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Abstract

:

Seismic precursors prior to the failure of rocks are essential for probing the nucleation process and mitigating hazards. However, such precursory events before large landslides are rarely reported possibly due to the lack of near-source observations. The 2017 Nuugaatsiaq, Greenland landslide that was preceded by an abundance of small earthquakes and captured by a local seismic station is a notable exception and offers us a valuable opportunity to investigate how a large landslide initiated. Prior work suggests that accelerated creeping plays an important role during the landslide nucleation process. However, by analyzing the temporal evolution of the waveform similarities, waveform amplitudes, and inter-event times of the seismic precursors, we find that the Nuugaatsiaq landslide was very likely triggered by a series of accelerated and migratory small earthquakes approaching the nucleation area of the upcoming landslide, thus providing important insights into the failure initiation of massive landslides.
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1. Introduction


Precursory signals preceding catastrophic failure of brittle rocks such as earthquakes and landslides are of great importance in providing critical insights into the nucleation process and, hence, are essential for hazard prediction and mitigation [1,2,3,4,5]. Although foreshocks before significant earthquakes are widely reported and well-recognized [1,4,6,7], seismic precursors prior to a large landslide are rarely documented [8], in part because these signals are small, and unfortunately near-source observation is typically rare. One notable exception is the widely studied 2017 Nuugaatsiaq, Greenland landslide (Figure 1) with abundant seismic precursors (Figure 2) captured by a local seismic station NUUG (Figure 1), at a ~30 km distance [8,9]. This landslide occurred on the evening of 17 June and generated the largest documented tsunami wave (runup height ~90 m) in Greenland to date and caused serious casualties [10].



Although the seismic precursors of the Nuugaatsiaq landslide are of weak amplitudes (Figure 2), their waveforms are highly similar as revealed by both the conventional match filtering (MF) method [8,9] and unsupervised deep learning [11]. Based on the similar waveforms, the seismic precursors are believed to be stick-slip repeating events [8,9,11] and, hence, are interpreted as the manifestation of aseismic slip on the failure surface responsible for the occurrence of the massive Nuugaatsiaq landslide, according to an earlier study [9]. However, a growing body of literature suggests that high waveform similarity may only imply close source areas [1,12,13,14] and/or similar focal mechanisms [15], but not necessarily repeated ruptures.



Therefore, we revisit the 2017 Nuugaatsiaq landslide with a recently developed match-filtering with multi-segment cross-correlation (MFMC) technique [16]. This technique quantifies the waveform similarity through an averaged cross-correlation coefficient (CC) by equally incorporating the contributions from various segments of the waveforms (see Section 2) and, hence, is very sensitive to the spatial difference between closely spaced seismic sources [16]. In this study, we first employ the MFMC technique to scan through the 24 h data of station NUUG (Figure 1) before the landslide to construct a reliable dataset of seismic precursors. Then we analyze the temporal evolution of the CC values, waveform amplitudes, and inter-event times of the seismic precursors. Our observations indicate that the 2017 Nuugaatsiaq landslide was very likely triggered by a cascade process with a series of small seismic events approaching the nucleation area of the upcoming landslide, providing important insights into the failure initiation of large landslides.




2. Methods


To identify seismic precursors, we utilize the MFMC technique [16] instead of the conventional MF method which can be severely biased by the presence of large-amplitude phases (e.g., S wave and surface waves) [16,17,18,19]. Compared with the conventional MF method with only one segment, the MFMC technique divides the template into a series of consecutive segments during the cross-correlation process. Such a procedure aims to mitigate the influence of the large-amplitude phases and essentially assigns more weights to important low-amplitude phases such as depth phases [20,21] and coda waves [22,23] which contain additional source location information. Hence, the MFMC technique is more reliable in differentiating the source location difference between earthquakes with similar waveforms [16].



In this study, we choose the same template (i.e., event No. 50 in Figure 2b) as a previous study [9] because this event has relatively high signal-to-noise ratio (SNR) (namely, can be visually identified) and more importantly it is isolated from other seismic precursors in the waveform time series [9]. Although the S-P times of the seismic precursors are only about 4.6 s [9], the precursory signals have long surface wave trains (Figure 2b,c) [9,11] due to the shallow source depths. Here we set the template window length (   T  w i n    ) to be 26.5 s covering much of the signal, similar to the choice of prior work [9]. In our MFMC CC calculation, we first band-pass filter the seismic data between 2 and 9 Hz to mitigate the impact of noise [9]. Then we split the template waveform into    N  s e g     segments of equal length where    N  s e g     is determined by the cycles of the longest period wave (  1 /  f  m i n    ) in the band-pass filtered waveform (i.e.,    N  s e g   =  T  w i n   ×  f  m i n    ) [16]. Finally, we shift all the segments together one sample point at a time along the continuous waveform. The cross-correlation calculation is performed individually for each segment, and the CC value at each sample point is determined by the average of all segments. Once the computed CC exceeds a certain threshold, an event is declared.




3. Results


In total, we have identified 72 seismic precursors (Figure 2) with the classical detection threshold of 8 times the median absolute deviation (MAD) [24,25,26,27] with the MFMC technique. Note the number of identified precursors is slightly fewer than that in prior work [9] as our method only detects events which are located closely to the template event. Overall, the CC values of the detected precursors are low mainly because the precursor signals are of small amplitudes (Figure 2). If we take the template event No. 50 (see Section 2) as the reference, it is quite interesting to see that both the CC values (i.e., waveform similarity) and waveform amplitudes of the seismic precursors initially increase towards the reference event (Figure 3a,b). Previous studies [8,9] hypothesize that the seismic events are repeating earthquakes repeatedly initiated from the same asperity, yet with a growing rupture dimension (Figure 4a). Therefore, the increase of waveform similarity may be due to the rise of signal-to-noise ratio (SNR) [11]. However, this hypothesis does not hold as the CC values and the waveform amplitudes exhibit obviously contrasting trends after the reference event (Figure 3a,b).



Notice that the recurrence times of well-studied repeating earthquakes are widely considered to be on the order of months/years [28,29,30]. Hence, it is extremally difficult to imagine that the slip surface can repeatedly fail and heal tens of times within only a few hours (Figure 2a). Moreover, recurrence times of true repeating events are nearly constant [28,29] yet the inter-event times of the seismic precursors observed here drop dramatically towards the occurrence of the large landslide (Figure 3c).



Given the similar seismic waveforms, increasing waveform amplitudes, and extremely short and obviously decreasing inter-event times (Figure 3), our observations suggest that the seismic precursors are very likely to be neighboring events progressively triggering larger weak asperities with barely overlapped source areas (Figure 4b). Thus, the overall trend of CC changes can be fully explained by the migration of the seismic precursors, namely that the CC gets higher when the neighboring events migrate towards the reference event, and vice versa [12,13]. Moreover, both the rising of waveform amplitudes and the shortening of inter-event times can be explained by the accelerating of the inter-event triggering of larger asperities before the landslide, as the sliding surface overall is becoming more and more unstable. Finally, we note that using a detection threshold slightly lower (7.5 MAD) or higher (8.5 MAD) yields similar results and does not change our conclusion.




4. Discussion and Conclusions


Both repeating and neighboring earthquakes are characterized by highly similar waveforms, yet they have totally opposite implications for the nucleation process of catastrophic failure [1,3,12,13]. To unambiguously differentiate these two kinds of events would require sufficient near-source observations to precisely locate the seismic source and calculate the rupture dimension [12,13,31]. With limited data, prior works [8,9,11] have interpretated the seismic precursors as repeating events simply based on waveform similarity. However, recent studies have shown that waveform similarity alone is insufficient to identify true repeating earthquakes [1,12,13] and similar seismic signals with very short inter-event times are commonly taken as neighboring events [12,32].



Although we cannot resolve the source properties of the seismic precursors (e.g., source location, rupture dimension, and stress perturbation) given the single-station waveform data with poor SNR, the observed temporal evolution of the CC values, waveform amplitudes, and inter-event times provides compelling evidence that a series of accelerated and migratory seismic precursors occurred immediately before the 2017 Nuugaatsiaq landslide inherently suggesting a causal relationship likely through a cascade of stress perturbation between neighboring asperities. Notice that our inferred cascade of stress transfer triggering process (Figure 4b) has also been documented to be responsible for some large earthquakes such as the 1999 Mw 7.6 Izmit (Turkey) [1] and 1999 Mw 7.1 Hector Mine (USA) [6]. Our findings bring important insights into the nucleation process of landslides, suggesting that massive landslides may initiate in a similar way as many large earthquakes. However, we note that whether our hypothesis can be generalized to other landslides remains to be tested. Finally, our study highlights the significance of near-source observations in capturing weak precursor signals. Monitoring these tiny signals may not only improve our understanding of the catastrophic failure initiation process but also contribute to hazard preparedness.
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Figure 1. Map of our study area. Red star and lime triangle mark the Nuugaatsiaq landslide and seismic station NUUG, respectively. 
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Figure 2. Seismic waveform. (a) East component (fuchsia line) of station NUUG. The waveform is normalized and band-pass filtered between 2 and 9 Hz [9]. Colored (lime, white, and blue) vertical bars denote the seismic precursors. (b) Self-detection (event No. 50). (c) An example of detected event (No. 55). For both (b,c), the template waveform (event No. 50, red line) is superposed at the location of the best match according to the MFMC method. 
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Figure 3. Characteristics of the seismic precursors. (a) CC values derived from MFMC. (b) Amplitude ratio of the seismic precursors with respect to the reference event No. 50. (c) Inter-event times of the seismic precursors. The dashed vertical fuchsia line marks the reference event (No. 50). 
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Figure 4. Schematic illustration of the hypothetical nucleation models. (a) Aseismic triggering hypothesis [9]. (b) Accelerated and migratory triggering hypothesis. In both (a,b), colored circles represent the seismic precursors; red star marks the nucleation point of the landslide. 
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