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Key Points 

 A set of lobate scarps responsible for the 3
rd

 January 1975 shallow moonquake (MW 

4.1) has been detected in Laue crater floor 

 Co-seismic boulder avalanches of different ages have been identified on the interior 

walls of impact craters near the epicenter 

Fault slip along the Lorentz basin wall beneath Laue crater floor produced the lobate scarps 

and shallow moonquakes Keywords: 
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Abstract 

On January 3, 1975, the largest shallow moonquake (MW 4.1) occurred at Laue impact crater 

on the Moon. The fault responsible for the moonquake and origins of co-seismic boulder 

avalanches are unknown. Our study reveals a set of previously unreported, seismically active, 

young lobate scarps near the epicenter. In addition, hundreds of boulder falls are observed on 

the interior walls of two impact craters on either side of the lobate scarps. The varying 

preservation levels and crater size-frequency distributions of impact craters superimposed on 

the boulder falls indicate their episodic origins at 1.6 Ma and during the 1975 shallow 

moonquake. Our ground motion simulations confirm that the MW 4.1 moonquake along the 

lobate scarp at 1-5 km focal depths produced strong ground shaking that triggered the boulder 

avalanches. Also, the fault slip along the Lorentz basin wall beneath the Laue crater floor 

produced the lobate scarps and the shallow moonquakes. 

 

Plain Language Summary 

Like Earth, the Moon is also seismically active but with relatively lesser intensity. The 

seismometers installed by the Apollo missions detected 28 shallow moonquakes during 1969-

1977. The moonquake that occurred at Laue crater on 3
rd

 January 1975 is the largest recorded 

moonquake (MW 4.1). Our analysis of high-resolution satellite images and topographic data 

obtained by NASA’s Lunar Reconnaissance Orbiter mission aided in the discovery of a set of 

young lobate scarps near the epicenter and its genetic link to the 1975 moonquake. The 

moonquake also generated strong ground motion around the epicenter and triggered 

formation of co-seismic boulder avalanches on the interior walls of near-by impact craters. 

We also found that boulder avalanches were formed during an earlier episode of seismic 

activity at 1.6 Ma. Furthermore, we deduce that the lobate scarps at Laue crater were formed 

in response to the reactivation of the basin wall normal fault of Lorentz peak-ring basin. Our 

study indicates that the lobate scarps in Laue crater are seismically active and their seismic 

activity could be further studied during future landing missions.  
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1. Introduction 

 

The Moon is the only body in our solar system next to Earth, where the moonquakes were 

instrumentally recorded by a network of seismometers, although the seismic activity of Mars 

is currently monitored by NASA’s InSight mission and the results are awaited. The passive 

seismic network installed by the astronauts at the Apollo 12, 14, 15 and 16 landing sites on 

the moon detected a set of 28 shallow moonquakes during 1969-1977 and these quakes 

resemble the terrestrial intra-plate earthquakes (Nakamura et al., 1979; Nakamura, 1980). Of 

these moonquakes, the event that occurred on 3
rd

 January 1975 is the largest in terms of 

seismic moment magnitude (MW~ 4.1) and stress drop (~210 MPa) (Oberst et al., 1987). The 

epicentral location of this event was fixed at 29
°
N and 98

°
W with a location error of 1 degree 

(~32 km) (Nakamura et al., 1979). It falls on the north-western interior wall of the 92-km-

diameter Laue crater that overlies the 351-km-diameter Lorentz peak ring basin (Figure 1). 

The tectonic structures (e.g., faults) responsible for this moonquake are unknown. By virtue 

of being the largest recorded moonquake, it should have generated strong ground motion 

around the epicenter, which may have led to the formation of co-seismic mass wasting 

features (e.g., boulder falls) on near-by steep slopes (e.g., impact crater interior walls). In 

order to identify the seismogenic fault and the formation of co-seismic boulder falls, we have 

carried out a detailed study of Laue crater and the surrounding regions including Lorentz 

basin, using the NASA’s Lunar Reconnaissance Orbiter (LRO) mission data. Our study 

provides new evidence of lobate scarps near the 1975 shallow moonquake epicenter and 

hundreds of boulder falls on the interior walls of two nearby impact craters. Hence, we 

present: (1) the nature of the lobate scarps and their morphological properties, (2) 

morphology of the boulder falls and their stratigraphic relations and the model formation 

ages, (3) numerical simulation studies for understanding the nature of shallow moonquake 
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ground motion and its role in the formation of boulder falls on the interior walls of impact 

craters, and (4) calculation of impact seismicity from the recent impact events to rule impacts 

out as a source. Finally, we discuss the genetic relation between the lobate scarps and the 

basin wall structure of Lorentz peak-ring basin. 

 

2. The Study Area 

 

Laue crater is a 92 km-diameter and 2.4 to 5.1 km deep complex impact crater (Figure 1b). It 

has an elongated central peak roughly in an E-W direction, with a length of ~18 km and a 

maximum width of ~10 km. Many smaller simple impact craters (bowl-shaped) of varying 

diameters are superimposed on Laue crater. Of these,we found two impact craters (craters 1 

and 2) containing the boulder falls on their interior walls (Figure 1b). Crater 1 is a 9 km wide 

and 1.8 km deep simple crater, located to the north of central peak. Crater 2 is a 8.8 km wide 

and 1.92 km deep simple crater emplaced on the southwestern rim of Laue crater. We report 

previously unreported lobate scarps located on the Laue crater floor, to the west of the central 

peak (Figure 1a). Lorentz basin (Figure 1a) is a peak ring basin with a basin diameter of 351 

km and peak ring diameter of 173 km (Baker et al., 2012). It is located about 1600 km north 

of Orientale basin and about 170 km west of Oceanus Procellarum.  

 

3. Data and Methods 

 

We used three data sets from the three LRO instruments:  (1) 0.5-m-per-pixel LROC Narrow 

Angle Camera (NAC) panchromatic images for characterizing the lobate scarps and boulder 

falls; (2) 100-m-per-pixel LROC Wide Angle Camera (WAC) image mosaic for studying the 

regional geologic context of the study area (Robinson et al., 2010); and (3) 256-pixels-per-
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degree LOLA (e.g., Smith et al., 2010) and 512-pixels-per-degree merged Kaguya-LOLA 

topographic data (Baker et al., 2016) for morphometric analysis. We have utilized ArcGIS 

desktop 10.0 software for digital geological mapping and analysis. Using the ArcGIS 3-D 

Analyst tool, we obtained the topographic profiles of the boulder fall sites from the integrated 

digital terrain model that incorporates both LOLA and higher resolution Kaguya topographic 

data. For analysing the gravity signatures and crustal thickness variation in the study area, we 

used Gravity Recovery and Interior Laboratory (GRAIL) mission data (Supplementary 

Materials). 

 

4. Results 

 

4.1. Lobate Scarps 

 

A 25-km-long and 5-km-wide NNW-SSE zone containing a set of previously unreported 

lobate scarps is found between the western rim and the central peak of Laue crater (Figure 

1). It consists of nineteen individual lobate scarps of varying lengths, from 0.3 to 11.2 km 

(Figure 2a and Figure S1), occurring within 1° location-error circle of the 3
rd

 January 1975 

moonquake epicenter given by Nakamura et al. (1979). A majority of scarps are roughly 

oriented in NW-SE to NNW-SSE directions, while a few minor ones are in E-W to NE-SW 

directions (Figure 2a).  The scarps in general occur in the form of anastomosing left-steps. 

The scarps exhibit linear to curvilinear trends with surface expression of lobate topographic 

rises; the steep sides of scarps face the vergence (or movement) directions, while the gently 

sloping back limbs face the opposite direction (Figures 2b-2g). Some scarps exhibit crisp 

surface ruptures (Figures 2d and 2e). Geometries of most scarps are influenced by the 

southerly vergence of the underlying thrust faults (Figures 2b and 2c), although some 
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segments exhibit northerly vergence as seen in scarps 2, 4 and 5 (Figures 2d-2g). In Figures 

2d and 2e, two parallel scarps exhibit opposite vergence directions: the northern and southern 

scarps respectively have northerly and southerly vergence directions. They imply two 

oppositely dipping thrust faults merging underneath at some depth, thus defining a flower 

structure. Presence of small and fresh cross-cut impact craters and superimposed impact 

craters on the scarps suggests that they are young thrust faults (e.g., Watters et al., 2010; 

Kumar et al., 2016). For example, the south-eastern rim of a 90 m diameter fresh impact 

crater is deformed by a northerly verging scarp is clearly seen in Figures 2f and 2g. Some 

surface ruptures do not have superimposed impact craters, indicating their possible recent 

origins.  

 

The lobate scarps in the Laue crater floor are the most likely seismogenic source of the 3
rd

 

January 1975 moonquake, given their location falling within the moonquake’s location error-

circle. Hence, we relocated the 3
rd

 January 1975 moonquake epicenter given by Nakamura et 

al. (1979) to the largest lobate scarp segment (Figure 1b), although it may have potentially 

originated along any one of the scarp segments. 

 

4.2. GRAIL Gravity and Crustal Thickness  

 

Laue crater is superimposed on the Lorentz basin rim and postdates it (Figure 1). Hence, the 

trace of Lorentz basin wall should be buried beneath the Laue crater floor. Interestingly, the 

location of lobate scarps coincides with the buried basin wall (Figures 1a and 1b). In order 

to confirm the trace of Lorentz basin wall beneath the Laue crater floor, we analysed the 

GRAIL gravity data as they would shed light on the sub-surface structures pertaining to the 

lunar impact craters and basins (e.g., Neumann et al., 2015). The gravity data analysis is 
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given in the supplementary materials. Figure 1c and 1d show the residual Bouguer gravity 

anomaly and crustal thickness map of Laue crater region, respectively. The residual Bouguer 

gravity map (Figure 1c) clearly shows the gravity anomaly of Lorentz basin wall on either 

side of Laue crater passing through the Laue crater floor, thus confirming the presence of 

Lorentz basin wall beneath the Laue crater floor (Figure S2). Crustal thickness of Laue crater 

region varies from 36 km to 42 km (Figure 1d).  Crustal thickness variation along the two 

profiles across the lobate scarps zone (Figure S3) shows the crust beneath the lobate scarp is 

thinner than the adjacent floor and crater wall. The crustal thinning at the lobate scarp zone is 

attributed to the presence of Lorentz basin wall fault. 

 

4.3. Boulder Avalanches 

 

It is well understood that boulder falls provide important insights into moonquake ground 

motion (e.g., Kumar et al., 2016). Within 25-35 km radius from the relocated epicenter, we 

found several hundred boulder falls on the interior walls of two impact craters (craters 1 and 

2, hereafter) on either side of the scarp zone (Figures 1b and 3). The transport of boulders on 

the crater wall produced trails exhibiting sliding, rolling and bouncing marks, and the source 

boulders that produced the trails are found at the terminus. At many places, the trail marks 

have disappeared while the source boulders are still present. Hence, the boulders are of two 

types – with or without associated boulder trails. In many cases, the trails are very fresh, 

while some exhibit varying levels of degradation. The older trails display pronounced 

degradation than the younger trails. The trails also exhibit cross-cutting relations: the fresh 

trails are superimposed on the degraded trails, indicating their younger ages (Figure 3a). 
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The boulder falls containing trails can be classified into two age types (Figure 3a). A set of 

boulder trails without superimposed fresh impact craters on them is identified as younger 

boulder falls (first set); they also have fresh appearance and cross-cut small fresh impact 

craters (Figure 3a). The other set of boulder trails with superimposed impact craters on them 

is classified as older boulder falls (second set). The boulders without trails (third set) should 

have been formed before the first and second sets of boulder falls. We have mapped 435 

prominent boulder trails in crater 1 and out of which 304 trails belong to the younger 

generation (Figures 3b-c; Figure S4). At crater 2, we identified 136 older falls and 256 

younger falls (Figures 3d-e; Figure S4). We also measured the size and aspect ratio 

(width/length) of the source boulders associated with the trails. The boulders at crater 1 have 

an average diameter of 3.11 m and aspect ratio of 0.78. Similarly, the boulders at crater 2 

have an average diameter 3.01 m and aspect ratio of 0.79.  

 

In general, the boulder trails occur on gentle crater wall slopes with an average slope of 26 

degrees (Figure S5), while their boulder source regions are ~2-4 degrees steeper than the trail 

regions (Figure S5). The run-out efficiency (a ratio between the horizontal distance travelled 

by the boulder and the vertical fall height) of most boulder trails is greater than 1.7 (Figure 

S6), implying the requirement of some triggering mechanisms (ground shaking from 

moonquake or impact) for their origins (Howard, 1973; Iverson, 1997; Kumar et al., 2016). 

The slope properties of boulder falls at craters 1 and 2 are similar to those of Schrödinger 

basin (Kumar et al., 2016), where the shallow moonquake triggered boulder falls has been 

reported near the seismically active lobate scarps.  
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4.4. Ages of Boulder Falls  

 

Among three sets of boulder falls, the second set containing superimposed impact craters on 

the trails (older boulder falls in Figures 3b and 3d) permit us in dating their absolute model 

formation ages using the conventional crater counting method (Neukum et al., 2001). The 

superimposed craters emplaced on the trails in a given area were counted using the 

CraterTools software (Kneissl et al., 2011); it provided a spatial crater-count file (SCC file), 

which was used for the statistical analysis utilizing the Craterstats software (Version 2.0) of 

Michael and Neukum (2010). The model formation age of a group of boulder falls was 

calculated using the cumulative size frequency distribution (CSFD) of the superimposed 

craters using the lunar production and chronology functions of Neukum et al. (2001) and 

Neukum (1983), respectively.  

 

At crater 1, 224 superimposed craters were counted in the diameter range of 3–42 m in an 

area of 12.09 km
2
. The CSFD provides the N (1 km) value of 1.36 × 10

-6
 km

-2
, and an 

absolute model age of 1.62 ± 0.34 Ma. At crater 2, 458 superimposed craters were counted in 

3–22 m diameter range in an area of 4.59 km
2
. The CSFD gives the N (1 km) value of 1.30 × 

10
-6

 km
-2

 and an absolute model age of 1.55 ± 0.54 Ma. Considering the errors, the boulder 

falls (set 2) at both craters may be considered to have formed at 1.6 Ma (Figure S7). On the 

other hand, the boulders trails without superimposed craters (first set) should be younger than 

1.6 Ma and likely formed during the 3
rd

 January 1975 moonquake. The age of boulders 

without trails (third set) may not be older than 150-300 Ma, considering the survival times of 

meter-sized lunar boulders (e.g., Basilevsky et al., 2013).  
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4.5. Ground Motion Simulations  

 

In this section, we present the results from the ground motion simulations for understanding 

the conditions that are required for the origin of boulder falls at impact craters 1 and 2, due to 

the MW 4.1 moonquake (with 210 MPa stress drop) that occurred either at a focal depth of 1 

km or 5 km, along the largest lobate scarp segment (11.3 km segment; Figure 2b) in Laue 

crater. The depth of faulting along the scarp segment may not exceed 5 km, considering 40° 

fault dip and fault aspect ratio of 2. For the simulations, we have used the stochastic 

seismological model by Boore (2003) (Supplementary Materials).  Firstly, synthetic 

accelerogram is simulated for the Apollo 16 station location for the 3
rd

 January 1975 

moonquake and compared with the Apollo 16 recorded data. The Fourier amplitude spectrum 

of the simulated data is in good agreement with the recorded data in the frequency range of 

1Hz to ≈10 Hz (Figure 4a). Thereafter, acceleration time histories are simulated around the 

epicenter up to a radial distance of 80 km for estimating the peak ground acceleration (PGA) 

(Figure 4b). For a focal depth of 1 km, PGA value is 70 g at an epicentral distance of 3 km 

and it decreases to 0.86 g at 80 km from the epicenter (Figure 4b). Similarly, for a focal 

depth of 5 km, the PGA values are 13.7 g and 0.26 g at 3 km and 80 km respectively (Figure 

4b). At crater 2 (25 km from the relocated epicenter), the PGA values are 5.5 g and 1.4 g for 

1 km and 5 km focal depths, respectively. Likewise, at crater 1 (30 km from the relocated 

epicenter), the PGA values are 4.4 g and 1.1 g, respectively. These PGA values are strong 

enough to produce boulder falls at craters 1 and 2 (e.g., Yim et al., 1980; Iyengar and 

Raghukanth, 2006; Kumar et al., 2019).   

 

In order to understand the rocking (or shaking) behaviour of boulders present on the upper 

interior walls of impact craters 1 and 2 in response to the ground motion associated with 3
rd
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January 1975 moonquake, we have followed the method given by Yim et al. (1980) 

(Supplementary Materials). The synthetic accelerograms for the craters 1 and 2, 

respectively for 1 and 5 km focal depths, are shown in Figures 4c, 4d, 4g and 4h. The 

rocking behaviour of a boulder depends on its size, aspect ratio and radius of gyration. For 

our simulations, we assume the boulders have the observed mean size and aspect ratio. In 

addition, the duration of rocking and point of toppling depend upon the mass moment of 

inertia of the boulder and the ground motion characteristics. In response to the ground 

acceleration time history for 1 km focal depth (Figure 4c), the boulders at crater 1 would 

start shaking at a horizontal acceleration of 0.575 g and continue to shake for 0.672 seconds 

before it eventually topples at 0.522 g (Figures 4e). When the focal depth increases to 5 km 

(Figure 4d), the boulder shaking starts at 0.702 g, and shaking continues for a period of 0.67 

seconds, before falling at 0.545 g (Figure 4f). In response to the ground acceleration time 

history for 1 km and 5 km focal depths (Figures 4g and 4h), the boulders at crater 2 would 

start shaking at 0.524 g and 0.608 g, respectively,  and shaking continues for 0.67 s before 

they eventually fall at an acceleration of 1.275 g and 0.543 g respectively (Figure 4i and 4j). 

Our simulations confirm that the occurrence of MW 4.1 moonquake along the lobate scarp at a 

focal depth of 1-5 km range would produce strong ground vibrations that are adequate for 

toppling the boulders at craters 1 and 2. Hence, we interpret that the boulder falls are of co-

seismic origin.  

 

4.6. Impact Triggered Seismicity 

 

Since the shallow moonquake occurred in 1975, we estimate the seismicity from recent 

impact events in the last 50 years, based on the lunar production and chronology function 

(Neukum et al., 2001; Neukum, 1983) for calculating the number density of impact craters 
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that are expected to have formed within the area covering Laue crater (Supplementary 

Materials). In our simulations, twenty nine impact craters in the diameter range of 5-8 m 

were formed in the last 50 years; one impact crater was formed with 8 m diameter (Table 

S2). The equivalent seismic moment magnitudes of 5, 6, 7 and 8 m impact craters are MW 

1.01, 1.15, 1.26 and 1.36, respectively. These values are significantly lower than that of 3
rd

 

January 1975 shallow moonquake that occurred at Laue crater and their seismic ground 

motion should be weaker than that produced by the moonquake. 

 

5. Discussion and Conclusion 

 

The lobate scarps detected near the 3
rd

 January 1975 moonquake epicenter site is new, 

considering the global distribution of lobate scarps (Watters et al., 2015). Considering the 

scarp lengths and their spatial distribution over a long distance, the scarps cannot be just a 

result of 3
rd

 January 1975 moonquake. Different segments of the lobate scarps may have 

originally formed episodically over tens to hundreds of million years as in the case of several 

other lobate scarps globally (e.g., Kumar et al., 2016; Van der Bogert et al., 2018) and they 

may continue to slip to the present. The NNW-ESE to E-W orientation of lobate scarps is 

also intriguing, as the orientation of scarps and their locations coincide with the buried 

Lorentz basin wall beneath Laue crater.  As seen in many other peak-ring and multi-ring 

basins, the Lorentz basin wall represents numerous curvilinear normal faults (e.g., Nahm et 

al., 2013) and a segment of which is present beneath the Laue crater (Figure 1). Hence, 

origins of the lobate scarps are related to the reverse slips along the Lorentz basin wall 

normal fault. Episodic reactivation of the basin wall normal fault produced different segments 

of lobate scarps. The slips along the sub-surface thrust faults are also responsible for the 
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origins of shallow moonquakes, as seen in lobate scarps present in the Schrödinger basin 

(e.g., Kumar et al., 2016).  

 

The boulder falls are important indicators of recent seismic shaking of planetary surfaces 

(e.g., Hovland and Mitchell, 1973; Roberts et al., 2012; Kumar et al., 2013; Kumar et al., 

2016; Kumar et al., 2019). Boulders are abundant on the rim and upper wall of impact craters, 

as they are produced during the host crater formation in response to impact fracturing and 

spallation processes (e.g., Kumar et al., 2014; Krishna and Kumar, 2016) and these are the 

sources of boulder falls on the interior walls of craters 1 and 2. On Earth, the co-seismic 

boulder falls are formed in response to strong earthquake ground motion (e.g., Keefer, 1984). 

Similarly, the boulder falls in craters 1 and 2 are formed in response to moonquake ground 

motion that originated from the lobate scarps (Figure 3). Our ground motion simulations 

confirm the possibility that the moonquakes occurring along the lobate scarps can produce 

strong ground motions capable of triggering boulder avalanches at craters 1 and 2 (Figure 4). 

Hence, the presence of three sets of boulder falls suggest that they were formed at least 

during three different moonquake events. The youngest boulder fall event is interpreted to be 

related to the 3
rd

 January 1975 shallow moonquake. The second set of boulders was emplaced 

during another moonquake event around 1.6 Ma, and the third set formed during a much 

older event (<150-300 Ma). Impact events are unlikely sources of ground motion at least for 

triggering the younger boulder falls. Thus, we suggest that the lobate scarps in Laue crater, 

identified in the present study, are seismically active. 

 

Our finding of seismically active lobate scarps in Laue crater is important considering their 

link to the instrumentally recorded shallow moonquake and the effects of its ground motion 

on the formation of co-seismic boulder avalanches. The co-existence of lobate scarps and 
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distribution of boulder fall sites around them provide a new approach for identifying 

seismically active zones on the Moon and thereby facilitating moonquake hazard analysis for 

the future landing missions including human exploration of the Moon.   
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Figure 1: Geology of the study area: LROC WAC image mosaic overlain by LOLA 

topography showing Lorentz basin (a) and Laue crater (b); (c) residual Bouguer gravity 

anomaly (GRAIL) and (d) crustal thickness maps of the Laue crater region. The locations of 

lobate scarps (yellow lines shown in a-d) coincide with the Lorentz basin wall. Impact craters 

1 and 2 (shown in b) exhibit boulder falls on their interior walls. The epicenter of 3
rd

 January 

1975 (MW 4.1) shallow moonquake (epicenter 1) has been relocated to the longest segment of 

the lobate scarps (epicenter 2) mapped in the study.   
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Figure 2: The newly identified lobate scarps: (a) LROC WAC image mosaic showing the 

lobate scarps (yellow lines) occurring on the Laue crater floor. (b) and (c): LROC NAC 

(M1145447946RE and M105155992LE) images showing the longest segment of the lobate 

scarps occurring on the western side; (d) and (e): LROC NAC (M105155992RE) images 

showing the lobate scarps in the central part; (f) and (g) LROC NAC (M1106552598RE) 

images showing the lobate scarps in the eastern side.   
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Figure 3: The boulder avalanches at craters 1 and 2: (a) LROC NAC image 

(M155886005LE) showing the boulder falls of two different formation times: the older trail 

is superimposed by an impact crater, while the young trail cross-cuts the impact crater. (b-d) 

and (c-e) older and younger boulder trails of craters 1 and 2, respectively. LROC NAC 

images M1206659832LE and M1206659832RE are used in (b-c) and M1114824689RE, 

M1106559741RE, M160601439RE, M155886005RE and M155886005LE in (d-e). 
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Figure 4: The seismic ground motion models: (a) Fourier amplitude spectrum (FAS) of 

simulated and recorded vertical components of accelerograms for 3
rd

 January 1975 

moonquake at Apollo 16 seismic station. (b) Variation of horizontal peak ground acceleration 

(AX) in terms of lunar gravity (g = 1.62 m/s
2
) with increasing radial distance (3-80 km) from 

9
th

 January 1975 (MW 4.1) moonquake epicenter, for 1 km and 5 km focal depths. (c and d) 

Simulated horizontal accelerograms for crater 1, respectively for focal depths 1 km and 5 km. 

(e and f) Rocking behaviour of an average sized boulder at crater 1, when subjected to the 

ground motions as in (c) and (d) respectively. (g and h) Simulated horizontal accelerograms 

for crater 2, for focal depths 1 km and 5 km respectively, and the rocking response of 

boulders located at crater 2 are shown in (i) and (j).  


