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Abstract 
In a context of a slow tectonic activity of continental France, we analyze the impact of the 26 
largest impounded reservoirs on the seismicity patterns.  Similarly to tectonic earthquake 
interactions, we select 1-3 reservoir lengths as a proxy for the distance where the stress 
change induced by reservoir impoundments may trigger seismicity. We use the reservoir 
length, (Lr), as the equivalent of a mainshock fault length, this later controlling the triggering 
zone for tectonic aftershock location.   Accordingly we define 1Lr-distance as the near field 
reservoir effect on seismicity, and the 10Lr-distance as the far field, null, effect of reservoir 
stress change on background seismicity. 
We find that (i) about a quarter of the reservoirs, (6 reservoir dams), trigger Mmax=2.5-4.7 
seismic sequence within 1Lr - 15 years space-time window; (ii) as tested against randomized 
series, superposed epoch analysis resolves a robust increase in average seismicity rate 
within 2 years – 1-3Lr distance from reservoirs. 
The reservoirs that trigger in the (1Lr) near field are significantly larger as estimated by length 
values than the non-triggering ones. The normalized distance is  a more efficient parameter to 
identify 1Lr trigger reservoirs than the absolute distance-to-reservoirs, respectively.  From a 
reservoir dimension approach the reservoir length supports the size of the area where the 
stresses change is more important to control the earthquake triggering than the value of the 
stress change (estimated using the reservoir depth). Our results suggest the RTS mimics the 
aftershock sequence of a slow reservoir impoundment loading, with a corresponding 
M*

reservoir=M(Lr) mainshock magnitude. Similarly to mainshock-aftershock interactions, our 
analysis and observations support the Mmax value for RTS on a given reservoir remains, in 
average, smaller than the reservoir magnitude equivalent. 
 
 
Introduction: 
 
Understanding and managing induced and triggered seismicity is a key challenge for many 
geo-resource applications. Most of the current concerns related to seismic instabilities induced 
by geo-resource production are due to fluid manipulation. The drastic rise in seismicity in 
North America (e.g. Oklahoma, Western Canada) is an unintended consequence of human-
made fluid handling (e.g. Ellsworth et al. 2013; Atkinson et al., 2016). The earthquake 
swarms related to disposal of wastewater by injection below the productive reservoir (e.g. 
Central US, Ellsworth et al. 2013; van der Elst et al. 2013)) are not yet understood in term of 
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space and time and size distributions. The time and space evolutions of earthquake swarms 
related to disposal of waste water by injection below the productive reservoir (e.g. Central 
US, Ellsworth et al. 2013) are difficult to deterministically relate to specific well history, due 
to the current inability to track fluid flow over space and time. This way, the seismicity 
triggered by reservoirs impoundment may help to better constrain the relationships between 
recent observed increases in seismicity and fluid manipulations. Firstly, the volume of water 
impounded in a reservoir that trigger earthquake is at least one order of magnitude larger than 
the one reported for injection project (e.g. NRC 2013, McGarr 2014). Secondly, the area 
explicitly affected by the reservoir impoundments dwarfs the borehole diameter that 
corresponds to the explicit size of injection perturbation. For both cases, the size of the 
effective crustal volume where stresses change is driven by the pore-pressure diffusion 
patterns. Thirdly, the historical time since the onset of pore-pressure changes is much larger 
for the RTS cases (most reservoir impoundment were operated before the 80’ worldwide, e.g. 
Gupta 2002; Davies et al 2013) than for recently reported fluid injection case studies. This 
latter point allows the use a larger time window to analyze the time delay and possible long-
term patterns between fluid manipulation and seismicity for reservoir than for fluid injection 
database. Globally there are over 120 sites worldwide where artificial water reservoirs are 
reported to trigger earthquakes (e.g. Gupta, 2017). Our assumption is that a wide variety of 
examples of stimulated seismicity can provide independent perspectives regarding the 
essential problem of the causes of earthquakes (e.g. Simpson, 1986). The mechanism of 
earthquake triggering by reservoirs involves interaction and coupling between all three of the 
components for stress changes that are driven by geo-resource production. The weight of the 
reservoir influences both shear and normal stress at depth. Pore pressure may increase 
instantly from the compaction of pore space due to the reservoir load and then from the raised 
water column with a delay due to diffusion. On base of the temporal differences in the 
response to load and pore pressure, Simpson et al. (1988) propose that reservoir-triggered 
seismicity can be divided into two types: a rapid response related to instantaneous elastic 
response and a delayed response related to fluid diffusion. When the pressure change at the 
bottom of a 100 m deep reservoir is 1 MPa, only a small fraction of this stress is propagated to 
hypocenter depths (e.g. Gough and Gough, 1970; Bell and Nur, 1978 ; Roeloffs, 1988). Under 
these conditions, a 100 m deep reservoir would thus increases the stress at hypocenter depths 
by, at most, 0.1 MPa (e.g. Bell and Nur, 1978, Roeloffs, 1988, Deng et al. 2010). This is the 
same order as the stress changes in simple elastic modeling for earthquake triggering (e.g., 
Harris, 1998).  
In this paper we analyze 20 years of seismicity that follow 26 French reservoir 
impoundments, in the context of a moderate (1/30 yearly M5 occurrence) tectonic seismicity 
rate zone. We propose to analyze the reservoir-triggered seismicity in the same framework that 
the one which is used to describe the tectonic earthquake interactions.  Accordingly, we test (Lr), 
the reservoir length as the equivalent of the mainshock fault length, (which controls the tectonic 
aftershock triggering rate), as the characteristic reservoir dimension that controls the zone where 
the stress change induced by reservoir impoundments may trigger seismicity. We analyze the 
seismicity that is located within 1, 3, 10 Lr-distance from the reservoir in a 20 years window 
after the impoundment dates. We test 1Lr distance as near field reservoir effect on seismicity, 
and the 10 Lr-distance as far field null effect of reservoir stress changes on background 
seismicity, e.g. the seismicity rate is dominated by the tectonic seismicity rate. We compare the 
results obtained from Lr-distance analysis to the one of 10-30-50 km distance, respectively.  In 
the last section, we aim to extract triggering patterns for seismicity size and time and the 
possible coupling with reservoir’s geometry or local tectonic features. 
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DATA: 
 
On the French territory there is no mandatory monitoring before and after reservoir 
impoundments. Accordingly there is no catalogue available from local seismic network 
around each of the operated  reservoirs. In order to robustly analyze the seismicity patterns in 
the vicinity of reservoir impoundments we are bound to use (Si-Hex) French national 
earthquake catalogue (Cara et al. 2015). For this catalogue, the completeness value for the 
magnitude is 2.5 as derived from frequency size distribution (Figure 1). SI-Hex catalogue 
merges all the available regional seismic arrival times to extract best estimates for both 
location and  magnitudes, within 1962-2009 period (Cara et al. 2015). 
The database for reservoirs was built by merging data from hydropower reservoirs and 
reservoirs related to water supply. The reservoirs are in the top 20 (for either height, or 
volume, or surface) for the French hydropower reservoir catalogue (http://www.barrages-
cfbr.eu/-en-France-.html, see Data and Resources Section). The water-supply reservoirs 
correspond, in average, to smaller depths for equivalent surfaces than the hydropower 
reservoirs, respectively (Table 1). For these later, a minimum reservoir surface of 1 km2 is 
chosen as a threshold for completeness size. From these databases, volume, depth and 
surface values of the reservoir lakes are available. Because several of the impoundment 
dates are much earlier than the 1962 onset for the Si-Hex seismicity catalogue, we further 
restrict the analysis to the 26 reservoirs that were impounded since 1960 (Figure 2, Table 1). 
In term of impoundment time accuracy, the duration for a reservoir impoundment to be 
completed relies on a minimum of a couple of years. The impoundment date we used, as 
available data, is the formal date for the onset of   reservoir to be operated. It can mismatch 
by some months the maximum volume or depth of the impounded reservoir. It induces a 
possible 1year error bar value when tentatively relating the Mmax or (M1) first event 
occurrence to the reservoir impoundment date.  
For all reservoirs we estimate the lake length from “google map” open access web based 
application. The 26 (Lr) reservoir length distribution corresponds to a mean value of 7 km, 
three-quarters of the reservoir lengths being below the mean value, with only 6 reservoir 
lengths as  Lr > 10km (Table 1). For the 26 reservoirs we analyze, the 10, 30, 50 km 
distance thresholds we chose correspond to 1.5, 4, 7 averaged values for Lr-distances, 
respectively.  
 
 
TECTONIC SETTING 
 
The French metropolitan territory and surrounding areas are part of a continental domain at 
the western edge of the so-called  “stable Europe” domain (Nocquet 2012), belonging to the 
first-order Eurasian plate. Two micro-plates impact the plate-tectonic context of France, 
namely the Iberia and Apulia plates (somehow corresponding to Spain and Italy respectively). 
Although the territory is quite small (typical size of about 1000 km), France and surrounding 
areas are divided in 4 seismic zones according to the geodynamic contexts (Delouis et al 
1993; Cara et al. 2015).  The two top seismically active zones (Figure 2) follow the limits of 
the two micro-plates described above, (i) the Pyrenean mountain range to the Southwest (e.g. 
Rigo et al. 2010), and (ii) the Western Alpine arc to the Southeast (e.g. Sue et al., 1999). The 
Northeast zone in geographic continuity with the alpine seismicity is the active Upper Rhine 
graben system (Figure 2). It is responsible for a significant seismic activity that extends 
northward through the Lower Rhine system-related seismicity in Belgium and Germany (e.g. 
Fuhrmann et al., 2013). Last, from the Brittany peninsula to the French Massif Central, there 
is a diffuse but pervasive seismicity band which develops along a roughly NW-SE elongated 
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geometry (e.g. Cara et al. 2015).  
 
 
METHOD 
 
There is no consensus on the a-priori distance-time-size patterns to be selected to relate a 
given earthquake to a given reservoir impoundment (e.g. Gupta, 2002, Klose 2013). From the 
one hand, some authors suggest, on observational bases, a 30-50 km distances and 10-20 
years times from reservoir impoundment to relate an earthquake to a given reservoir (e.g. for 
a review Gupta, 2002, Klose 2013). These space-time windows question the physics 
processes that may drive a constant triggering distance to an extended loading source (i.e. not 
a point source such as a lake surface). The size of the extended sources (i.e. the reservoir lake) 
ranges on several order of magnitudes in length, surface or volume (e.g. Klose, 2013). From 
the other hand, there are evidences that the use of the absolute distance captures earthquake-
earthquake triggering patterns (as aftershock-mainshock pair) that hide the key properties of 
the mainshock-aftershock interactions (e.g. Bak et al 2002; Parsons and Velasco, 2009, Tahir 
et al., 2012, Tahir and Grasso, 2015, de Arcangelis et al 2016). This way, we test in this study 
the triggering pattern around reservoirs in the continental France using both 10, 30, 50 km and 
1Lr 3Lr 10Lr distances as absolute and normalized distances to the reservoirs, respectively.   
For tectonic earthquake interactions, the size of the triggering zone is mapped by static stress 
perturbation. This later is estimated to be in the 1-3 L ranges for aftershocks triggering 
(Parsons and Velasco 2009; Tahir et al. 2012; Tahir and Grasso, 2015). For the tectonic 
earthquake analysis (L) is the mainshock fault length as derived from magnitude scale (e.g. 
Wells and Coppersmith, 1994). In order to mimics the earthquake interaction analysis, we 
choose in this study (Lr) the reservoir length as the equivalent of the mainshock fault length, 
the characteristic dimension that drives the stress change pattern induced by reservoir 
impoundment (e.g. Gupta and Rastogi 1976,  Bell and Nur, 1978, Roeloffs, 1988; Deng et al., 
2010). Note that the Lr choice, as the larger reservoir dimension, is further sustained by the 
topology of the French Alps reservoir, which are strongly elongated due to alpine valley 
geomorphology. When the reservoir depth controls the stress change value, Gupta (1985), 
Grasso and Sornette (1998) reported the water depth does not control the Mmax size. Similar 
observations are reported for the tectonic earthquake triggering where the aftershock 
productivity and location are driven by the size of the earthquake trigger rather than by its 
stress drop values, respectively (e.g. Helmstetter, 2003; de Arcangelis et al. 2016). These 
observations suggest that the area where the stress change is applied is more important than 
the maximum stress value to understand earthquake triggering. This way the volumetric stress 
changes induced by the reservoir impoundment mimic the stress change induced by each of 
the tectonic earthquakes. The analysis we proposed in this study, that uses Lr distance to 
estimate triggering patterns, is this way equivalent to consider the reservoir impoundment as 
an earthquake mainshock, the (RTS) reservoir triggered seismicity being the corresponding 
aftershocks.  The choice of the Lr normalized distance to reservoir allows us to test how the 
reservoir size possibly impacts both the triggering efficiency and the Mmax value in the 
context of RTS. Such methodology is suggested for different anthropogenic seismicity types 
(e.g. McGarr et al., 2002; De Arcangelis et al., 2016). It was recently tested on several waste-
water injection case studies (e.g. NRC 2013, McGarr 2014; Dietrich et al., 2015; Elst et al., 
2016).  
Using the Lr and km triggering thresholds, we further investigate the possible interrelations 
between the reservoir dimensions (volume, surface, length, depth) and the earthquake 
patterns (Mmax, number, time delay). We define RTS as earthquake sequence that occurs 
within 1 Lr and 10 km from the reservoir in a 20 years time window after impoundment 
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time. We test 1 Lr-distance as robust near field reservoir effect, and 10 Lr-distances as 
distances with null effect from reservoir induced stress changes on seismicity, respectively.  
For time analysis, the completeness in the seismicity catalogue (robust since 1962, (Figure 
1), and the impoundment date distribution, (1959-1995, Table (1)), do not allow to robustly 
compare pre-impoundment and post-impoundment seismicity for each of the case studies. 
 
 
RESULTS 
 
1. Average patterns for Reservoir Triggered Seismicity  
To stay away from specific case study and in order to smooth on fluctuations due to single 
event analysis, we used superposed epoch analysis for the time series after the 26 reservoir 
impoundment dates (e.g. Colllombet et al., 2003; Singh, 2006; Lemarchand and Grasso, 
2007; Schmid and Grasso, 2012, Parsons et al. 2017). The superposed epoch is constructed 
via a table with one row for each impoundment years (26 rows of key events, since our 
study deals with 26 reservoirs) and 10 columns containing the number of possibly triggered 
events for the impoundment and subsequent years (2-year bin) and for the 20 years after this 
key event. The triggered seismicity is designated for the 1-3-10 Lr and the 10-30-50 km 
distance ranges. The superposed epoch is the stacking of the number of triggered events in 
each column. The stacked time series are presented using a common (t0) for the 26 
impoundment times (Figure 3-4). To assess the statistical significance of the patterns that 
emerged from the superposition, we applied Monte Carlo techniques (e.g. Kelly and Sear, 
1984; Lemarchand and Grasso, 2007, Tahir et al. 2012) involving 1000 random sets of key 
events. It is assessed by sampling at random with replacement (bootstrap procedure) 1000 
sets of 26 impoundment dates from the impoundment time series ("synthetic impoundment 
years"). Each 26 synthetic impoundment date in a set is assigned a location picked up 
randomly from the list of reservoir ("synthetic reservoir location"). The length distribution 
of the 26 real reservoirs is tacked onto each synthetic set. Accordingly the synthetic 
reservoirs share the same variability in location time and length domains than the original 
series.   The 1000 sets of 26 synthetic reservoirs are then analyzed in the same manner as 
the real reservoir set to assess the confidence levels for the superposed epoch values. 
We observed that, within 1Lr-distance from the reservoirs, the real seismicity rate increases 
significantly above the tectonic fluctuations twice, i.e. in the 0-2yrs and 4-6 years after 
impoundment time (Figure 3). For 3Lr-distance, only the peak of activity in the 0-2yrs is 
accepted at a 95% confidence level (Figure 3). Note that the synthetic and the stacked time 
series overlap, for the largest distances. It supports the seismicity we observed within the 
10Lr-distance is characteristic of the tectonic rate values. For the km distance analysis, only 
the peak of activity in the 0-2yrs exceeded the upper 95% confidence limit for 10 and 30 km 
distances (Figure 4).  Accordingly, the seismicity rates within 1Lr and 10-30 km distances 
all peak up within 2 years from the impoundment dates.  This pattern agrees with previous 
observations of the short time and short distance triggering for type #1 RTS seismicity (e.g. 
Simpson et al 1988, Ibenbrahim et al. 1989). 
These patterns are also recovered when reshuffling impoundment time or reservoir length 
for the reservoir we uses. All these tests support there is significant increase in seismicity 
rate within 1Lr-distance after reservoir impoundments.  
To be able to compare the seismicity rate values for different triggering distances, we 
normalize the rate by the distance ranges we used. This way, the normalized peak density in 
3Lr-distance is of the order of 4.5 event/L2 during the first 2 years, i.e. two times less than 
the one in 1Lr-distance. These values support a decrease within 1-3 Lr-distance to reservoir 
of the triggered seismicity rate relatively to impoundment times. Note the far field tectonic 
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rate, which is estimated by average density in 10Lr, is the order of 1.0 event/L2. These 
responses to reservoir loading mimic the damage relaxation reported after both tectonic 
mainshock and others anthropogenic seismicity types (e.g. Dietrich et al. 2015). For the 
seismicity rate around continental French reservoirs, the low number of events inhibits to 
qualify the decrease over time of seismicity rate as either a power or an exponential law 
(e.g. Mignan, 2015).  
 
 
2. Triggering efficiency, Mmax and reservoir dimensions: 
Six out of the 26 artificial lakes we analyze triggered seismicity within 1 Lr, 11 within 3 Lr, 
22 within 10 Lr-distances from the reservoir, respectively (Table 1, 2). Five over six of the 
reservoirs that trigger earthquakes in 1 Lr-distance are in the top 5 for reservoir lengths 
(Figure 5, Table 1). The statistical significance of the reservoir length difference between 1 
Lr trigger reservoirs and the others ones is robust as tested using the Wilcoxon-Mann-
Whitney (WMW) test (Wilcoxon, 1945; Mann & Whitney, 1947). This test compares 
medians and/or distributions, under the assumption that the shapes of the distributions are 
the same between the groups. Using the WMW test, the lengths of reservoirs that trigger in 
1-3 Lr and 10-30 km distances are significantly larger than the lengths of other reservoirs 
(Table 2). These results support (i) we need long enough reservoirs to be able to trigger 
earthquake; (ii) the robust reservoir triggered earthquakes are bounded to be located in the 
reservoir near field. For those reservoirs that trigger in 1 Lr the Mmax values are in the 2.7-
4.7 magnitude and 0-25 km distance ranges (Table 1; Figure 6); (iii) The seismicity that 
emerges as triggered in 10 Lr-distances, and observed for the four-fifths of the reservoirs, 
corresponds to the tectonic seismicity background. 
To quantify the role of the reservoir dimensions as a control parameter for seismicity 
triggering we use the framework of detection and prediction methodology (i.e. success rate, 
false alarm rate, failure to predict (e.g. Molchan,1997, de Arcangelis et al., 2016)). We aim 
to delimit the domain in the length, volume, surface and depth space that optimally isolates 
the earthquake trigger reservoir.  In such a framework, the success rate is defined as the rate 
of 1Lr trigger reservoir within the imposed dimension domain, e.g. threshold values on 
Length and Volume dimensions  (Figure 7).  The false alarm rate is defined as the number 
of 10 Lr earthquakes within the same domain than the one previously imposed, e.g. 
threshold values on Length and Volume dimensions (Figure 7). For robustness we further 
ranked earthquake that occurred within 3Lr-distance, and that fit the selected Length-
Volume domain as blank results.   
As example, Lr > 8 km and V > 210 106 m3 together capture more than 5/6 out of 1Lr trigger 
reservoirs. This corresponds to 5/6 successes, including 1 reservoir in 3Lr distance as a 
blank event  (Figure 7). To be able to recover the same success rate for km-distance 
performance, (i.e. 7/9 trigger reservoirs within 10 km distance), we must include 2 false 
alarms and 5 blank distances, i.e. 7 reservoirs that do not trigger in 10 km distances (Figure 
A1).  Accordingly, the volume-length pair for the triggering within 1Lr-distance range is the 
more efficient to capture trigger reservoirs, as estimated by both success and false alarm 
rates. When considering the length dimension solely, the Lr > 8 km threshold captures 5/6 
triggers in 1 Lr-distance without either blank or false alarm occurrence (Figure 7, Table 3). 
To access to the same  (5/6) success rate for 1 Lr trigger, using volume dimension alone, we 
need to involve 2 false alarms. In comparison, using 10 km distance to isolate seismic 
trigger reservoir without false alarm and blank event, we resolve, (for Lr > 18 km or 
V>1000 106 m3), 3/9 or 1/9 success, respectively (Table 3; Figure A1).  ). Within this 
framework, the length dimension is more efficient to extract near field triggering than depth 
or volume or surface for reservoir dimension (Figure 7, Table 3). 
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When numerous rankings to select the best reservoir proxy to estimate seismicity triggering 
are possible, the ones based on the distance normalized by reservoir length rather than 
absolute distance to reservoir emerge as the best thresholds in term of false alarm rates and 
failure to predict rates (e.g. for quantifying prediction skills, Molchan (1990, 1997); Grasso 
and Zaliapin, (2004), Schmid et al. (2012), De Arcangelis et al. (2016)).  
 
3. Time analyses for Mmax occurrence: 
When focusing on time analysis for Mmax occurrence, we find most of the largest 
magnitudes to occur within 7 years from the reservoir impoundment date, for both 1 Lr and 
10 km trigger reservoirs (Figure 8). For 1 Lr trigger reservoirs, a single late Mmax event 
occurred 17 years after a reservoir impounded.  Apart from the 1 Lr -10 km near field and 7 
years short time triggered event, a second type of large triggered shock possibly correspond 
to RTS that is delayed in space and time (3 Lr -30 km, 10-15 years) relatively to the 
reservoir impoundments (Figure 8). These patterns fit the late RTS response to reservoir 
impoundment as classified by Simpson et al. (1988). These authors suggest the earliest 
events (close to the reservoir in time and space) to fit a mechanical response to the vertical 
stress change due to reservoir mass loading, whereas the second, delayed, type is suggested 
to be driven by pore-pressure diffusion over time and space. For the database we work with, 
we do not resolve a large gap, ('t<3yrs), between  (M1) the first event of the sequence and 
the Mmax events, for all 1 Lr-trigger reservoirs (Figure 8). It supports that Mmax earthquakes 
are not part of long lasting seismic swarms on our studied sites.  
  
 
DISCUSSION  
 
We analyze the seismicity patterns in the vicinity of the top 26 largest French reservoirs. 
Because a comprehensive seismic catalogue (Sis-Hex, Mc>2.5 1962-2009) is only available 
since 1962, we select reservoir impounded within the 1959-1995 period in order to be able to 
analyze the seismicity in a 20-year time window after the reservoir impoundments. 
Accordingly we aim toward characterizing seismicity patterns around reservoirs that will help 
to classify seismicity as either (RTS) Reservoir Triggered Seismicity or as tectonic seismicity.  
Similarly to earthquake interaction analysis (e.g. Lemarchand and Grasso, 2006; Tahir and 
Grasso 2015, De arcangelis et al. 2016), we test (Lr) the reservoir length (the equivalent of a 
mainshock fault length), as the characteristic dimension that drives the stress change pattern 
induced by reservoir impoundments. Such a working hypothesis corresponds to test how the 
reservoir size possibly impacts on the reservoir triggering efficiency and on the Mmax value of 
reservoir triggered seismicity. The reference we used, for tectonic seismicity background (i.e. 
the far field seismicity not related to reservoir impoundment), is the seismicity within 10 Lr or 
50 km distances from the reservoir. We summarize below how the triggering patterns, in each 
of the time and space and, size domains help to discriminate triggered seismicity within either 
Lr normalized or absolute distance to reservoirs, respectively. 
 
Observed French reservoir seismicity and previously referenced French RTS case studies 
On the 6 lake reservoirs we identified as triggering in 1Lr distance, 4 case studies (Vouglans, 
Granval, Ste-Croix, Monteynard) correspond to previously referenced RTS cases. For the 
Serre-Poncon  and Caramany reservoirs, we suspect the small Mmax=2.7-3.3 values in 1Lr 
distance is the main reason for these case studies not to be reported as RTS case (e.g. Gupta 
2002; Davies et al. 2013). Except for the one Caramany case, located in Eastern Pyrenees 
(Figure 9), each of the dams that trigger within 1Lr-distance are ranked in the top 3 French 
reservoirs for at least one of the reservoir dimension values (Table 4).  
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To further constrain the triggering/non-triggering pattern we observed using national 
earthquake catalogue, it is worth to mention the 2 negative, and one positive, evidences for 
reservoir triggered seismicity that are resolved by observations from local seismic 
monitoring. In the case of Grand-Maison and Mt-Cenis reservoir impoundments (Table 1), 
local seismic networks deployed before impoundment did not resolved any change in 
seismicity before and after impoundment time, respectively (Plichon et al., 1979; Hatzfeld, 
1992). Similarly, on these two sites we do not resolved triggering in 1Lr distance, 20 years 
time, using the French national earthquake catalogue (Table 1). 
Using data from a temporary seismic network, the one positive evidence for M<2 increase 
in seismicity rate (i.e. below the resolution of the French national catalogue we used) is 
reported for Sainte-Croix reservoir, contemporary to the first reservoir impoundment, 
(Plichon et al., 1979).  From our analysis, the Sainte-Croix reservoir also corresponds to 
seismicity triggering within 1 Lr-distance (Table 1, 4).  These local studies confirm the non-
trigger/trigger reservoir type we identify using M2.5 seismicity catalogue. 
 
Lr versus km triggering distance to reservoirs: 
We find that a quarter of the reservoirs (6 reservoir dams) trigger seismicity within 1Lr-20 
years space-time window and 9 reservoirs (one third) trigger within 10 km distances. 
The comparison between the superposed epoch analysis and synthetic random series points 
on (i) the 10 Lr or 50 km distance seismicity to be similar to the tectonic seismicity; (ii) the 
seismicity rates after reservoir impoundment are significantly larger, within 1 Lr-distance 
than the one expected from tectonic seismicity, up to 6 years after impoundment (Figure 3).  
The reservoirs that trigger in the near field distance are larger as estimated by length values 
than the non-triggering ones, both for triggering in 1-3Lr and 10-30 km distances (Table 2). 
One must note that the seismicity rate values within 3 Lr, 30 km are still dominated by the 
longest reservoirs, i.e. the ones that trigger in 1 Lr – 10 km distance. The seismicity for 
these long length reservoirs contributes to 90% of the stacked seismicity rate values, in the 
3 Lr-distances.  Also of the 6 reservoirs, that trigger M2.7-4.6 earthquakes within 1 Lr 
distance,  are the ones that trigger the largest events, M4.2-4.7, within 3Lr-distances (Figure 
7).  
In an attempt to extract thresholds to relate near field seismicity triggering to reservoir 
dimensions, length-volume pair is the best proxy to isolate triggering in 1Lr distance (Figure 
7, Table 3). This reservoir dimension pair minimizes the false detection rate (i.e. a reservoir 
dimension within the requested range of dimension values but with no seismicity in 1Lr). For 
Lr normalized distance, Length-Volume pair allows for a 80% detection success, with one 
false detection. It outperforms the km distance results (30% of detection success, 6 false 
detections). Using solely a (Lr) length threshold allows to extract 5/6  (80%) of 1Lr triggers 
without false detections (Table 3, Figure 7). To achieve such the same 80% success rate for 
triggers in the 10 km distances, it requests 14 false detections (Figure A1). When imposing no 
false detection, Lr threshold for 10 km distance corresponds to 33% of detection success, 
solely (Figure A1). These results support that it is more difficult to define efficient thresholds 
for triggering seismicity using absolute rather than normalized distance from reservoirs, 
respectively.  
We do not find any correlation between reservoir dimensions (e.g. Gupta 1985) and the 
observed 2.7-4.6 range of Mmax values. It supports a non-deterministic triggering for Mmax as 
proposed for others type of anthropogenic seismicity. This way the RTS is reminiscent of the 
natural tectonics seismicity, where the slow driving for stress changes is known (i.e. the plate 
tectonic plate and reservoir impoundment, respectively), and the Mmax values correspond to 
random “draws” in a Gutenberg-Richter distribution (e.g. Helmstetter et al., 2002, de 
Arcangelis et al., 2016; Elst et al., 2016).  
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Trigger reservoirs and geo-mechanical setting 
Beyond the analysis of interrelations between reservoir dimensions and reservoir triggering 
patterns, we also try to sort out which specificities in tectonics setting, if any, are candidates 
to enhance the susceptibility to seismic slip instabilities as observed as RTS.  
The French seismicity is sorted as 4 seismic zones, the Pyrenean range, the western alpine arc, 
the Rhine Graben, and the Massif Central - Brittany diffuse strip (e.g. Cara et al. 2015). The 6 
trigger reservoirs we identify are located as  (4) Western Alpine Arc, (1) Pyrenean range, (1) 
Massif Central (Figure 9). Whereas the Alps and Pyrenees zone are described as active 
mountain belts and microplate boundaries (Metois et al., 2015; Rigo et al., 2015), there is no 
reported value for the vanishingly small deformation of Massif Central - Brittany zone 
(Tesauro et al, 2006). 
The current tectonic stress regime in the external Alps context is regionally admitted as a 
strike-slip regime (V1, V3 being SH and Sh respectively, e.g. Sue et al 1999, 2007; Delacou et 
al., 2004). This stress field orientation does not promote a direct loading effect of the 
reservoir impoundment to move the Mohr-Coulomb circle toward slip instabilities (e.g. 
Grasso and Sornette 1998). Nonetheless the Monteynard and Vouglans reservoirs, which 
triggered M4.5 normal faulting and strike-slip earthquakes within 2 years from 
impoundment (e.g. Grasso et al. 1992, Grellet et al., 1993) as genuine RTS type #1 (short 
time, short distance from the reservoir loading, e.g. Simpson et al. 1986). Such patterns are 
recovered for the Caramany, Eastern Pyrenees case, as a fast response to loading in a strike 
slip regime setting (e.g. Rigo et al., 2010; 2015). 
For the others reservoirs, we observed smaller and delayed shocks (M3, 8-15 years), for 
Serre-Ponçon and Sainte Croix reservoirs  (South Alps) and Grandval reservoir in Massif 
Central (Figure 9, Table 1, 4). This change in time delay for Mmax may be tentatively related 
to permeability changes between (i) the highly fractured sedimentary layers that dominate the 
shallow structures of external Alps where fast RTS type #1 responses are located (e.g. Grasso 
et al. 1992) and (ii) the low permeability granite rocks that characterize the Hercynian Massif-
Central zone. The overall seismicity of the Massif-Central Brittany zone, as organized along a 
diffuse NW-SE zone, corresponds to major 360 Ma year old shear zone structure in the 
Variscan crust. This intraplate seismic activity bears witness of the major role played by old 
inherited structures in terms of current seismicity. This seismicity located far away from the 
deforming areas (Alps, Pyrenees) rises up the questions of stress transfers within the crust, the 
distance to critical thresholds for slip instabilities and the related earthquake triggering 
processes (e.g. Grasso and Sornette, 1998). These observations in different tectonic settings 
may suggest the RTS values are  somewhat bounded by the background seismicity patterns  

 
Conceptual model for reservoir seismicity triggering  
Overall, our analyses of earthquake triggering around French reservoirs in time and space 
domains point on the recurrent importance of Lr analysis versus km distance analysis. It 
supports the reservoir influence zone (infiltrated volume) scales with lake size rather than 
simple distance to a local "point source" load, especially in the reservoir near field (e.g. 
Ibenbrahim et al. 1989).  
We suggest the reservoir impoundment impacts the upper crust the same way the 
earthquake slip changes the upper crust stresses. The surface reservoir load modifies the 
state of stress, specifically the vertical stress and the effective stresses through pore pressure 
changes, in an area that scales with Lr, the reservoir length. Similarly to earthquake 
interaction, our study suggests the size of the surface where the stresses change is more 
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important than the maximum stress change value in order to control both the number of 
reservoir triggered earthquakes as well as their Mmax values (e.g. Grasso and Sornette, 1998; 
McGarr et al., 2002; de Arcangelis et al. 2016; Elst et al. 2016).  
This way, our results support the RTS to be analyzed as the aftershocks of the reservoir 
loading, this later being a mechanical analog to a slow earthquake loading (Table 5). This 
conceptual model was suggested to apply for seismicity induced by fluid injection (e.g. 
Dieterich et al. 2015). It gives clue to possibly constrain Mmax value for RIS as driven by 
reservoir-size magnitude equivalent. This constrain can either apply as a deterministic 
constrain (e.g. McGarr, 2014; McGarr et al., 2015), with injected volume that is suggested 
to scale with the Mmax value for wastewater disposal) or as a stochastic one (e.g. De 
Arcangelis et al. 2016, Elst et al., 2016). To push further the analogy between RTS and 
aftershock sequence, we surmise from Figure (10) the (Mtheo) theoretical maximum size for 
the RTS relatively to a probable trigger reservoir of (Lr) length, to be estimated by, 
<Mtheo> = M*

reservoir – D�������� 
with M*

reservoir = M(Lr), Lr being the reservoir length and  M*
reservoir is the reservoir magnitude 

equivalent. M(Lr) is estimated using an  empirical magnitude fault length relationship (e.g. 
Wells and Coppersmith 1994).  D-value is an a-priori constant value and <Mtheo> denotes the 
mean Mtheo value. On Figure (10) all observed Mmaxvalues are smaller than M*

reservoir values, 
supporting Mtheo< M*

reservoir.  The equation (1) is the equivalent of the Bath law for the 
average largest aftershock size (e.g. Bath, 1951; Tahir et al. 2012, De Arcangelis et al. 
2016). For French reservoirs we find D = 2.6 +/- 1.0 for 1Lr , Mmax events.  It is to say the 
Mtheo for RIS is weaker than the one expected from the aftershock Bath law, where D� ���� 
+/- 0.5 for worldwide seismicity (e.g. Tahir et al. 2015).  From a practical way, our results 
allow to propose empirical bounds to the RTS-Mmax values as soon as the reservoir 
construction is planned, i.e. M*

reservoir =M(Lr) is known.  Ongoing analyses will try to 
constrain how a change in D���value is possibly observed regionally as controlled by the 
faulting style (i.e. the tectonic setting, Tahir et al 2015) or the earthquake stress drops 
(Wetzler et al. 2016), as suggested for tectonic earthquakes.  
 
 
 
Conclusion: 
 
The analysis of seismicity in the neighborhood of the 26 largest French reservoirs 
(impounded in the 1959-1995 period) supports that 6-9 reservoirs trigger earthquakes within 
1Lr-10km distances from the reservoirs, respectively. Using Lr distance to reservoir, (Lr 
being the reservoir lake length), as a characteristic distance for the reservoir impact on 
seismicity, shows that seismicity rate within 1Lr-3Lr and 2 years from reservoir 
impoundment is robustly larger than the one expected from randomized regional tectonic 
seismicity.  Furthermore the trigger reservoirs in 1Lr distances are robustly larger in Lr-
values than the non-triggering reservoirs. All these analyzes validate the 1Lr distance 
threshold as the influence zone, where stress and pore pressure changes due to reservoir 
impoundment drive the seismicity triggering. It suggests Lr to be a control parameter for 
RTS. When sorting all reservoir dimensions, Lr outperformed volume, depth or surface 
dimension to isolate trigger versus non-trigger reservoirs.  
For near field interactions between the tectonic mainshock and aftershocks, the size of the 
triggering zone is mapped by the static stress perturbations due to the mainshock slip.  
Similarly, our results suggest RTS is located within the (1-3Lr) near field distances from 
reservoirs. By comparison, the seismicity located at 10Lr-distance from reservoirs, 
corresponds to the far field tectonic seismicity background. In such a context, our results 



 11 

support RTS and reservoir impoundment to be analog to aftershocks and a slow main-
shock, respectively. For all the reservoirs we analyzed when the triggered seismicity patterns 
is driven by the largest Lr values, we failed to identify any deterministic control parameter for 
Mmax values as a function of the reservoir geometry (volume, surface, length, depth).  
Alternatively, from a practical point of view, our results suggest empirical bounds to the 
RTS-Mmax values that are in average smaller than the reservoir magnitude equivalent as 
M(theo) <  M*

reservoir , with  M*
reservoir = M(Lr), the reservoir magnitude equivalent.  

 

Data and Resources: 

x Earthquake catalogue is from http://www.franceseisme.fr/sismicite.html (latest access 
on January 20th 2017)). The comprehensive technical description is in Cara et al., 
(2015)  

x Location and length of reservoir dam and reservoir lake were searched using “Google 
map” service, (latest accessed on  January 20th, 2017) 

x Reservoir dimensions and impoundment date database for electric power dam was 
searched using http://www.barrages-cfbr.eu/-en-France-.html, (latest accessed on  
January 20th , 2017). Information for others reservoirs are extracted from 
https://fr.wikipedia.org/wiki/Liste_des_plus_grands_lacs_et_%C3%A9tangs_de_Fran
ce#.C3.89tendues_d.27eau_artificielles, (latest accessed on January 20th , 2017). 

x All other data used in this paper came from published sources listed in the references. 
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Table 1: a) Reservoir geometry and triggering patterns using (Lr) normalized distance to reservoir; CumN and 
Mmax are number of triggered event, and observed Mmax value in 1Lr, 3Lr, 10Lr and 10, 30, 50 km distance 
from the reservoir, respectively. Reservoirs are sorted first by Lr triggering distance, second by impoundment 
times.  
b) Time delay between Mmax and first event (M1) relatively to impoundment time. Values for 1Lr, 3Lr, 10Lr 
and 10, 30, 50 km distance from reservoirs.  
 
 
  



 

 

a) 

Group Median Mad Median  
(other Res.) 

Mad 
 (other Res.) 

p-value  Significance  

1L (6) 0.17  0.12 0.05 0.02 0.0005429 Highly 
significant 

3L (11) 0.06 0.03 0.04 0.03 0.005418 Highly 
significant 

10L (22) 0.05           0.02     
all  (26) 0.05           0.02     
 

b) 

Group Median Mad Median  
(other Res.) 

Mad 
 (other Res.) 

p-value  Significance  

10 km (9) 0.09  0.06 0.04 0.02 0.0002162 Highly 
significant 

30 km (20) 0.05 0.02 0.03 0.02 0.03112 significant 
50 km (23) 0.05           0.02     
all  (26) 0.05           0.02     
 

Table 2: Triggering distance and reservoir length, for Lr distance and km distance triggering. a) Trigger 
in Lr distances. " MAD"  i s  t he  median  abso lu t e  dev i a t i on .  The  p -value is  the value for the WMW one -
tai led test,  with alternative hypothesis tha t  the  median  l ength  for  "near"  t r igger ing  reservoi rs  minus  the  
median  length for other reservoirs is greater than 0  ; b) same as a) for km distance  
 

 
_______________________________________________________________  
Threshold (1Lr)              success rate (%, +/all)     
_______________________________________________________________  
Length > 8 km       80%    5/6     
Volume > 400 106m3       50%    3/6 
Depth  >  -          0%     0/6 
Surface > -          0%     0/6 
_______________________________________________________________ 
_______________________________________________________________ 
Threshold (10km)         success rate (%, +/all)     
_______________________________________________________________     
Length > 18 km        33%  3/9     
Volume > 400 106 m3      11%  1/9 
Depth  > 100 m         33%  3/9 
Surface > -         0%   0/6 
 
Table 3: Reservoir dimension thresholds and success rate for extracting trigger reservoirs when 
imposing no false alarm for reservoir dimension threshold.  Top rows: Trigger reservoir in 1Lr - 
distance; bottom rows:  Trigger reservoir in 10 km distance.  
 

 

 

 



 

 

   Reservoirs       
 SP SC V G M C 
        
 V  1  2 4 6 13 21  
 D  8 7 4 10 3 12 
 S  2 3 5 7 14 24 
 L  3 4 1 2 7 13 
Mmax (1L) 2.7 2.8  4.6 2.9 4.6 3.3 
Mmax (3L) 4.2           4.2                        4.6 4.2 4.6 4.7 
 
Table (4) : Ranking of French reservoir dimensions for trigger reservoirs within 1Lr distance: (V) Volume, (D) 
Depth, (S) Surface and (L) Length;  Reservoir names as SP: Serre-Poncon; SC, Sainte Croix; V, Vouglans; G, 
Grandval; M, Monteynard; C, Caramany). Numbers are the ranking for the 1Lr triggering reservoirs according 
to reservoir geometry parameters given in Table (1) for the 26 reservoirs. 
  



 
 Tectonic seismicity (1) Reservoir Triggered seismicity (°) 

Trigger  Tectonic mainshock Reservoir impoundment 

 

Source scaling Mo= PSD #�PL3 

M #Log(Mo) 

Mo
*
reservoir = PSD   PVr # PLr

3  

M*
reservoir #Log(Mo

*
reservoir) 

Stress change 

        - Value 

        - Type 

 

'V� ���������Mpa 

Stress drop 

�
'V� ����������Mpa 

Reservoir depth 

Triggered EQ 

       -Distance 

       -Coulomb stress change  

       -Mmax  

 

1-3L (aftershocks) 

'V� �����������MPa 

<Mmax >= (Mms – 1.2)  

 

1-3 Lr  (RTS) 

'V� �����������MPa (2, 3, 4) 

<Mmax >  <  (M*
reservoir  – D) 

 

Table (5): Triggered earthquakes in Tectonic and Reservoir impoundment context: Mo, M, the seismic 
moment and moment magnitude, respectively; P� the rock matrix shear modulus, S the fault surface that slips, 
in average, of a D value. Mmax, the magnitude of largest triggered earthquake, i.e. the largest observed 
aftershock for tectonic events and the largest locally observed RTS event, respectively. <M> is the average 
magnitude value. M*reservoir is the reservoir equivalent moment magnitude, using (Lr) the reservoir length. Vr 
is the reservoir volume.  References for the tectonic seismicity are from e.g. 1Scholtz (2002). Reference for 
RTS phenomenology are from (°) this study except,  (2)Bell and Nur, (1978),  (3)Roeloffs, (1988)  and (4)Deng et 
al., (2010). See text for details. 



 



 1 

 

a) 

    b)      

 
 

 
Figure 1:  French Metropolitan Seismicity 1962-2009: a) Magnitude as a function of time. b) Frequency size 
distribution of all events (SI-Hex database, Cara et al. 2015). 
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 Figure 2:  Seismicity map for metropolitan France, M2.5, 1962-2009 and the 26 reservoir locations 
we use in this study. Black circle sizes for reservoirs scale with reservoir lengths. Dark blue circles 
are M4 and above earthquakes. Small light cyan circles are M2.5-3.9 earthquakes.  Catalogue from 
SI-Hex database, (Cara et al. 2015) 
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Figure 3: Average seismicity rate after impoundment time: data are stacked time series for earthquakes: 
top) 1Lr, middle) 3Lr, bottom) 10Lr distances from the reservoirs.  Left vertical axis is the normalized 
seismicity rate density per surface units (N/L2). Green boxes are observed seismicity rates. Light blue bars 
are 2 standard deviation values of the synthetic time series for 26 randomized reservoir locations (as 
averaged on 1000 series). Within 1-3 Lr distance from the reservoir, the observed stacked (green boxes) 
overpass the synthetic (blue bars) series in the 0-2 year time windows after impoundments.  
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Figure 4: Same as figure (3) for 10-30-50 km distances. 

 
 

 
Figure 5: Cumulative distribution of reservoir lengths for the 26 reservoirs. Red, blue and green are reservoirs 
that trigger in 1, 3, 10 Lr-distance to reservoir, respectively. 
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Figure 6: Mmax values and distances to reservoir as a function of the reservoir lengths: (top) Mmax 
value in 1Lr-distance as a function of reservoir length; (bottom) Mmax distance as a function of 
reservoir length; Red for reservoir triggering in 1Lr, 10km; blue for triggering in 3Lr, 30km 
distances. Note that when a color is still used for distance larger than the original definition (e.g. red 
in 3Lr-distance) it corresponds to reservoir that triggers earthquake in 1Lr but also in 3Lr distances. 
This way, four over six of the reservoirs that trigger in 1Lr also trigger in 3Lr distances.  
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Figure 7: Features plot for Lr distances. Overall view of the distribution of the nine reservoir 

seismicity features (L, V, D, S, Dtmax, DtM1, Dist, M*
res Mmax) and their bivariate relations. Diagonal 

panels: normed histograms (color filled bins). Lower-diagonal panels: scatter plots. Notice that the x-

axes are shared within columns. The diagonal panels are in units of density (not shown). Red, blue and 

green are for triggering in 1, 3, 10Lr respectively. Dtmax, DtM1, are time delays between Mmax, and first 

event and the reservoir impoundment time. M*
res is the proxy for the reservoir mainshock size as a 

M*
reservoir=M(Lr); Lr is the reservoir length (see text for details). 
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Figure 8: Distribution of time delays between Mmax,  M1 (first event), and reservoir impoundment 

times. Column : Left) Mmax=f(tMmax - timpoud); middle) Mmax=f(tM1 - timpoud); right) 
Mmax=f(tMmax - tM1). Lines from left to right are Mmax triggered in 1, 3 Lr-distance, 
respectively. 
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Figure 9: Tectonic seismicity rate and trigger reservoirs. (Top) Lr-distance to reservoir; (bottom) km-

distance to reservoir. The circles are reservoir locations and the circle size scales with the reservoir 
triggering distance in either Lr (reservoir length) or km distances. The colors for circles are: red for 
triggering in 1Lr, 10 km; blue for 3Lr, 30 km; green for 10Lr, 50 km. Black circles are reservoirs that 
do trigger neither in 10Lr nor in 50 km distances. The corresponding black circles are 10Lr and 50 
km, respectively. The sizes of the others reservoir circles are 1Lr, 3Lr, 10Lr and 10, 30, 50 km for 
red, blue and green trigger reservoirs, respectively. Seismicity density is the key for square colors 
shading in yearly M2.5 event rate per 50x50 km2 cell.  
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Figure 10: Observed Mmax values and equivallent M*
reservoir as a function of reservoir length. Mmax is 

the observed value within 1-3Lr (top) and 10-30 km (bottom) distance; M*
reservoir= M(Lr), Lr being 

reservoir length;  M(Lr) is from Wells and Coppersmith (1994). Red and blue dots are triggering in 
1Lr, 10 km and 3Lr-30km distances. Curves are <Mtheo> = M*

reservoir – D�� from top to bottom, 
D=0, D=1.2 i.e. Bath law for tectonic aftershock.  D� values for the lowest curve are 2.6, 2.6, 2.4, 1.9 
for 1-3Lr, 10-30 km distances respectively. See text for details 
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Figure A1: Feature plot for km distance: Same as Figure (7) for 10, 30, 50 km.  
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Figure A2: Same as Figure (8) for trigger in 10, 30, 50 km distance, respectively. 
 


