

estimated source location of the O-SMQ-6. Each character (A - D) corresponds to the coordi-

nates shown in panel (a). The other colored dotted areas and circles with error bars represent the

source locations estimated by Nakamura et al. (1979) and Watters et al. (2019). Since N-SMQ-14

carries 180° ambiguity in latitude, one of two possible source sites is shown here (N-SMQ-14(1)).

Another notable point is that the shallow moonquake sources do not necessarily412

fall on the tectonic-related structures on the surface such as wrinkle ridges and lobate413

scarps (Figure 14b). This indicates that potential geological structures are required to414

account for these seismic events. Further discussion about the source mechanism is pro-415

vided in Section 5.2 by referring to the gravity data.416
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4.4.4 Source parameters417

Since shallow moonquakes show the highest similarity to earthquakes of all types418

of moonquakes, it is reasonable to assume that the same physical properties and dynam-419

ics as earthquakes are applicable to shallow moonquakes (e.g., Oberst, 1987). Here, fol-420

lowing the approach applied to the cataloged shallow moonquakes by Goins et al. (1981)421

and Oberst (1987), I investigate the source parameters of new shallow moonquakes such422

as the energy release (Erel), seismic moment (M0), and stress drop (∆σ). According to423

Goins et al. (1981), each parameter can be written as:424

Erel = 4πR2
rayρv

1

2π

(4π)3

3
Ω2

0f
3
c , (3)

425

M0 = 4πRrayρv
3Ω0, (4)

426

∆σ = 12M0f
3
c /v

3, (5)

where Rray is focal distance, ρ is the density of a near-surface medium, v is wave prop-427

agation speed near the focal region of shallow moonquakes, Ω0 is the amplitude of the428

source spectrum below the corner frequency fc. When considering only the S-wave part429

in the analysis, by multiplying 3/4, Equations 3 and 4 becomes430

Erel = 32π3R2
rayρvΩ

2
0f

3
c , (6)

431

M0 = 3πRrayρv
3Ω0, (7)

respectively (Oberst, 1987).432

To obtain the key parameters such as Ω0 and fc, the displacement spectrum dur-433

ing a seismic event is usually used (e.g., Aki, 1967). Because of the uncertainties in sev-434

eral factors (e.g., source location, radiation pattern), some corrections need to be applied435

to the observed moonquakes’ displacement spectrum. Combining the correction factors436

proposed by Oberst (1987) and general source terms, we can model the observed displace-437

ment spectrum of the entire event signal A(ω) as follows:438

A(ω) = Isp × Icor × Isite ×AS(ω) =
( v

v∗

)1/2

× Ω(ω)× e−ωTtr/2Q, (8)

where ω is the angular frequency, AS(ω) is the displacement spectrum around the peak439

S-wave energy, Ω(ω) is the source spectrum, v∗ is the wave propagation speed below the440

scattering layer, Ttr is the travel time of S-wave, Q is the intrinsic quality factor near441

the seismic source. It is worth noting that we usually use the spectrum of the S-wave442

peak energy AS(ω) instead of A(ω) because the P-wave energy level is often compara-443

ble with the noise level. Isp (=2.1 for Apollo 14 and 2.3 for Apollo 15 and 16) is the em-444

pirical correction factor, which is defined as the ratio of the energy density of the entire445

event signal over the short-term energy density around the peak S-wave energy (Oberst,446

1987). Icor (=1.37) is the correction factor of the radiation pattern and the interaction447

of body waves with a free surface (see Goins et al. (1981) and Oberst (1987) for the de-448

tails). Isite is the mean amplitude correction at the respective Apollo seismic stations.449

Isite=0.6, 1.3, and 1.1 for Apollo 14, 15, and 16, respectively (e.g., Oberst, 1987).450

Solving Equation 8 for Ω(ω) gives us451

Ω(ω) = Isp × Icor × Isite ×
( v

v∗

)−1/2

×AS(ω)× eωTtr/2Q. (9)

For the analysis, I trimmed a 54 s-long window near the peak S-wave energy as shown452

in the top panels in Figures 15a-b and computed the displacement spectrum AS(ω). As-453

suming v=4.4 km/s, v∗=3.2 km/s (Garcia et al., 2019), ρ = 3000 kg/m3 (Oberst, 1987),454

and Q = 15000 (Nakamura & Koyama, 1982) together with the corrections factors men-455

tioned above (Isp, Icor, and Isite), I corrected AS(ω) and obtained Ω(ω) (the bottom pan-456

els in Figures 15a-b). The determination of Ω0 is performed by averaging the amplitude457
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below a corner frequency fc (Figure 15a). Note that the spectrum increases above 10 –458

12 Hz, which is due to the correction of instrumental response. In other words, the sig-459

nal above 10 Hz reaches the detection limit of the sensor. Some shallow moonquakes show460

a roll-off below 10 Hz in their displacement spectra (Figure 15a) and others stay flat un-461

til 10 Hz (Figure 15b). In the latter case, I preliminary assigned fc = 10 Hz following462

the previous works (e.g., Goins et al., 1981; Nakamura et al., 1979; Oberst, 1987). There-463

fore, I stress that the source parameters (Eref , M0, ∆σ) for some events are underes-464

timated.465

Combining the assumed parameters and the obtained Ω0 and fc with Equations466

6, 7, and 5 brought me Eref , M0, and ∆σ (Table A1 in Appendix A). The relation be-467

tween the released seismic energy (Erel) and the body wave magnitude (mb) is given by468

Richter (1958) as469

log10(Erel × 107) = 5.8 + 2.4mb. (10)

Since it is uncertain whether Equation 10 is directly applicable to the Moon, I use it for470

the purpose of relative comparison in the following discussion. The computed mb is listed471

in Table A1 in Appendix A.472

(b)(a) P SP S

Instru
mental 

response

"!

Figure 15. Examples of displacement spectra corrected for the instrumental response and

anelastic attenuation effect. The top panels show the waveform of shallow moonquakes with the

P and S arrivals. For the analyses, the S-wave energy part in red was used. The displacement

spectrum of the S-wave energy part is presented in the bottom panels. The transparent red

curves show the original spectrum and the solid red curves are the smoothed spectrum.

5 Updated Lunar Seismicity and Implications for Source Mechanism473

5.1 Assessment of b-value of the Moon474

On Earth, it is known that earthquakes obey the Gutenberg-Richter (G-L) law, where475

the number of quakes greater than magnitude m can be fitted with the following equa-476

tion:477

log10(Nm) = a− bm, (11)

where Nm is the cumulative number of events whose magnitude is greater than m, a and478

b are constants. The constant b is called “b-value”, and it takes almost 1 for earthquakes,479
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meaning that the occurrence rate of magnitude m events is 10 times higher than that480

of magnitude (m+1) events. Recently, Knapmeyer et al. (2023) showed that marsquakes481

also follow the G-R law (b=1.06).482

In the case of the Moon, shallow moonquakes are often used to assess lunar seis-483

micity because of the highest energy release and their similarity to the tectonic quakes484

on Earth (e.g., Banerdt et al., 2020). In previous works (e.g., Nakamura et al., 1979),485

the lunar b-value was estimated to be 0.5 – 0.6, which means that the small shallow quakes486

occur on the Moon less than predicted by the G-R law. However, by adding the newly487

discovered shallow moonquakes to the statistics, I found that they actually obey the G-488

R law (b=0.91, Figure 16). Although the large events (mb ≥ 5.5) stay at the same level489

as predicted before, the seismicity rate of the smaller ones (mb ≤ 5) is at least two times490

higher than considered before. It is worth mentioning that Figure 16 reflects the seis-491

micity around the Apollo 15 sites rather than the global seismicity.

Figure 16. Cumulative number of shallow moonquakes per year against the minimum body

wave magnitude (mb). Note that mb carries uncertainty in the absolute value and the relative

value is more reliable. The black plots include only cataloged events, and the red plots include

both cataloged and new shallow moonquakes. The fitting of the b-value was performed using the

data between 4.7 and 6 in body wave magnitude.

492

5.2 Temporal and spatial distribution of shallow moonquakes493

5.2.1 Relation with Earth-Moon distance494

Lately, Watters et al. (2019) demonstrated that some of the re-located shallow moon-495

quakes fall near young thrust faults — one of the evidence of recent tectonic activity. Ad-496

ditionally, they investigated the correlation between the time of shallow-moonquake oc-497

currences and the Earth-Moon distance and found that the majority of them occur at498

the near-apogee distance (∼ 4.0×105 km). Together with the fact that the surface degra-499

dation rate near the fault scarps is higher than in other regions, they concluded that the500

young thrust faults could be the prime source of shallow moonquakes.501
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By adding the new shallow moonquakes, I investigated whether the same conclu-502

sion as that of Watters et al. (2019) would be derived or not. Figure 17a represents the503

time evolution of the Earth-Moon (E-M) distance (dEM ) with the occurrence time of shal-504

low moonquakes and the corresponding E-M distance plotted (red and green circles). Fig-505

ure 17b represents the histogram of the shallow moonquakes occurring at the respective506

E-M distances. Here, I focus on the events whose E-M distances are larger than 4.0×507

105 km or smaller than 3.7×105 km (cyan and magenta area in Figure 17b) and com-508

puted the probability of shallow moonquake’s occurrences at each range.509

N-SMQ
O-SMQ

(a)

(b) (c)

#"# ≥ 4.0×105 ≤ 3.7×105

$"#$ 24.9 % 22.0 %

$%#& 27.0 %  24.3 %

$'!! 6.7 % 5.4 %

$()* 6.2 ± 1.3 % 4.8 ± 1.1 % 

N=74

Figure 17. (a) Time evolution of Earth-Moon distance computed with SPICE “mice spkpos”

function (C. H. Acton, 1996; C. Acton et al., 2018).The green and red plots correspond to the

event times of the cataloged shallow moonquakes and those of the new shallow moonquakes,

respectively. See the text about PEMD. (b) Histogram of the Earth-Moon distance at the time

of shallow moonquake’s occurrences. N denotes the total number of the detected shallow moon-

quakes. (c) The parameter list of probabilities for the respective E-M distance cases. See the

main text for the details of each parameter.

The occurrence probability (Pocc) can be assessed by multiplying the time dom-510

inant ratio for a given E-M distance range (PEMD) and the ratio of the event number511

at the corresponding distance range over all the detected events (PSMQ). For the case512

of dEM ≥ 4.0 × 105 km, PEMD = 24.9% and PSMQ = 27.0%, giving us Pocc = 6.7%.513

In the same way, Pocc becomes 5.4% for dEM ≤ 3.7× 105 km (Figure 17c). To evalu-514

ate whether these estimates are statistically significant, I considered randomly occurring515

events. For computing the probability of random occurrences (Prnd), I can approximate516

PSMQ = PEMD; therefore Prnd=(PEMD)2, resulting in 6.2% and 4.8% for the cases517

of dEM ≥ 4.0×105 km and dEM ≤ 3.7×105 km, respectively. After several numerical518
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tests of the random occurrences, I found an error range of about 1% (Figure 17c). The519

comparison of the obtained Pocc and Prnd indicates that the shallow moonquakes occur520

“randomly” rather than correlating with the E-M distance (in other words, tidal stress).521

Thus, my results claim that shallow moonquakes occur randomly and the tidal stress does522

not play a significant role in driving them, which differs from the interpretation by Watters523

et al. (2019) and supports the conventional ideas (e.g., Nakamura, 1980).524

5.2.2 Relation with tropical month525

Frohlich and Nakamura (2006) investigated the relationship between the times for526

shallow moonquake occurrence and the sidereal or tropical month (both can be approx-527

imated as equal in several years periods). They found that the majority of shallow moon-528

quakes occur during the tropical phase between −90° and +90° (see Figure 18a and green529

plots in Figure 18b), meaning that shallow moonquakes occur when a part of the lunar530

nearside faces a specific direction on the celestial sphere (between Leo and Virgo in this531

case). As a possible interpretation of this, Frohlich and Nakamura (2006) proposed col-532

lision of high energy particles from the extra-solar system, called nuclearite or strange533

quark matter (e.g., De Rújula & Glashow, 1984), as a seismic source.534

Adding the new events on Figure 18b revealed that the majority of events occur535

between −90° and +180°, indicating that shallow moonquakes do not necessarily occur536

at the time of the Moon facing in the direction of Leo and Virgo. Because the nuclearites537

do not have to come from the direction between Leo and Virgo solely, my results do not538

exclude their hypothesis. On the other hand, it has not been understood yet how the539

nuclearites produce the intra-earthquake-like waveforms of shallow moonquakes. There-540

fore, it is difficult to provide a solid conclusion on whether the nuclearite could be a source541

of shallow moonquakes at this moment.542

Another notable point is that the number of shallow moonquakes is small between543

−90° and −180° in the tropical phase (yellow area in Figures 18a-b). Since the source544

locations of almost all new events have not been determined, it is hard to interpret this545

in detail (e.g., the relation between the tropical month phase, tidal stress state, and seis-546

mic source locations). Yet, there might be a particular phase in which shallow moon-547

quakes are unlikely to be generated.548

(a) (b)
N-SMQ, O-SMQ

Figure 18. (a) Definition of tropical month phase. (b) Tropical month phase vs. Year for

all detected shallow moonquakes. The green and red plots correspond to the cataloged and new

events, respectively. The background color is linked with the quadrant in (a).

5.2.3 Regionality of seismicity and relation with geological features549

The interpretation of the fact that more shallow moonquakes are detected at Sta-550

tion 15 than at other sites (Figure 12e) is that seismically active regions are possibly lo-551
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cated (a) in the vicinity of Station 15 and/or (b) in the higher latitude than 26°N. In fact,552

a similar discussion was given by Nakamura et al. (1979). They speculated that the source553

locations of shallow moonquakes were not randomly distributed but concentrated around554

the Apollo 12-14 and/or Apollo 15 sites (Figure 4). At that time, it was hard to claim555

which site was more seismically active. However, my results clearly suggest that the Apollo556

15 site is more active than other Apollo landing sites and also raise the possibility that557

lunar seismicity largely varies from place to place.558

To observe whether the regionality of seismicity correlates with geological features559

on the surface, I looked into the distribution of wrinkle ridges and lobate scarps — the560

morphology related to tectonic activities. According to Watters et al. (2019), shallow561

moonquakes are considered to be caused by these structures. Looking at Figure 19a, I562

found more numbers of ridges or scarps at Apollo 12 and 14 sites. If shallow moonquakes563

were related to these structures, they should be detected more at Station 12 or 14 than564

at other stations, which is inconsistent with our results (Figure 12). Furthermore, it seems565

strange that the source of the highest magnitude event (N-SMQ-1 in Figure 19a) does566

not coincide with particular geological structures seen on the surface.567

While Watters et al. (2019) proposes a very shallow source (< 1 km), some stud-568

ies indicate the possibility of a deeper source (50 – 250 km: Nakamura et al., 1979; Gillet569

et al., 2017). Seeking the likelihood of a deeper source, I checked gravity data and in-570

vestigated underlying structures (e.g., dikes, intrusions). With the Gravity Recovery and571

Interior Laboratory (GRAIL) data, the Bouger gravitational gradient — the second deriva-572

tive of the Buguer potential — was computed to clarify the spatial distribution of igneous573

intrusions.574

Figure 19b shows the 2-D map of the gravitational gradients measured in Eötvös575

Unit (= 10−9 s−2), where the negative gradients (blue areas) correspond to the positive576

density anomalies. Especially, the linear negative gradient patterns are interpreted as577

dikes or vertical tabular intrusions (Andrews-Hanna et al., 2013). The largest igneous578

intrusion system is observed in the Procellarum KREEP Terrance (PKT) region, where579

heat-producing elements are highly concentrated (e.g., Andrews-Hanna et al., 2014). In580

particular, the thick intrusion areas near the border of the PKT region (white plots in581

Figure 19b) are considered to be the frozen remnants of lave-filled rifts formed by the582

extensions due to thermal stresses at the time of cooling in the PKT region (Andrews-583

Hanna et al., 2014). As observed on Earth, fault systems could develop, accompanied584

by igneous intrusions, becoming seismic sources. Since the thickest intrusion is found in585

the northeast part of the PKT region, it could be possible that a larger number of fault586

branches were developed within the crust in that area, generating more seismic events.587

Interestingly, the source of N-SMQ-1 (one of the largest quakes) falls near the thickest588

intrusion part. Given the presented evidence, it appears reasonable to think the large589

igneous intrusions or the fault system developed from them cause shallow moonquakes590

although this is still a qualitative hypothesis. I leave further discussions to future works591

(e.g., assessment of expected stress drops, sophisticated gravity data analysis).592

6 Proposals for Future Seismic Observations on the Moon593

Investigation of the Apollo SP data brought more than 22,000 new seismic events.594

Among them, shallow moonquakes are important events in terms of both science and hu-595

man explorations. On the scientific side, because of their highest similarity to terrestrial596

tectonic quakes, they are the key to our understanding of the current lunar tectonism,597

which also contributes to better illustrating the history of thermal stresses and volcan-598

isms (e.g., Andrews-Hanna et al., 2013, 2014). In addition, as shallow moonquakes are599

the most energetic events (104 times larger energy release than deep moonquakes; Goins600

et al., 1981), lunar seismicity is controlled by them. Thus, for the precise assessment of601

the global seismicity and the comparison with other planetary bodies, it is necessary to602
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Figure 19. (a) Distribution of wrinkle ridges and lobate scarps on the nearside of the Moon.

The original map was produced in LROC: QuickMap. The yellow areas and plots with error bars

represent the locations of the cataloged shallow moonquake sources (Table 1). The cyan triangles

are the positions of Apollo seismometers. (b) 2-D map of Bouger gravity gradients. The original

data were retrieved from LROC: QuickMap. The white circles trace possible lava-filled rifts indi-

cated by Andrews-Hanna et al. (2014).

investigate shallow moonquakes further. In fact, this point is important for future hu-603

man exploration as well. For safe activities on the lunar surface, we need to assess and/or604

forecast the current geological activities on the Moon. The discussions in this study (e.g.,605

Section 5.2) suggest that the activity level of moonquakes largely varies from place to606

place. In other words, once the hazard map is produced, it would be a strong support607
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for the site selections. For these reasons, I suppose shallow moonquakes would be one608

of the prime targets in future lunar seismic explorations.609

Here, I would like to propose a possible strategy for efficient construction of the610

seismic network for the investigation of shallow moonquakes. The top panels in Figures611

20a-b compare the cataloged and new shallow moonquakes’ spectra. These panels in-612

dicate that the majority of the new shallow moonquakes show a smaller amplitude (10−7–613

10−8 m/s/Hz0.5), which leads to the low Signal-to-Noise (S/N) ratio when observed with614

the Apollo SP sensor in time series (the bottom panel in Figure 20b). This is the main615

reason that small shallow moonquakes were hard to detect.616

Apollo SP

InSight VBB JAXA SP

(a) Cataloged Shallow Moonquakes (S15) (b) New Shallow Moonquakes (S15)

Figure 20. Comparison of the observed shallow moonquakes’ amplitude spectral density

(ASD) and the sensitivity curve of seismometers developed in planetary seismology (top), and

two examples of the detected events (second and third rows). The left column is for the cata-

loged shallow moonquakes and the right is for the newly discovered shallow moonquakes in this

study. In the top panel, the black and red solid lines show the amplitude spectral densities for

the cataloged and newly discovered shallow moonquakes, and the black, blue, and red broken

lines show the sensitivity curves of the Apollo Short-Period sensor (Latham et al., 1969), JAXA’s

Short-Period sensor (Yamada et al., 2013), and InSight’s Very-Broad-Band sensor (Lognonné et

al., 2019).

Better observations are expected by utilizing the present generation seismometers617

such as (a) Very Broad Band seismometer (VBB) –– used in NASA’s InSight mission618

(Lognonné et al., 2019) and under preparation for Farside Seismic Suite (FSS; Panning619

et al., 2022) and (b) JAXA’s Short-Period (SP) seismometer – originally developed for620

the Japanese LUNAR-A mission (e.g., Mizutani et al., 2003) and now under prepara-621

tion for NASA’s Dragonfly mission to Titan (e.g., Lorenz et al., 2019). For the purpose622

of shallow moonquake detections, both seismometers have already achieved a high enough623

sensitivity (top panels in Figure 20). For the research on source mechanisms, with its624

–28–



manuscript submitted to JGR: Planets

broadband sensitivity, the VBB sensor has the advantage of suppressing the intense scat-625

tering effect that is the main cause preventing us from obtaining information about po-626

larization and seismic phases. On the other hand, although we need to embrace the scat-627

tering effect for JAXA’s SP sensor, it gives us an option of multiple deployments with628

penetrators — hard-landing system developed for the LUNAR-A mission (e.g., Mizu-629

tani et al., 2003), resulting in by far an efficient construction of the seismic network. For-630

tunately, shallow moonquakes show relatively clear P- and S-wave arrivals in spite of their631

strongly scattered waves (e.g., Figures 11 and 20). Therefore, the network of JAXA’s632

SP sensors (even with one vertical component) is good enough for locating their sources,633

which contributes to the seismicity assessment at different regions.634

Ideally, the global network with broadband seismometers is preferable, yet it is not635

realistic on the Moon due to some unavoidable restrictions (e.g., weight, cost). A more636

realistic way is to construct a hybrid network using both VBB and JAXA’s SP seismome-637

ters. Although the VBB seismometer requires careful treatment in the installation and638

is deployable only at one site per launch, an ideal observation would be realized once it639

is operated. Since a single station has difficulties in locating the seismic source, additional640

3 – 4 JAXA’s SP seismometers packaged in penetrators would function as supporting641

stations.642

7 Concluding Remarks643

In this study, I analyzed all available Apollo short-period seismic data to detect644

uncataloged moonquakes. Even though numerous spike noises contaminated the orig-645

inal SP data, a simple denoising process and a classical coherence analysis allowed me646

to detect more than 22,000 new lunar seismic events. It turned out that most of the newly647

discovered events shared the same characteristics as those of the cataloged moonquakes,648

such as thermal moonquakes, impact-induced events, and shallow moonquakes.649

Focusing on shallow moonquakes — the most energetic and most similar events to650

terrestrial quakes, I re-evaluated lunar seismicity. While only 28 shallow moonquakes were651

discovered before this study, I found 46 new events whose body wave magnitude is smaller652

than those of the cataloged ones (mb ≤ 5). Increasing the event number in a smaller653

magnitude resulted in a higher b-value (0.91), demonstrating that the Gutenberg-Richter654

law is also applicable to the Moon besides the Earth and Mars. This suggests that there655

are more tectonic-related quakes, and the Moon is more geologically active than consid-656

ered before.657

Furthermore, the spatial distribution of shallow moonquakes gave me new insight658

that seismic activity level strongly differs from place to place. My results indicate that659

the northern hemisphere, where the thickest igneous intrusions exist, is more seismically660

active than other regions of the Moon. A statistical evaluation demonstrated that shal-661

low moonquakes occur randomly and are not correlated with the E-M distance (i.e., tidal662

stress). These results imply that the surface fault activities triggered by tidal stresses663

are not the representative source mechanism for shallow moonquakes. Further quanti-664

tative source modeling and detailed investigation of gravity data may consolidate my hy-665

pothesis that the subsurface fault activities near igneous intrusions drive shallow moon-666

quakes.667

Because of their large energy release and shallow focal depth, it is considered that668

shallow moonquakes should affect human activities on the Moon. Thus, it is important669

to know their activity levels, focal mechanisms, and source locations. To improve our knowl-670

edge of shallow moonquakes, I proposed a hybrid seismic network combining both broad-671

band and high shock-resistivity short-period seismometers, which gives us the option to672

construct the lunar seismic network efficiently.673
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8 Open Research674

All the Apollo seismic data were retrieved from the International Federation of Dig-675

ital Seismograph Networks (Nunn, 1969). Every tool used in the preprocessing is pro-676

vided by Nunn et al. (2022). The SEIS data from the InSight mission used in this study677

can be retrieved through InSight Mars SEIS Data Service (2019) and InSight Marsquake678

Service (2022). The event catalog of new moonquakes is available at Onodera (2023).679
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Appendix A Supplementary Figures and Tables688 Mars impact (from Garcia et al., 2022)

Airburst

Airburst

(a)

(b)

H
z

H
z

Figure A1. Waveforms and spectrograms for impact-induced seismic waves on Mars detected

by the vertical component of InSight Very-Broad Band seismometer (VBB; Lognonné et al.,

2019) on (a) Sol 793 and (b) Sol 986 (Sol means Martian day). The blue arrows indicate the

acoustic signals generated by airbursts (see Garcia et al. (2022) for the details).
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(a) SMQ1-S14 (○) (b) SMQ12-S14 (△)

(c) SMQ12-S16 (△) (d) SMQ21-S14 (△)

Figure A2. Example of velocity waveforms and spectrograms of shallow moonquakes listed

in Table 1. (a) SMQ1 observed at Station 14, (b) SMQ12 observed at Station 14, (c) SMQ12

observed at Station 16, and (d) SMQ21 observed at Station 14. See Table 1 for the description of

each symbol (⃝ and △).

(a) (b)

Type-7 Type-1

Type-1

Figure A3. Examples of multiple event detections within a time window: (a) several succes-

sive Type-1 events and (b) simultaneous detection of Type-7 and Type-1 events.
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O-SMQ-4
(a) O-SMQ-4

(b) O-SMQ-6

Figure A4. Waveforms and spectrograms for (a) O-SMQ-4 and (b) O-SMQ-6 events.

Appendix B Redundancy of false detections689

To quantitatively evaluate the envelope shape, I computed the RMS envelopes of690

the candidates detected through the coherence analysis in Section 3.3. The moving av-691

erage was done with a time window of 3.8 s (200 data points), and the RMS amplitude692

was normalized with the maximum amplitude value. Figures B1a-c show examples of693

three different types of signal (spike noise, moonquake, and step-like noise). In the case694

of a spiky signal, the median amplitude value gets small (∼ 0.01, Figure B1a). On the695

other hand, a step-like signal returns a higher median value (∼ 1, Figure B1c). Typi-696

cally, moonquakes take a median value of 0.2 (Figure B1b). In the analysis, I regarded697

the signals with a median value of the normalized RMS envelope between 0.015 and 0.8698

as natural event signals (i.e., candidate signals).699

(a) Spike noise (b) Shallow moonquake (c) Step-like signal

Figure B1. Examples of the normalized RMS envelopes (top) and the amplitude histograms

(bottom) for (a) spike noise, (b) shallow moonquake, and (c) step-like signal. The red text and

dotted line in the bottom panels show the median value.

–33–



manuscript submitted to JGR: Planets

References700

Acton, C., Bachman, N., Semenov, B., & Wright, E. (2018). A look towards the701

future in the handling of space science mission geometry. Planetary and Space702

Science, 150 , 9-12. (Enabling Open and Interoperable Access to Planetary Sci-703

ence and Heliophysics Databases and Tools) doi: https://doi.org/10.1016/j.pss704

.2017.02.013705

Acton, C. H. (1996). Ancillary data services of nasa’s navigation and ancillary in-706

formation facility. Planetary and Space Science, 44 (1), 65-70. (Planetary data707

system) doi: https://doi.org/10.1016/0032-0633(95)00107-7708

Aki, K. (1967). Scaling law of seismic spectrum. Journal of Geophysical709

Research (1896-1977), 72 (4), 1217-1231. doi: https://doi.org/10.1029/710

JZ072i004p01217711

Andrews-Hanna, J. C., Asmar, S. W., Head, J. W., Kiefer, W. S., Konopliv, A. S.,712

Lemoine, F. G., . . . Zuber, M. T. (2013). Ancient igneous intrusions and713

early expansion of the moon revealed by grail gravity gradiometry. Science,714

339 (6120), 675-678. doi: 10.1126/science.1231753715

Andrews-Hanna, J. C., Besserer, J., Head III, J. W., Howett, C. J. A., Kiefer, W. S.,716

Lucey, P. J., . . . Zuber, M. T. (2014). Structure and evolution of the lunar717

procellarum region as revealed by grail gravity data. Nature, 514 (7520), 68-71.718

doi: 10.1038/nature13697719

Araki, H., Tazawa, S., Noda, H., Ishihara, Y., Goossens, S., Sasaki, S., . . . Shum,720

C. (2009). Lunar global shape and polar topography derived from kaguya-lalt721

laser altimetry. Science, 323 (5916), 897-900. doi: 10.1126/science.1164146722

Banerdt, W. B., Smrekar, S. E., Banfield, D., Giardini, D., Golombek, M., Johnson,723

C. L., . . . Wieczorek, M. (2020). Initial results from the insight mission on724

mars. Nature Geoscience, 13 (3), 183-189. Retrieved from https://doi.org/725

10.1038/s41561-020-0544-y doi: 10.1038/s41561-020-0544-y726

Beyreuther, M., Barsch, R., Krischer, L., Megies, T., Behr, Y., & Wassermann, J.727

(2010). ObsPy: A Python Toolbox for Seismology. Seismological Research728

Letters, 81 (3), 530-533. doi: 10.1785/gssrl.81.3.530729

Binder, A. B., & Oberst, J. (1985). High stress shallow moonquakes: evidence for an730

initially totally molten moon. Earth and Planetary Science Letters, 74 (2), 149-731

154. doi: https://doi.org/10.1016/0012-821X(85)90018-4732

Blanchette-Guertin, J.-F., Johnson, C. L., & Lawrence, J. F. (2012). Investigation733

of scattering in lunar seismic coda. Journal of Geophysical Research: Planets,734

117 (E6). doi: https://doi.org/10.1029/2011JE004042735
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Lognonné, P., Banerdt, W. B., Giardini, D., Pike, W. T., Christensen, U.,800

Laudet, P., . . . Wookey, J. (2019). Seis: Insight’s seismic experiment801

for internal structure of mars. Space Science Reviews, 215 (1), 12. doi:802

10.1007/s11214-018-0574-6803

Lorenz, R., Panning, M., Stähler, S., Shiraishi, H., Yamada, R., Turtle, E., et al.804

(2019). Titan seismology with dragonfly: Probing the internal structure of805

the most accessible ocean world. In Lunar and planetary science conference806

(Vol. 50, p. 2173).807

McGarr, A., Latham, G. V., & Gault, D. E. (1969). Meteoroid impacts as sources of808

seismicity on the moon. Journal of Geophysical Research (1896-1977), 74 (25),809

–35–



manuscript submitted to JGR: Planets

5981-5994. doi: https://doi.org/10.1029/JB074i025p05981810

Menina, S., Margerin, L., Kawamura, T., Heller, G., Drilleau, M., Xu, Z., . . .811

Banerdt, W. B. (2023). Stratification of heterogeneity in the lithosphere of812

mars from envelope modeling of event s1222a and near impacts: Interpretation813

and implications for very-high-frequency events. Geophysical Research Letters,814

50 (7), e2023GL103202. doi: https://doi.org/10.1029/2023GL103202815

Mizutani, H., Fujimura, A., Tanaka, S., Shiraishi, H., & Nakajima, T. (2003). Lunar-816

a mission: Goals and status. Advances in Space Research, 31 (11), 2315-2321.817

doi: https://doi.org/10.1016/S0273-1177(03)00542-8818

Nakamura, Y. (1980). Shallow moonquakes: How they compare with earthquakes. In819

Proceedings of lunar and planetary science conference (p. 1847-1853).820

Nakamura, Y. (2005). Farside deep moonquakes and deep interior of the moon.821

Journal of Geophysical Research: Planets, 110 (E1). doi: https://doi.org/822

10.1029/2004JE002332823

Nakamura, Y., & Koyama, J. (1982). Seismic q of the lunar upper mantle. Journal824

of Geophysical Research: Solid Earth, 87 (B6), 4855-4861. doi: https://doi.org/825

10.1029/JB087iB06p04855826

Nakamura, Y., Latham, G. V., & Dorman, H. J. (1982). Apollo lunar seismic exper-827

iment—final summary. Journal of Geophysical Research: Solid Earth, 87 (S01),828

A117-A123. doi: https://doi.org/10.1029/JB087iS01p0A117829

Nakamura, Y., Latham, G. V., Dorman, H. J., & Harris, J. E. (1981). Passive seis-830

mic experiment long period event catalog (ver. 1008c). UTIG Technical Report,831

No. 118. Retrieved from http://www-udc.ig.utexas.edu/external/yosio/832

PSE/catsrepts/833

Nakamura, Y., Latham, G. V., Dorman, H. J., Ibrahim, A.-B. K., Koyama, J., &834

Horvath, P. (1979). Shallow moonquakes: Depth, distribution and implica-835

tions as to the present state of the lunar interior. In Proceedings of lunar and836

planetary science conference (p. 2299-2309).837

Nunn, C. (1969). Apollo passive seismic experiments. International Federation838

of Digital Seismograph Networks. Retrieved from https://www.fdsn.org/839

networks/detail/XA 1969/ doi: 10.7914/SN/XA 1969840

Nunn, C., Garcia, R. F., Nakamura, Y., Marusiak, A. G., Kawamura, T., Sun, D.,841

. . . Zhu, P. (2020). Lunar seismology: A data and instrumentation review.842

Space Science Reviews, 216 (5), 89. doi: 10.1007/s11214-020-00709-3843

Nunn, C., Nakamura, Y., Kedar, S., & Panning, P. P. (2022). A new archive of844

apollo’s lunar seismic data. Planet. Sci. J., 3 (219), 1-10.845

Oberst, J. (1987). Unusually high stress drops associated with shallow moon-846

quakes. Journal of Geophysical Research: Solid Earth, 92 (B2), 1397-1405. doi:847

https://doi.org/10.1029/JB092iB02p01397848

Oberst, J., Christou, A., Suggs, R., Moser, D., Daubar, I., McEwen, A., . . . Robin-849

son, M. (2012). The present-day flux of large meteoroids on the lunar sur-850

face—a synthesis of models and observational techniques. Planetary and Space851

Science, 74 (1), 179-193. (Scientific Preparations For Lunar Exploration) doi:852

https://doi.org/10.1016/j.pss.2012.10.005853

Oberst, J., & Nakamura, Y. (1989). A New Estimate of the Meteoroid Impact Flux854

on the Moon. In Lunar and planetary science conference (Vol. 20, p. 802). Re-855

trieved from https://ui.adsabs.harvard.edu/abs/1989LPI....20..802O856

Oberst, P. J., & Nakamura, Y. (1987). Distinct meteoroid families identified on857

the lunar seismograms. Journal of Geophysical Research: Solid Earth, 92 (B4),858

E769-E773. doi: https://doi.org/10.1029/JB092iB04p0E769859

Onodera, K. (2023). High frequency moonquake catalog. Zenodo. doi: 10.5281/860

zenodo.8373651861

Onodera, K., Kawamura, T., Tanaka, S., Ishihara, Y., & Maeda, T. (2021). Numer-862

ical simulation of lunar seismic wave propagation: Investigation of subsurface863

scattering properties near apollo 12 landing site. Journal of Geophysical864

–36–



manuscript submitted to JGR: Planets

Research: Planets, 126 (3), e2020JE006406. doi: https://doi.org/10.1029/865

2020JE006406866

Onodera, K., Kawamura, T., Tanaka, S., Ishihara, Y., & Maeda, T. (2022). Quan-867

titative evaluation of the lunar seismic scattering and comparison between868

the earth, mars, and the moon. Journal of Geophysical Research: Planets,869

127 (12), e2022JE007558. doi: https://doi.org/10.1029/2022JE007558870

Onodera, K., Maeda, T., Nishida, K., Kawamura, T., Margerin, L., Menina, S.,871

. . . Banerdt, W. B. (2023). Seismic scattering and absorption properties of872

mars estimated through coda analysis on a long-period surface wave of s1222a873

marsquake. Geophysical Research Letters, 50 (13), e2022GL102716. doi:874

https://doi.org/10.1029/2022GL102716875

Panning, M., Kedar, S., Bowles, N., Calcutt, S., Drilleau, M., Garcia, R., . . . Wil-876

helm, A. (2022). Farside Seismic Suite (FSS): First-ever seismology on the877

farside of the Moon and a model for long-lived lunar science. In European878

planetary science congress (p. EPSC2022-672). doi: 10.5194/epsc2022-672879
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PSE station Lat. (°N) Lon. (°E)

Apollo 12 -3.0099 336.5752

Apollo 14 -3.64408 342.52233

Apollo 15 26.13174 3.63803

Apollo 16 -8.9759 15.4986

(a)
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若手研究３ 

【１ 研究目的、研究方法など（つづき）】 

 
 
 
 
 
 
 
 
 
 

 

(3）本研究の着想に⾄った経緯や、関連する国内外の研究動向と本研究の位置づけ

図1. 短周期計と長周期計で観測された浅
発月震の移動平均を施した絶対振幅波形 

【本研究の着想に⾄った経緯】 
本研究は, ⽉震カタログに記載されている各イベ
ントの統計量に関する疑問やアポロ計画の関係者
との交流が着想の契機となっている。申請者は⽉
震の研究を始めた当初から, 「何故深発⽉震や衝突
⽉震が数千イベント⾒つかっているのに, 浅発⽉震
は28例しかないのか?」という疑問を抱いていた。
その疑問に対する回答は, アポロ⽉震観測の運⽤に
関わっていた中村吉雄教授(テキサス⼤)との交流
の中で得られた。中村教授によると, 現存する⽉震
カタログは, 主に⻑周期⽉震計で取得されたデータ
を元に作られており, 短周期計データを全て⾒尽く
した訳ではないとのことだった。
 浅発⽉震は他のタイプの⽉震と⽐べて⾼周波にエネルギーを持つため, ⻑周期計と短周期
計では振幅にして 5 ‒ 10倍程度異なる(図1)。つまり, ⻑周期計だけでは⾒落としているイベ
ントも存在する可能性がある。実際に短周期計データを解析してみると, ⻑周期計だけでは
検出できないイベントが複数⾒つかった。この事実は, 今までの⽉の地震活動度が過⼩評価
されていたことを⽰唆しており, 短周期計データを⾒直すことで, 正しく⽉の地震活動度を評
価したいと考えたことが, 本研究の着想に⾄った経緯である。

【関連する国内外の研究動向・本研究の位置づけ】 
 現在, 世界的に惑星地震探査の検討が進んでおり, 特に⽉においてはNASAのFarside 
Seismic Suiteが計画されている。また, 我が国においても, 次世代⽉科学の最重要テーマの⼀
つとして⽉震観測が掲げられており, 将来探査に向けた検討が進められている(⽥中他, 
2022)。こうした状況の中, アポロで取得された⽉震データの再アーカイブや再解析の潮流
ができつつある。本研究はその先駆けの⼀つになると考える。 
 特に短周期⽉震計のデータは機器ノイズが多く, 現在までにそれをフル活⽤した研究例は
無い。つまり, それらを⽤いて「⽉は地質学的に死んだ天体である」という定説に⼀⽯を投
じる本研究は, 敬遠されがちな古いデータであっても第⼀級の科学成果を創出できることを
⽰す⼀例になると考える。 

(4) 本研究で何をどのように、どこまで明らかにしようとするのか
本研究では, ⽉科学の最重要課題の⼀つである「形成進化史の解明」に重要となる「地震活
動度」の評価を⾏い, 「現在でも⽉内部が活動的かどうか?」について検討する。また, それ
らを基に熱進化史への制約を⾏う。課題達成のために研究段階を以下の五つに分類する。 
① アポロ短周期⽉震計データの整備とクリーニング
② ⽉震イベントの⾃動検出アルゴリズムの開発と実データへの適⽤
③ 検出されたイベントの特徴の記載と分類(カタログの作成)
④ ⽉の地震活動度の評価
⑤ ⽉の応⼒場ならびに内部熱環境の制約

以下, 各年度の具体的な作業項⽬について述べる。 
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(a) Spike noise (b) Shallow moonquake (c) Step-like signal
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