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Seismic and Aseismic Moment Budget and Implication for the Seismic Potential of the Parkfield Segment of the San Andreas Fault

This study explores methods to assess the seismic potential of a fault based on geodetic measurements, geological information of fault slip rate and seismicity data. The methods are applied to the Parkfield section along the San Andreas Fault (SAF) at the transition zone between the SAF creeping segment in the North and the locked section of Cholame to the south, where Mw~6 earthquakes occurred every 24.5 years on average since the M7.7 Fort Tejon earthquake of 1857. We compare the moment released by the known earthquakes and associated postseismic deformation with the moment deficit accumulated during the interseismic period derived from geodetic measurement of interseismic strain. We find that the recurring M6 earthquakes are insufficient to balance the slip budget. We discuss and evaluate various possible scenarios which might account for the residual moment deficit and implications of the possible magnitude and return
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Click here to download Manuscript Parkfield_Clean.docx 2 period of Mw>6 earthquakes on that fault segment. The most likely explanation is that this fault segment hosts M6.5 to M7.5 earthquakes, with a return period of 140 to 300 years. Such events could happen as independent earthquakes in conjunction with ruptures of the Carrizo plain segment of the SAF. We show how the results from our analysis can be formally incorporated in probabilistic seismic hazard assessment assuming various magnitudefrequency distribution and renewal time models.

Introduction

Crustal deformation is mostly taken up by slip localized on a limited number of large faults. This paradigm holds in particular in California [START_REF] Meade | Block models of crustal motion in southern California constrained by GPS measurements[END_REF] where the San Andreas Fault and its peripheral faults form the main fault system. Since earthquakes represent increments of fault slip and that deformation of the upper crust is considered to be mostly seismic, these faults are also assumed to host the largest crustal earthquakes. The relationship between seismicity, faults and geodetic strain has long been conceptualized by the elastic rebound theory of [START_REF] Reid | The California Earthquake of April 18, 1906, Report of the State Earthquake Investigation Commission, The Mechanism of the Earthquake[END_REF] which states that, on the long term average, elastic strain accumulating around a fault should be balanced by elastic strain released during earthquakes.

It is clear, however, that within the seismogenic depth range, slip can be either seismic or aseismic and that the slip rate on a fault and the partitioning of seismic and aseismic slip are the primary factors determining the seismic hazard associated with a particular fault [e.g., [START_REF] Avouac | From Geodetic Imaging of Seismic and Aseismic Fault Slip to Dynamic Modeling of the Seismic Cycle[END_REF]. The long-term slip rate on a fault can be determined from geological and morphotectonic studies. Once this information is known, the partitioning of seismic and aseismic slip can in principle be derived from seismicity but would require catalogues long enough to be representative of the long-term seismicity. Such catalogues are generally not available. Another approach is based on the assumption that the partitioning of seismic and aseismic slip is determined by spatial variations of fault frictional properties, assumed constant with time. In that case, geodetic measurements of interseismic strain can be used to reveal locked asperities, where friction is presumably rate-weakening, and estimate the accumulation rate of moment deficit building up in the interseismic period (between major earthquakes). This moment needs then to be balanced by the moment released by the large earthquakes and transient aseismic slip. Such slip budget offers ways to estimate the most probable magnitude and frequency of the larger earthquakes on a particular fault. This approach has been recently applied to the Himalayan arc, the Sumatra subduction zone and the longitudinal valley fault in Taiwan [START_REF] Ader | Convergence rate across the Nepal Himalaya and interseismic coupling on the Main Himalayan Thrust: Implications for seismic hazard[END_REF][START_REF] Thomas | Spatiotemporal evolution of seismic and aseismic slip on the Longitudinal Valley Fault, Taiwan[END_REF][START_REF] Stevens | Millenary Mw >9.0 earthquakes required by geodetic strain in the Himalaya[END_REF].

Here, we test and refine this approach on the Parkfield segment of the San Andreas fault. This segment lies at the transition zone between the locked segment of the San Andreas Fault (SAF) to the south and the creeping zone in the north (Figure 1). It has experienced six Mw ~ 6 earthquakes since the Mw ~ 7.7 Fort Tejon event of 1857 [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF][START_REF] Bakun | Implications for prediction and hazard assessment from the 2004 Parkfield earthquake[END_REF].

Owing to its quasi-periodic behavior and occurrence of the latest Mw6.0 earthquake in 2004, this section of the SAF has been intensively studied. These studies have yielded good constraints on co-and postseismic deformation related to the 2004 earthquake [START_REF] Langbein | Preliminary Report on the 28 September 2004, M 6.0 Parkfield, California Earthquake[END_REF][START_REF] Langbein | Coseismic and initial postseismic deformation from the 2004 Parkfield, California, earthquake, observed by global positioning system, electronic distance meter, creepmeters, and borehole strainmeters[END_REF][START_REF] Johanson | Coseismic and postseismic slip of the 2004 Parkfield earthquake from space-geodetic data[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Barbot | Postseismic deformation due to the Mw 6.0 2004 Parkfield earthquake: Stress-driven creep on a fault with spatially variable rate-and-state friction parameters[END_REF][START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF][START_REF] Wang | Stress-and aftershockconstrained joint inversions for coseismic and postseismic slip applied to the[END_REF][START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF], transient slow-slip events [START_REF] Murray | Spatiotemporal evolution of a transient slip event on the San Andreas fault near Parkfield, California[END_REF], and interseismic loading [START_REF] Murray | Inversion of GPS data for spatially variable slip-rate on the San Andreas Fault near Parkfield, CA[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Johnson | Is stress accumulating on the creeping section of the San Andreas fault?[END_REF][START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF][START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF][START_REF] Tong | An integral method to estimate the moment accumulation rate on the Creeping Section of the San Andreas Fault[END_REF]. Several studies have noted that strain buildup in the interseismic period does not seem to be balanced by the strain released by M~6 events, given their rate since 1857 [START_REF] Segall | Earthquake Deformation Cycle on the San Andreas Fault Near Parkfield, California[END_REF][START_REF] Murray | Testing time-predictable earthquake recurrence by direct measurement of strain accumulation and release[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Toké | Reassessment of a slip budget along the Parkfield segment of the San Andreas fault[END_REF]. This finding has implications for seismic hazard, as it implies that M~6 events should be more frequent, on the long-term average, than has been observed since 1857, or that occasional larger events should occur. The amount of data and the frequent Mw ~ 6 events makes the Parkfield segment of the SAF a particularly appropriate test case to assess the possibility of constraining seismic hazard based on a moment budget approach.

Hereafter, we first describe the methodology used in this study. We then apply it to the Parkfield segment of the SAF and test the sensitivity of our results to various assumptions about the contribution of aftershocks and postseismic deformation. We conclude that Mw > 6 earthquakes are required to close the budget and assess the impact of this result on seismic hazard.

Method

We base our approach on the assumption that the rate of moment deficit accumulating in the interseismic period is, on average over the long-term, equal to the rate of moment released by seismic and transient aseismic slip. Our objective is to derive a probabilistic estimate of the magnitude of the largest possible earthquake along a fault segment, together with an associated recurrence time for such an earthquake. To do so, we calculate the moment released by observed seismicity and afterslip, and divide by the duration of the catalogue to get the average moment release rate. We compare this estimate with the moment deficit rate derived from models of interseismic strain. If the moment deficit rate is larger than the observed moment release rate, the observed maximum magnitude earthquake might not be the most extreme event that can occur along the fault segment. We thus explore the space of magnitude and frequency of maximum magnitude earthquakes to find which events can balance the moment budget and be plausible considering the current statistical distribution of earthquakes. We account for aftershocks, background seismicity and postseismic slip for each maximum magnitude earthquake tested. This method allows to assess seismic hazard considering uncertainties on the seismic and geodetic data and accounting for our understanding of the behavior of a fault segment. In the following, we detail the method. A flow chart describing the approach, step by step, is available in the supplementary (Table S.1). Table 1 lists the parameters used in this study.

The rate of moment deficit accumulation, 𝑚̇0 (in N.m.yr -1 ), can be written

𝑚̇0 = ∫ 𝜇 𝐷 𝑑𝐴 𝐹𝑎𝑢𝑙𝑡 , (1) 
where 𝜇 and 𝐴 are the shear modulus and the fault area, and 𝐷 is the slip deficit rate. The slip deficit rate can be expressed as 𝐷 = 𝑉 𝑝𝑙𝑎𝑡𝑒 * 𝜒 where 𝑉 𝑝𝑙𝑎𝑡𝑒 is the long-term plate rate and 𝜒 is the interseismic coupling. The interseismic coupling is defined as the ratio between the deficit of slip and the long-term slip of the fault and is given by

𝜒 = 1 - 𝑆 𝑉 𝑝𝑙𝑎𝑡𝑒 , ( 2 
)
where 𝑆 is the creep rate observed during the interseismic period. 𝜒 is 0 for a fault patch creeping at the long-term slip rate and 1 for a fully locked patch.

The amount of moment released seismically can be estimated from earthquake catalogues, for example an historical catalogue. The average total seismic moment released per year 𝑚̇𝑆 is given by

𝑚̇𝑆 = ∑ 𝑚 𝑆,𝑗 𝑁 𝑗=1 𝑡 ℎ𝑖𝑠𝑡 , ( 3 
)
where 𝑁 is the total number of events in the catalogue, 𝑚 𝑆,𝑗 is the seismic moment of each earthquake 𝑗 and 𝑡 ℎ𝑖𝑠𝑡 is the time period covered by the catalogue. The observed seismicity might be seen as one particular realization of a stochastic process over a certain period of time.

It might not be representative of the long-term average seismic moment rate if the period of time covered by the data is short compared to the return period of the largest possible earthquake.

The moment released by the known seismicity most often does not balance the moment deficit due to interseismic coupling. Many causes can lead to a deficit of seismicity ( 𝑚̇0 > 𝑚̇𝑆): (1) the largest possible earthquake is not present in the catalogue because of its too short time span;

(2) the largest possible earthquake is present in the catalogue but the duration of the catalogue is longer than the average return period of such an event;

(3) the undetected seismicity contributes significantly to the moment budget; (4) transient aseismic slip such as afterslip or slow slip events contribute significantly to the moment budget; (5) a fraction of interseismic strain is anelastic and aseismic and is therefore not to be released seismically; (6) a large earthquake with its epicenter outside the study area may have extended into the area of interest and released a fraction of the moment deficit. In this case, the catalogue does not capture the event.

In the context of this study, this could have happened during the M~7.7 1857 Fort Tejon mainshock or possibly as a foreshock. This earthquake ruptured the San Andreas Fault south of Parkfield (Figure 1) and might have ruptured the Parkfield segment as well [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF].

Alternatively, 𝑚̇𝑆, the rate of moment released seismically, can exceed 𝑚̇0, the rate of moment build up: (1) the largest possible event is in the catalogue but the period of time covered by the catalogue is shorter than the average return period of such an event;

(2) such events have occurred more frequently over this period of time than over the long term average; (3) interseismic strain is not stationary in time and the period covered by the geodetic data corresponds to a loading rate that is less than the average over the long term. In any case, the comparison between 𝑚̇𝑆 and 𝑚̇0 provides information on the magnitude and average return period of the largest earthquake needed to balance the slip budget on the long term.

The next step consists in calculating the probability of a seismicity model to balance the moment budget and be consistent with the known seismicity. Key parameters of the seismicity model are the magnitude and return period of the largest earthquake.

The probability that the largest event is of magnitude 𝑀 𝑚𝑎𝑥 and has on average a return period of 𝜏 𝑚𝑎𝑥 can be written as the product of two probabilities,

𝑃(𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) = 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) * 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) . ( 4 
)
𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) is the probability that an earthquake of magnitude 𝑀 𝑚𝑎𝑥 and its associated aftershocks and aseismic afterslip release a moment equal to the deficit of moment accumulated over the return period 𝜏 𝑚𝑎𝑥 (i.e. the probability that an earthquake of magnitude 𝑀 𝑚𝑎𝑥 balances the budget). 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) is the probability that an event of magnitude 𝑀 𝑚𝑎𝑥 and return period 𝜏 𝑚𝑎𝑥 is the maximum possible earthquake based on the historical seismicity.

We calculate 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 based on the assumption that the maximum-magnitude earthquake is followed by aftershocks and that aseismic afterslip releases a moment proportional to the moment released seismically. For a given mainshock moment magnitude and recurrence time, we compare the moment released by the mainshock and postseismic relaxation (aftershocks and aseismic afterslip) to the estimated rate of moment deficit building up on the fault.

Interseismic models of fault coupling derived using a Bayesian approach directly provide the Probability Density Function (PDF) of the rate of moment accumulation [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF][START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF].

We assume that, on average over the long-term, seismicity follows the empirical Gutenberg-Richter (GR) law [START_REF] Gutenberg | Frequence of earthquakes in California[END_REF] 𝑙𝑜𝑔 10 (𝑁 𝑀 ) = 𝑎 -𝑏 𝑀,

where 𝑎 and 𝑏 are constants relating respectively to the total number of earthquakes recorded per year and the relative distribution between small and large earthquakes, and 𝑁 𝑀 is the cumulative number of earthquakes per year over magnitude 𝑀. We assume that the law applies to a catalogue of independent events (with aftershocks removed through 'declustering') as well as to dependent events (a catalogue including aftershocks) and that the b-value is the same in both cases (for a same given area). These assumptions are for examples consistent with the earthquake statistics observed in Southern California [START_REF] Marsan | Extending Earthquakes' Reach Through Cascading[END_REF].

The number of events per year with magnitudes in the range [ 𝑀 -

𝜕𝑀 2 , 𝑀 + 𝜕𝑀 2 ] , is then 𝑟 = 10 𝑁 𝑀- 𝜕𝑀 2 -10 𝑁 𝑀+ 𝜕𝑀 2 . ( 6 
)
The moment release rate of earthquakes with moment between 0 and 𝑚 𝑎 , over a period of time, should then converge (in the limit of infinite time) towards

𝑚̇𝑆 𝑎 = ∫ 𝑟 𝑑𝑚 𝑚 𝑎 0 . ( 7 
)
We assume that earthquakes in the study area are bounded by a maximum event of moment 𝑚 𝑚𝑎𝑥 and magnitude 𝑀 𝑚𝑎𝑥 . The largest aftershock has often a magnitude of about 1 unit less than the magnitude of the mainshock [START_REF] Båth | Lateral inhomogeneities of the upper mantle[END_REF] which might imply a bi-modal earthquake distribution. Assuming that the background seismicity does not reach magnitudes larger than the largest aftershock, the return period of the main event and that of the maximum aftershock is the same and the GR relationship runs through 𝑀 = 𝑀 𝑚𝑎𝑥 -1 and 𝜏 = 𝜏 𝑚𝑎𝑥 .

However, the Båth law is not a physical law and is probably linked to a statistical finite size effect (the number of aftershocks above a certain magnitude is finite and this finite number determines the difference of magnitude between the mainshock and the largest aftershocks) [START_REF] Helmstetter | Bath's law derived from the Gutenberg-Richter law and from aftershock properties[END_REF]. It is possible that at the limit of infinite time, although each single cluster of earthquakes could follow the Båth law, the total GR distribution would apply up to the maximum value of the distribution 𝑀 = 𝑀 𝑚𝑎𝑥 and 𝜏 = 𝜏 𝑚𝑎𝑥 .

In the following, we test both cases and assume that these hypothesis bracket the contribution to the total seismic moment release of earthquakes smaller than the maximum earthquake.

Additionally, we assume that the moment released by aseismic afterslip is a proportion 𝛼 of the moment released seismically. Assuming that the moment release rate of seismic and aseismic transient slip events balances the rate of moment deficit accumulation on the long run, we get

𝑚̇0 = (𝑚̇𝑆 𝑚 + 𝑚̇𝑆 𝑎 ) (1 + 𝛼), (8) 
where 𝑚̇𝑆 𝑚 is the moment release rate of the largest earthquake (the subscript 'S' stands for seismic and 'm' for mainshock), and 𝑚̇𝑆 𝑎 the moment release rate of aftershocks and background seismicity (the subscript 'S' stands for seismic and the subscript 'a' stands for aftershock).

With the assumptions listed above, it is possible to calculate the probability 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 of closing the moment budget for a given magnitude and return period of the maximum earthquake.

Without taking the Båth law into account, this probability is highest along a straight line in the Gutenberg-Richter plot corresponding to the return period of the largest event [START_REF] Molnar | Earthquake Recurrence Intervals and Plate Tectonics[END_REF][START_REF] Ader | Convergence rate across the Nepal Himalaya and interseismic coupling on the Main Himalayan Thrust: Implications for seismic hazard[END_REF],

𝜏 𝑚𝑎𝑥 (𝑚 𝑚𝑎𝑥 ) = 1 1-2 𝑏/3 (1+𝛼) 𝑚 𝑚𝑎𝑥 𝑚̇0 𝑖𝑓 𝑏 < 3/2, ( 9 
)
where 𝑚 𝑚𝑎𝑥 is the moment released by the largest mainshock. With the Båth law, the contribution of smaller events become nearly negligible,

𝜏 𝑚𝑎𝑥 (𝑚 𝑚𝑎𝑥 ) = 10 -3 𝐵 2 1 -2 𝑏/3 (1 + 𝛼) 𝑚 𝑚𝑎𝑥 𝑚̇0 , (10) 
with 𝐵 the difference in magnitude between the largest event and its largest aftershock. The probability density distribution 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 depends on the uncertainties on 𝑚̇0.

To illustrate the procedure, let us consider a magnitude of 7 with a return time of 𝜏 𝑚𝑎𝑥 . The mainshock would release a moment of 3.5 10 19 N.m. We add to this moment the contribution of aftershocks, background seismicity and aseismic afterslip. The resulting moment is divided by 𝜏 𝑚𝑎𝑥 to estimate the average moment release rate for the events of magnitude 7 and return period 𝜏 𝑚𝑎𝑥 . We compare this moment release rate to the rate of accumulation of moment deficit in the interseismic period calculated from interseismic slip rate models.

Without any other constraint, the maximum possible magnitude on a fault that is accumulating moment deficit at a rate 𝑚̇0 is actually unbounded: a small and frequent largest earthquake would balance the moment budget as well as a larger infrequent one. Seismicity observations can be used to tighten the space of possible solutions and incorporated through the calculation of 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ). This probability represents the probability of the largest earthquake having a magnitude 𝑀 𝑚𝑎𝑥 and a return period 𝜏 𝑚𝑎𝑥 given the known seismicity. To calculate this probability, we consider two approaches:

 Approach 1: We assume that the magnitude and frequency of the maximum-magnitude earthquake falls on the GR law derived from a declustered catalog of local seismicity.

This hypothesis is questionable as it is not proven that the GR law applies up to the largest possible event at a local scale;

 Approach 2: The possible magnitude and frequency of the maximum-magnitude earthquake must be consistent with the observed largest event over the observation period (it has to be larger than or equal to the known largest event, and the return period of the larger event cannot be significantly smaller than the observation period)

In both cases, a model of inter-event time distribution is required. In the results presented here, we consider that independent events follow a Poisson process. This is probably a reasonable assumption for events that would rupture only a fraction of the studied fault segment, as two successive events would generally not occur at the same location, so that rebuilding stresses might not be required. For larger events, it might be more appropriate to assume a renewaltime model. In the supplement, we show the results obtained using a Brownian Passage Time model [Matthews et al., 2002;Field and Jordan, 2015], which are only marginally different from the ones obtained with the Poisson model.

In the case of a Poisson model, the probability of 𝑛 events occurring during the time period 𝑡 is

𝑃 𝑝𝑜𝑖𝑠𝑠𝑜𝑛 (𝑛, 𝑡, 𝜏) = (𝑡/𝜏) 𝑛 𝑛! 𝑒 -𝑡/𝜏 , ( 11 
)
where 𝜏 is the average recurrence time of the Poisson process.

Following the first approach, the probability of (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) being the magnitude and return period of the largest event depends on the magnitude of the largest observed earthquake 𝑀 ℎ𝑖𝑠𝑡 and on the return period 𝜏 𝐺𝑅 (𝑀 𝑚𝑎𝑥 ) predicted by the GR law derived from a declustered catalog:

𝑖𝑓 𝑀 𝑚𝑎𝑥 < 𝑀 ℎ𝑖𝑠𝑡 , 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) = 0, (12) 
𝑖𝑓 𝑀 𝑚𝑎𝑥 > 𝑀 ℎ𝑖𝑠𝑡 , 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) ∝ 𝑃 𝑝𝑜𝑖𝑠𝑠𝑜𝑛 (𝑛 = 1, 𝜏 𝑚𝑎𝑥 , 𝜏 𝐺𝑅 (𝑀 𝑚𝑎𝑥 )) = (𝜏 𝑚𝑎𝑥 /𝜏 𝐺𝑅 (𝑀 𝑚𝑎𝑥 ))𝑒 -𝜏 𝑚𝑎𝑥 /𝜏 𝐺𝑅 (𝑀 𝑚𝑎𝑥 ) .

(

) 13 
We use the sign ∝ to indicate proportionality, as the PDF is normalized.

Following the second approach, the probability of (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) being the magnitude and return period of the largest event depends on the magnitude of the largest observed earthquake 

The probability drops rapidly to zero as 𝜏 𝑚𝑎𝑥 becomes smaller than 𝑡 ℎ𝑖𝑠𝑡 . It becomes uniform quickly as 𝜏 𝑚𝑎𝑥 gets larger than 𝑡 ℎ𝑖𝑠𝑡 .

Figure 2 shows a schematic representation of the probability 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 * 𝑃 𝐻𝑖𝑠𝑡 in both cases. In the first case, the probability that an earthquake is the maximum possible earthquake in view of the observed seismicity and also closes the moment budget is highest at the intersection between the GR law (equation 4) and the line representing the return period of the largest earthquake required to close the moment budget (equation 9 or 10). In the second case, the probability that an earthquake is the maximum possible earthquake in view of the observed seismicity and also closes the moment budget is highest along the line representing the budget closure condition (equation 9 or 10). Any large magnitude (𝑀 𝑚𝑎𝑥 > 𝑀 ℎ𝑖𝑠𝑡 ) and very infrequent maximum earthquake that closes the moment budget is considered acceptable as long as its return period is long compared to the observation period (𝜏 𝑚𝑎𝑥 > 𝑡 ℎ𝑖𝑠𝑡 ).

In principle, we could also use phenomenological scaling laws, or physical constraints [START_REF] Scholz | Scaling laws for large earthquakes: consequences for physical models[END_REF] to limit the range of possible earthquake magnitude on a particular fault segment. For instance, we could impose the co-seismic stress drop to be between 0.1MPa and 100MPa, as generally observed [e.g., [START_REF] Kanamori | The physics of earthquakes[END_REF]. This would constrain the maximum possible moment given the size of the locked area. We find such constraints to be too loose to be useful and are therefore not included as an a priori in our analysis. We use them a posteriori to validate our assessment qualitatively.

When it comes to seismic hazard, the two methods should not yield much different outcomes if the hazard is calculated over a period of time 𝑡 similar in duration to the earthquake catalog 𝑡 ℎ𝑖𝑠𝑡 . They could however differ significantly for 𝑡 ≫ 𝑡 ℎ𝑖𝑠𝑡 . To assess the impact of choosing between approaches 1 and 2, we calculate the probability 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 (𝑀 > 𝑀 𝑇𝑒𝑠𝑡 , 𝑡) of an independent event over a period 𝑡 exceeding a magnitude 𝑀 𝑇𝑒𝑠𝑡 for different values of 𝑡. The probability 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 of an independent event with magnitude > 𝑀 𝑇𝑒𝑠𝑡 during a period of time

𝑡 is 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 (𝑀 > 𝑀 𝑇𝑒𝑠𝑡 , 𝑡, 𝜏 𝑀 ) = 1 -𝑃 𝑝𝑜𝑖𝑠𝑠𝑜𝑛 (𝑛 = 0, 𝑡, 𝜏 𝑀 ) = 1 -𝑒 - 𝑡 𝜏 𝑀 , (16) 
where 𝜏 𝑀 is the average recurrence time of independent earthquakes with magnitude larger than 𝑀 𝑇𝑒𝑠𝑡 which can be calculated from the Gutenberg-Richter law (𝜏 𝑀 = 10 -(𝑎-𝑏 𝑀 𝑇𝑒𝑠𝑡 ) , with a and b being determined from a 'declustered' catalog). The probability 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 calculated this way does not account for aftershocks.

To construct Figure 3 we first choose a value of t. We then grid the magnitude-frequency space and test systematically all magnitudes of the maximum possible earthquake and all the return periods within a search area. For each sample tested, we represent the probability 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 (𝑀 > 𝑀 𝑇𝑒𝑠𝑡 , 𝑡) with a curve shaded according to the probability 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 * 𝑃 𝐻𝑖𝑠𝑡 . We can thus apprehend visually the most likely earthquake scenarios that might happen during the time period 𝑡 (Figure 3). A mean probability of all the possibilities tested, which we weight with the product 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 * 𝑃 𝐻𝑖𝑠𝑡 , can be obtained from equation

𝑃 ̅ 𝐻𝑎𝑧𝑎𝑟𝑑 (𝑀 > 𝑀 𝑇𝑒𝑠𝑡 , 𝑡) = ∑ 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑,𝑘 * 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 * 𝑃 𝐻𝑖𝑠𝑡,𝑘 𝑁 𝑘=1 ∑ 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 * 𝑃 𝐻𝑖𝑠𝑡,𝑘 𝑁 𝑘=1 , ( 17 
)
where 𝑁 is the number of samples tested, 𝑘 is the sample index, 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑,𝑘 is the probability of an independent event with magnitude >𝑀 𝑇𝑒𝑠𝑡 during the time period 𝑡 for the sample 𝑘, and 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 * 𝑃 𝐻𝑖𝑠𝑡,𝑘 is the probability of sample 𝑘 given the seismicity observations and the moment budget closure condition.

To illustrate the procedure, let us first choose a sample of maximum magnitude, 𝑀 𝑚𝑎𝑥 , and its time recurrence, 𝜏 𝑚𝑎𝑥 . We assume that this event belongs to a distribution of independent events that follows the GR law. Choosing 𝑀 𝑇𝑒𝑠𝑡 = 4 (for example), we can calculate the probability of having an independent earthquake over magnitude 4 during a time period 𝑡, knowing that those events have a recurrence time given by the GR law (equation 16). Applying this to the full range of 𝑀 𝑇𝑒𝑠𝑡 ∈ [0, 𝑀 𝑚𝑎𝑥 ], 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 will be represented by a line in Figure 3.

This 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 is associated with a specific 𝑀 𝑚𝑎𝑥 and 𝜏 𝑚𝑎𝑥 , and corresponds to a specific 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) * 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ). If we test each possible 𝑀 𝑚𝑎𝑥 and 𝜏 𝑚𝑎𝑥 , and plot their 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 in the same representation, the shade of each line indicating 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 * 𝑃 𝐻𝑖𝑠𝑡 , we then obtain Figure 3. We could then calculate the average 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 of all those lines, but it would not account for the probability to close the moment budget and be plausible considering the observed seismicity. We then weight each 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 obtained for a particular choice of 𝑀 𝑚𝑎𝑥 and 𝜏 𝑚𝑎𝑥 by its related 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡 * 𝑃 𝐻𝑖𝑠𝑡 , and use this to calculate the weighted average 𝑃 ̅ 𝐻𝑎𝑧𝑎𝑟𝑑 (equation 17) represented by the white dashed line in Figure 3.

We sample the probabilities using the Hasting-Metropolis Monte Carlo Markov Chain (MCMC) procedure [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF][START_REF] Hasting | Monte Carlo sampling methods using Markov chains and their applications[END_REF]. We calculate for each sample 𝑘, with a given magnitude and frequency of the largest earthquake, the probability that it is realistic knowing the data 𝑃 𝐻𝑖𝑠𝑡,𝑘 and the probability that it closes the budget 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 . The final probability 𝑃 𝐺,𝑘 (i.e. the posteriori probability) of a given sample would thus be

𝑃 𝐺,𝑘 ∝ 𝑈 𝑀 𝑈 𝐹𝑟𝑒𝑞 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 𝑃 𝐻𝑖𝑠𝑡,𝑘 , (18) 
where 𝑈 𝑀 and 𝑈 𝐹𝑟𝑒𝑞 are the uniform laws chosen for the MCMC sampling for the magnitude and frequency, respectively (i.e. the a priori probability).

Application to the Parkfield segment of the San Andreas Fault

Moment budget

Interseismic strain around the Parkfield segment of the San Andreas fault has been investigated in a number of recent studies [START_REF] Johnson | Is stress accumulating on the creeping section of the San Andreas fault?[END_REF][START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF][START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF][START_REF] Tong | An integral method to estimate the moment accumulation rate on the Creeping Section of the San Andreas Fault[END_REF]]. Here we rely on the studies of [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] and [START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF], as they provide a probabilistic description of slip rate from Bayesian inversions which can be directly used as an input in our study. We consider the same fault geometry and focus on the same fault area as [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] (Figure 4 4). This model shows a deficit of slip extending to depth greater than 19km, thus deeper than the seismogenic depth. Given the absence of seismicity at such depth and the fact that temporal variations of strain rates in this depth range are probably primarily due to viscoelastic relaxation as was observed following the 2004 earthquake [START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF],

we consider slip deficit accumulation only in the 0-19km depth range of our fault model.

Both models yield deep slip rates in agreement with the geological long term slip rate on the SAF which is estimated to 33.9±2.9mm/yr in the Carrizo plain south of the Parkfield segment [START_REF] Sieh | Holocene activity of the San Andreas fault at Wallace Creek, California Holocene activity of the San Andreas fault at Wallace Creek, California[END_REF]. These rates are also consistent with those (34.9-36.0±0.5mm/yr) derived from elastic block modeling of regional tectonics [START_REF] Meade | Block models of crustal motion in southern California constrained by GPS measurements[END_REF][START_REF] Tong | Is there a discrepancy between geological and geodetic slip rates along the San Andreas Fault System?[END_REF]. They are, however, larger than the local estimate of 26.2 +6.4/-4.3mm/yr of Toké et al. [START_REF] Toké | Late Holocene slip rate of the San Andreas fault and its accommodation by creep and moderate-magnitude earthquakes at Parkfield, California[END_REF]. Both models show high interseismic coupling in the area that ruptured in 2004. They differ significantly in part because they use different interseismic observations but also because of different methods and a priori assumptions. In addition to enforcing consistency between the three phases of the earthquake cycle, the inversion used to derive MW was regularized via spatial smoothing. By contrast MJ was obtained without any constraint on the smoothness of the slip rate distribution nor on the relationship between interseismic and co-seismic slip. Note that the long-term slip-rate on the continuation of the fault at the depth is constant in MW but varies along strike in MJ. For MJ, fault patches are assigned the long-term slip rate of the deeper creeping patches. Those located astride different deep creeping patches are divided in sub-patches. The shear modulus used to convert slip to moment is 30GPa for MW and varies between 20.5GPa and 66.2GPa for MJ [START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF].

The Bayesian approach used in [START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF] and [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] provides thousands of scenarios, which were tested against geodetic data. For both studies, we calculate the moment deficit rate of every scenario using equation 1 and 2 to derive the PDF of the moment deficit rate. The rate of accumulation of moment deficit for each model is indicated in Table 2 and the corresponding PDFs are shown in Figure 6.

We calculated and represented in Figure 7 the moment deficit rate on a completely locked 70

x 20 km section loaded at 32.1 mm/yr (full black line) and a section with the coupling pattern from the MW model (black dashed line). Based on interseismic model MW the moment deficit builds up at a rate of 6.90 +/-0.64 10 17 N.m/yr. The PDF associated with this estimate is shown in Figure 6. Some of this deficit was released by aseismic afterslip following the 2004 event which released about 3.7 10 18 N.m [START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF]. We do not use the afterslip model of [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF], as their model covers only 5 days after the mainshock. The dotted line in

Figure 7 shows the remaining deficit of moment which amounts to 5.39 10 17 N.m/yr. N.m/yr if aseismic afterslip is substracted (Figure 8).

The moment released by seismicity is estimated from the Northern California earthquake catalog [START_REF] Ncedc | Northern California Earthquake Data Center, Northern California Earthquake Data Center[END_REF] from 1984 to 2015 (up to 5/2/2015). We consider earthquakes located within 5 km of the fault (Figure 5). Figure 7 shows the cumulative moment released by earthquakes of magnitude under 𝑀 taken directly from the catalog (gray dashed line). This estimate might not be representative of the interseismic cycle. The inset in Figure 5 shows minor temporal fluctuations except for the strong increase of seismicity associated to the 2004 aftershocks. The moment released by seismicity over the 31 years covered by the catalog, representative of the 2004 event (87%), its aftershocks (7%) and the background seismicity (6%), accounts for only 5% of the deficit of moment that has accumulated over this time period according to the interseismic model MW, or 7% if the postseismic moment released is taken into account (Figure 7). It represents an even lower fraction (4%) of the deficit of moment calculated based on the interseismic model MJ (5% if taking into account the aseismic moment released by afterslip; Figure 8). As mentioned above, the deficit could suggest that the return period of the maximum magnitude earthquake is over-estimated or that larger magnitude events are needed on this fault segment. We now consider the first possibility.

Six 𝑀𝑤~6 earthquakes occurred at Parkfield between 1857 and 2004, yielding an average return period of 24.5 years. The catalog covers 31 years and includes the 2004 event and its aftershocks. Some corrections might thus be needed to represent the long-term average seismicity. Let us assume that the 2004 Parkfield earthquake is characteristic of the sequence of 𝑀𝑤 6 earthquakes that have occurred since 1857. We assume that such an event and its associated aftershocks, return every 24.5 ± 9.2 year on average, where the uncertainty is the 1sigma standard deviation of the time intervals. We consider the moment released by such an event to be equal to the mean moment estimated for 2004 from various publications [START_REF] Johanson | Coseismic and postseismic slip of the 2004 Parkfield earthquake from space-geodetic data[END_REF][START_REF] Langbein | Coseismic and initial postseismic deformation from the 2004 Parkfield, California, earthquake, observed by global positioning system, electronic distance meter, creepmeters, and borehole strainmeters[END_REF][START_REF] Liu | Kinematic Inversion of the 2004 M 6.0 Parkfield Earthquake Including an Approximation to Site Effects[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Barbot | Postseismic deformation due to the Mw 6.0 2004 Parkfield earthquake: Stress-driven creep on a fault with spatially variable rate-and-state friction parameters[END_REF][START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF][START_REF] Ncedc | Northern California Earthquake Data Center, Northern California Earthquake Data Center[END_REF][START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF]. We use the standard deviation of these estimates as an estimate of the uncertainty at the 67% confidence level. The average moment released is then 1.48 10 18 ± 4.7 10 17 N.m (𝑀𝑤 6.08).

We estimate the moment released by aftershocks by comparing the seismicity rate over the 2004-2008 period with the 1984-2004 period. We also assume that each event triggered as much aseismic afterslip as the 2004 event. According to [START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF], afterslip following the 2004 event released about 1.57 10 18 N.m assuming viscous flow under 19km depth, or about 3.7 10 18 N.m if viscous relaxation is excluded, which is more than twice the coseismic moment release. Hereafter we assume that afterslip released up to 200% of coseismic moment, which

gives us an upper-bound on the total moment released by this sequence of earthquake. The moment released by afterslip is subtracted from the deficit of moment accumulating in the interseismic period (Figure 7 and8). The values corresponding to this moment budget estimate are reported in Table 2 andTable 3, and illustrated in Figure 6, 7 and 8. Clearly, the moment released by 2004-like events returning every 24.5 ± 9.2 year on average falls still way short of balancing the moment budget (12.1% of MW's model).

Returning 𝑀𝑤~6 earthquakes at Parkfield do not necessarily release the same moment as the 2004 event. The 1966 Parkfield earthquake is considered to be relatively similar to the 2004 one in terms of its moment release and rupture area [START_REF] Bakun | Implications for prediction and hazard assessment from the 2004 Parkfield earthquake[END_REF]. According to the reported damages [Toppozada et al., 2002], the events of 1901 and 1922 may have been stronger (𝑀𝑤 6.4 and 𝑀𝑤 6.3 respectively). Moreover, several 𝑀𝑤>5 earthquakes that occurred between 1857 and 2015 are considered to be independent from the 𝑀𝑤~6 earthquake (𝑀5.5 in 1877 and 𝑀5.8 in 1908), or direct aftershocks of the 1901 and 1922 earthquakes.

Figures 7 and8 show that if we now consider the historical catalog of Toppozada et al. [2002],

the moment released by seismicity is higher but still too small to balance the moment budget (Table 3). Assuming that the interseismic period covered by geodetic data is representative of the long-term average, we derive that seismicity and afterslip released at most 16.1% (MW) of the deficit of moment accumulated since 1857. The epicenter of the 1901 𝑀6.4 earthquake is actually located slightly north of our study area. The damage distribution indicates that the rupture propagated within the Parkfield area, but it is not sure that the rupture area was confined to the fault area consider in our study. By assuming that the moment of this earthquake was entirely released by slip on the fault segment considered in this study we probably tend to overestimate the seismic moment release.

Considering this time only for the moment deficit rate from the seismogenic zone (~15km depth) and reducing the recurrence time of the 𝑀6 to 17 years as estimated by [START_REF] Wang | Quantifying slip balance in the earthquake cycle: Coseismic slip model constrained by interseismic coupling[END_REF] does not close the moment budget either. The moment deficit rate is reduced to 3.86+/-0.52 10 17 N.m/yr based on the interseismic model MW cut at 15km depth with afterslip subtracted, and the seismic moment released is increased to 9.32 10 16 N.m/yr. Giving this extreme scenario, the percentage of seismic moment released compared to the moment deficit rate is still low (24%). Some coseismic models of the 2004 𝑀6 earthquake indicate slip up to 30km south of the hypocenter [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF][START_REF] Wang | Quantifying slip balance in the earthquake cycle: Coseismic slip model constrained by interseismic coupling[END_REF] and a similar rupture extent to that proposed for the 1966 earthquake [START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF]. However, most models indicate that the 2004 rupture did not go further than 10 km south of the hypocenter [START_REF] Johanson | Coseismic and postseismic slip of the 2004 Parkfield earthquake from space-geodetic data[END_REF][START_REF] Liu | Kinematic Inversion of the 2004 M 6.0 Parkfield Earthquake Including an Approximation to Site Effects[END_REF][START_REF] Allmann | A High-Frequency Secondary Event[END_REF][START_REF] Barbot | Postseismic deformation due to the Mw 6.0 2004 Parkfield earthquake: Stress-driven creep on a fault with spatially variable rate-and-state friction parameters[END_REF][START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF]. By limiting the extent of our area of study to 10 km south of the 2004 hypocenter and by cutting the interseismic models at an even more shallower seismogenic zone (10km depth N.m/yr, which is slightly smaller than the best fitting value of MW but within the uncertainty range. We consider that the range of rates of moment deficit explored by using the Bayesian inversions of MJ and MW models of interseismic coupling provides a reasonable estimate of the range of possible values given the uncertainties on the geodetic data and choice of the modeling technique.

Maximum-Magnitude Earthquake Evaluation

We now explore the range of possible magnitudes and frequencies for the largest possible earthquake needed to balance the moment budget. We first compute the probability of closing the moment budget for a given magnitude and frequency for the largest possible earthquake.

We next calculate the probability of the possible earthquake models based on either approach 1 (seismicity follows the Gutenberg-Richter law up to the largest possible earthquake) or 2 (larger earthquakes can fall off the Gutenberg-Richter distribution indicated by instrumental and historical data).

We use the MCMC method to sample these probabilities. Each sample is taken from a uniform PDF between 6.4 and 9 for magnitudes, and between 10 -6 and 10 4 yrs -1 for frequencies. We calculate for each sample 𝑘 the value proportional to the probability 𝑃 𝐺,𝑘 as described in the method section. For each estimation, we run the sampler for 900000 steps, rejecting the first 500 steps to ensure accurate sampling of the PDF. The magnitude-frequency space is then binned into cells of size 0.01 for the moment magnitude axis and logarithmically binned into cells of size 0.01 concerning the frequency axis. The number of samples in each cell divided by the total number of samples approximates the probability 𝑃 𝐺,𝑘 as defined by the MCMC method.

Moment Budget closure, 𝑷 𝑩𝒖𝒅𝒈𝒆𝒕

We calculate the probability 𝑃 𝐵𝑢𝑑𝑔𝑒𝑡,𝑘 of closing the moment budget based on the uncertainties on the parameters of interseismic models MJ or MW. We estimate the moment released by seismicity for a tested magnitude Mk and recurrence time 𝜏k of the largest earthquake and estimate the probability that it balances the moment budget using interseismic models MJ or MW. The probabilities on the interseismic models are taken from the distribution of their moment deficit using a bin of 10 16 N.m.

The moment released by aftershocks and independent events with magnitude smaller than the largest earthquake is integrated by assuming that their magnitude-frequency distribution follows the GR law. We consider two cases. In the first case, the aftershocks and independent events follow the GR law up to the largest earthquake included. In the second case, we account for Båth law; the largest aftershock is 1 unit of magnitude unit lower than the mainshock, as it is observed in the 2004 event. We suppose also that the b-value is constant and equal to the one estimated from the modified 1984-2015 catalog. We use the maximum curvature method [START_REF] Wiemer | Minimum magnitude of completeness in earthquake catalogs: Examples from Alaska, the Western United States, and Japan[END_REF]] and Bender's formula [START_REF] Aki | Maximum Likelihood Estimate of b in the Formula logN=a-bM and its Confidence Limits[END_REF][START_REF] Utsu | A Statistical Significance Test of the Difference in b-value between Two Earthquake Groups[END_REF][START_REF] Bender | Maximum likelihood estimation of b values for magnitude grouped data[END_REF] to evaluate the magnitude of completeness and the b-value. The estimated magnitude of completeness is increased by 0.2 to compensate a methodological bias of the method [START_REF] Woessner | Assessing the quality of earthquake catalogues: Estimating the magnitude of completeness and its uncertainty[END_REF]. The b-value, estimated at 0.91±0.06, is then used to account for the magnitude-frequency distribution of both aftershocks and independent events. The a-value is easily calculated from equation ( 5).

Moment released by aseismic afterslip is accounted for by supposing that, for all earthquakes, it amounts to a fixed percentage of the seismic moment. This percentage might in fact depend on earthquake magnitude but the available data are insufficient to derive a reliable law [START_REF] Lin | Coseismic and postseismic slip associated with the 2010 Maule Earthquake, Chile: Characterizing the Arauco Peninsula barrier effect[END_REF]. We considered a value of 25%, close to the mean value observed from various case studies [START_REF] Avouac | From Geodetic Imaging of Seismic and Aseismic Fault Slip to Dynamic Modeling of the Seismic Cycle[END_REF], and a more extreme value of 200%, similar to that estimated for the 2004 earthquake. The value of 200% is an overestimation of [START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF].

𝑷 𝑯𝒊𝒔𝒕 : First Approach

In the Method section, we proposed two different approaches regarding how the frequencymagnitude of the largest possible earthquake might be evaluated based on the known seismicity. The first case, the most restrictive, assumes that the distribution of a declustered catalog follows the GR law up to the largest event. Some declustered catalogs are available for California [START_REF] Dutilleul | Multifrequential periodogram analysis of earthquake occurence: An alternative approach to the Schuster spectrum, with two examples in central California[END_REF] but they contain less than 200 earthquakes within 5 km from the fault segment considered in our study. This small number does not permit any reliable bvalue estimation [START_REF] Woessner | Assessing the quality of earthquake catalogues: Estimating the magnitude of completeness and its uncertainty[END_REF]. Therefore, we will rely on a non-declustered catalog.

Assuming a postseismic moment release equivalent to 200% of the mainshock seismic moment, not accounting for Båth's law and selecting MW as the interseismic model represents the most "optimistic" situation where the magnitude of the largest earthquake needed to close the moment budget is minimum. In this scenario, 𝑃 𝐺 (Equation 18) peaks around ~𝑀7.6, corresponding to a seismic moment of 2.8 10 20 N.m, with a recurrence time period of ~3300 years (Figure 9). The release of such a large moment on a 70km long segment seems however improbable, however, especially in view of the limited locked zone in the interseismic period.

The average slip in such an event, supposing that the whole fault ruptures (20x70 km) and taking a 30GPa shear modulus, would be of ~7m. If we assume a rupture restricted to the locked portion of this fault segment, which represents only 1/3 of the fault area, the average slip would need to be as great as 21m. This seems highly improbable.

We note in Figure 9 that the magnitude-frequency distribution of instrumental earthquakes does not align well with the historical seismicity. The earthquake rate is lower than expected if we assume the GR law extends up to larger magnitudes. The misalignment could be due to various causes. One is that the historical catalog essentially consists of independent events while the instrumental catalog contains aftershocks. The two catalogs could belong to the same Gutenberg-Richter distribution if the b-value of the declustered catalogs was lower than when the aftershocks are included as some studies suggest [START_REF] Frohlich | Teleseismic b values; Or, much ado about 1.0[END_REF]. Extrapolating the Gutenberg-Richter law to the largest possible magnitude might be incorrect as a number of studies have argued that larger magnitude events are more frequent than would be expected from extrapolating the b-value estimated from lower magnitude seismicity [START_REF] Schwartz | Fault behavior and characteristic earthquakes: Examples from the Wasatch and San Andreas Fault Zones[END_REF]. Another possibility is that the seismicity rate between 1984 and 2015 would have been particularly low compared to a longer term average [START_REF] Page | Southern San Andreas Fault Seismicity is Consistent with the Gutenberg-Richter Magnitude-Frequency Distribution[END_REF].

In both case, the method used here to estimate PHist would overestimate the magnitude of the largest magnitude earthquake.

With the first approach, using the marginal cumulative probabilities, we can assess the probability that the largest event does not exceed a certain magnitude and the frequency of the largest event is inferior to a certain value (Figure 10.a and c). The probability of closing the moment budget on the Parkfield segment of the San Andreas Fault with the magnitude of the maximum earthquake not exceeding 6.4 is only 0.3%. Therefore, provided that the GR law is valid up to magnitude M6.4, which seems a reasonable assumption, the analysis requires larger earthquakes. Figure 10 indicates that there is a 95% chance that the maximum event does not exceed a 𝑀8.63. There is also a 95% chance that the return period of the largest magnitude event does not exceed ~112000 years. It seems very improbable that the Parkfield segment could host an earthquake of such a magnitude as it would require 253m of slip in a 19x70km

area. The probability of balancing the moment budget with a maximum earthquake not exceeding 7.4 is about 50%, indicating that even with such a large maximum earthquake, balancing the moment budget remains unlikely if the GR law applies. Note that if the largest earthquakes involve ruptures that extend beyond the Parkfield segment, our analysis only provides constraints on the moment released within the Parkfield segment. In that case, the assumption that this earthquake belongs to a GR distribution defined by earthquakes on the Parkfield segment is certainly incorrect and the second approach is then more relevant.

𝑷 𝑯𝒊𝒔𝒕 : Second approach

Our second approach only assumes that the largest possible earthquake needs to be less frequent than the largest known earthquake. The probability of its return period is estimated based on the historical catalog (only the duration of the period covered matters) assuming a

Poisson process. If we consider the interseismic model MW, discard the Båth law and assume that postseismic deformation releases 200% of the coseismic moment we get a more reasonable result than with approach 1 (Figure 11). A 𝑀6.7 every 140 years is then sufficient to balance the moment budget and is acceptable in view of the known seismicity. This point aligns well with the frequency-magnitude distribution of historical events but is off the distribution of instrumental events, essentially because of the break in slope around M~4. This is our favored scenario. Note, however, that the method does not exclude 𝑀 > 6.7 events.

Figure 12 shows that the PDF of the magnitude-frequency of the largest event varies depending on the choice of the interseismic model (MJ or MW), on whether or not Båth's law is accounted for, and on the assumption that either 25% or 200% of the mainshocks seismic moment is released by postseismic effects. The Båth law has a significant impact. If it is taken into account, aftershocks and independent events amount to only ~8% of the moment released by the largest earthquake compared to ~156% if the Båth law is discarded. Consequently, when the Båth law is not accounted for, the aftershocks and independent events sequence decrease drastically the maximum-magnitude needed for budget closure. Similarly, postseismic deformation amplifies the moment released by the largest earthquake, its aftershocks and the associated independent events. The higher the ratio between the postseismic and coseismic effect is, the lower the magnitude or the frequency of the largest event needed to balance the slip budget.

The estimate of the b-value could also impact the moment budget balance and the implication of the magnitude-frequency of the largest earthquake. By only taking the background seismicity time period (1983-2004 and 2008-2015), the largest event drops down to a 𝑀4. The two extreme cases illustrated by Figure 12.a and f enables to appreciate the range of magnitude and frequency for an earthquake to close the moment budget. For a 140-year recurrence time, the largest earthquake required would range between 𝑀6.7 for the first case and 𝑀7.3 for the second. This underlines the sensitivity to the hypothesis regarding the contribution to the moment budget of aftershocks and postseismic deformation. As an example, if we suppose that there is a magnitude 7 occurring every 140 years and we assume Båth's law, the postseismic moment released would be between 162±34 % (MW) and 236±59 % (MJ).

Following the second approach, the marginal cumulative probabilities reflect primarily the assumptions that the a priori probabilities are uniform, between 6.3 and 9 for the magnitude of the largest earthquake, and 10 4 and 10 -6 for its frequency (Figure 10.b and d). It shows that the historical catalogue does not put any constrain on the magnitude of the maximum event for return period's much longer than the catalogue. The magnitude for which 95% of the maximum non-cumulative probability is reached can instead give us an indication of the magnitude and frequency needed to close the moment budget (Figure S2). A 𝑀7.34 is sufficient to close the moment budget at a 95% confidence level, as well as a time recurrence of 2000 years. Higher magnitudes and recurrence times than those estimates are equally plausible but would not be necessary.

Scaling laws linking stress drop, ∆𝝈, area of rupture, A, and moment released during an earthquake, m, can give us an indication on the maximum magnitude through the equation ∆𝝈 ≈ 𝑪 𝒎 𝑨 -𝟑/𝟐 , where C is a geometric constant close to unity [START_REF] Scholz | Scaling laws for large earthquakes: consequences for physical models[END_REF]. Earthquake stress drops generally vary between 0.1MPa and 100MPa [START_REF] Kanamori | The physics of earthquakes[END_REF].

Consequently, the rupture of the full fault (70 x 19km) would be equivalent to a maximum magnitude of between M6.39 and M8.38. For events that rupture half of the segment length and for which the down dip extent is 13km (35 x 13km), the maximum magnitude would vary between M5.92 and M7.92. For comparison, Parkfield 2004 stress drop is ~0.61MPa [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF]. However, such range of stress drop and the corresponding magnitude is way too large to provide any constraints to our problem, hence we decided not to include this criterion in our analysis.

Implications for Seismic Hazard

For each tested value of the magnitude and frequency of the largest event, one can determine a seismic hazard quantity, such as for example, the probability 𝑃 𝐻𝑎𝑧𝑎𝑟𝑑 that an independent earthquake (not an aftershock) would exceed a given magnitude 𝑀 𝑇𝑒𝑠𝑡 over a given period of time 𝑡. Each curve can then be weighted according to the probability of the scenario. The weighted mean 𝑃 ̅ 𝐻𝑎𝑧𝑎𝑟𝑑 then represents the overall hazard resulting from all possible scenarios.

As explained in the section of the first approach, the number of independent events taken from the declustered catalog is too low to estimate the local b-value. So, we use the b-value derived from a non-declustered catalog.

Figures 13.a and 13.b show the probability of having an earthquake larger than a given magnitude over a period of 30 years and 200 years based on the probability distribution of the magnitude-frequency of the largest earthquake derived with the second approach. The two panels correspond to different a priori assumptions regarding the maximum possible magnitude of the largest earthquake. If we assume that the largest earthquake cannot exceed 7.5, the probability of a 𝑀>6 event over 30 years is 43% or 6% for a M>7 (Figure 13.a). If we assume that the largest earthquake can be as large as magnitude 9, a certainly outrageous value, the probability is reduced to 23% for a M> 6 and 3% for a M>7 (Figure 13.b). The earthquakes with magnitudes between 7.5 and 9 with a high 𝑃 𝐺 contribute to the seismic moment release so that smaller magnitude earthquakes don't need to be as frequent as in the previous case, leading to a lower 𝑃 ̅ 𝐻𝑎𝑧𝑎𝑟𝑑 . Similarly, Figures 13.c and 13.d show the hazard curves resulting from the probabilities of the magnitude-frequency of the largest earthquake derived with the second approach described above for a period of time of 200 years. If we assume that the largest earthquake cannot exceed 7.5, the probability of a 𝑀>6 event over 200 years is 96%, and 30%

for a M>7 (Figure 13.c). If we assume that the largest earthquake can be as large as magnitude 9, the probability is reduced to 68% for M>6 and to 15% for M>7. These tests illustrate the mild sensitivity of the method to the a priori assumption on the maximum value of the largest possible magnitude.

The first approach, assuming a GR Richter distribution up to the largest event, yields very similar results (Figure S4) showing that these curves are not very sensitive to the choice of method, essentially because the periods chosen (of 30 and 200 years) are small compared with the return period of the maximum earthquake.

Discussion

Our assessment of the moment budget on the Parkfield segment of the SAF suggests that the sequence of M~6 events returning every ~24 years as observed since 1857 accounts for only about 12.1% of the deficit of moment that is accumulating in the interseismic period. This conclusion would imply that this fault segment must hold larger, less frequent, earthquakes.

Before discussing this possibility, we examine various factors that could be responsible for the moment deficit. The hypothesis of a larger earthquake is indeed not the only scenario that can explain residual moment deficit. Our analysis relies on a number of assumptions that might be questioned.

First, we assume that interseismic coupling is stationary and use models of interseismic coupling derived from decades of geodetic data (GPS and InSAR). The time period covered by these data might seem in fact short if the moment deficit is primarily balanced by events with a return period on the order of centuries. Furthermore, significant changes in interseismic coupling have been reported on subduction megathrusts [START_REF] Meltzner | Time-varying interseismic strain rates and similar seismic ruptures on the Nias-Simeulue patch of the Sunda megathrust[END_REF][START_REF] Tsang | A paleogeodetic record of variable interseismic rates and megathrust coupling at Simeulue Island , Sumatra[END_REF][START_REF] Yokota | A very long-term transient event preceding the 2011 Tohoku earthquake[END_REF]. The stationary hypothesis is supported locally by the consistency between the model MJ proposed by [START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF] based on InSAR and GPS data from 2006 to 2010, and the model MW proposed by [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] based on GPS data ranges from 1999 to 2004. However, according to [START_REF] Barbot | Change of apparent segmentation of the San Andreas fault around Parkfield from space geodetic observations across multiple periods[END_REF], the southern end of the Parkfield segment underwent some changes before and after the 2004 𝑀6 event. The boundary between the Parkfield and Cholame segments appears to creep faster following the 2004 earthquake than previously, which would indicate a variation in time of the coupling pattern. Moreover, except for an aseismic transient slip coincident with three 𝑀~4.5

earthquakes in the mid-1990s [START_REF] Gwyther | Anomalous shear strain at Parkfield during 1993-1994[END_REF][START_REF] Langbein | Slip-rate increase at Parkfield in 1993 detected by high-precision EDM and borehole tensor strainmeters[END_REF][START_REF] Nadeau | Fault Slip Rates at Depth from Recurrence Intervals of Repeating Microearthquakes[END_REF][START_REF] Gao | Analysis of deformation data at Parkfield, California: Detection of a long-term strain transient[END_REF][START_REF] Roeloffs | Creep rate changes at Parkfield, California 1966-1999: Seasonal, precipitation induced, and tectonic[END_REF][START_REF] Murray | Spatiotemporal evolution of a transient slip event on the San Andreas fault near Parkfield, California[END_REF], no strong changes in the interseismic slip rate seems to have been detected between 1966 and 2004 [START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Barbot | Change of apparent segmentation of the San Andreas fault around Parkfield from space geodetic observations across multiple periods[END_REF]. This suggests no modification of the locked section pattern or presence of other creep events during this time. However, if an event equivalent to the one in the mid-1990s (~𝑀5.6) occurred once every 24.5 years (the period of the 𝑀6 interseismic cycle), the moment released would be insufficient to close the moment budget of any of the models used in this study. It would cover 2.4% of the smallest residual moment deficit, calculated from the model of [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF]. Temporal variations of coupling and slow events seem thus much too small to be able to account for the deficit of moment reported in our study.

Second, we assumed that all of the geodetic deformation is elastic strain. The overall consistency of geodetic strain rates with geologic slip rates supports this assumption for the San Andreas Fault. However, there are a number of segments where significant discrepancies have been reported. Such discrepancies are expected from stress redistribution among faults during the seismic cycle [Ben-Zion et al., 1993;Loveless and Meade, 2011;[START_REF] Tong | Is there a discrepancy between geological and geodetic slip rates along the San Andreas Fault System?[END_REF] or could be due to distributed anelastic strain during the interseismic period [START_REF] Oskin | Elevated shear zone loading rate during an earthquake cluster in eastern California[END_REF].

In that regard, it is interesting to note that the deep creep rates that we used to estimate interseismic loading (31.1 and 36.5 mm/yr for MJ and 32.1 mm/yr for MW) are larger than the local estimate of 26.2 +6.4/-4.3 mm/yr of Toké et al. [START_REF] Toké | Late Holocene slip rate of the San Andreas fault and its accommodation by creep and moderate-magnitude earthquakes at Parkfield, California[END_REF]. This discrepancy could reflect either distributed anelastic strain or temporal variations in interseismic loading.

Our analysis thus suggests that the Parkfield segment of the SAF needs to release more seismic moment on the long-term average than was released by the M~6 events that have occurred repeatedly since after the Fort Tejon earthquake of 1857. This imbalance points to occasional larger events. This fault segment could probably host significantly larger events. We note that the zone of high coupling derived from modeling interseismic geodetic data seems larger than the area that ruptured in 2004 (Figure 4a). If we assume an average stress drop similar to the 0.61 MPa observed during the 2004 earthquake [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF], which was at the lower end of commonly observed values, and a complete rupture of the locked area of Figure 4b (equal to 632 km 2 for 𝜒 > 0.7), we could expect a M~6.3 event. Assuming an average stress drop of 1.5 MPa, larger than in 2004, this fault segment could produce a M6.6 earthquake. In fact, the locked area of Figure 4a, appears to be made of two locked patches separated by a zone of lower interseismic coupling. The partially creeping zone could act as a barrier to the propagation of seismic rupture. This pattern, analog to that investigated by [START_REF] Kaneko | Towards inferring earthquake patterns from geodetic observations of interseismic coupling[END_REF] is favorable to generate a bimodal seismic behavior with moderate earthquakes rupturing one or the other asperity and larger infrequent earthquakes rupturing the whole patch. Another possibility is that the Parkfield segment would occasionally rupture together with large events on the Carrizo plain segment of the SAF. In that case, the interaction between the two fault segments could lead to a larger moment release on the Parkfield segment than in the case of rupture confined to it (a longer rupture length requires larger slip if the stress drop is similar).

There are actually hints that the 𝑀7.7 1857 Fort Tejon earthquake may have ruptured the Parkfield segment. Paleoseismic studies [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF][START_REF] Lienkaemper | 1857 slip on the San Andreas fault Southeast of Cholame, California[END_REF] indicate 2 to 6 m of slip at sites near highway 46 due to this earthquake. The northernmost observation attributed to the 1857 earthquake is a 4.5 m offset, 1.7 km north of highway 46 [START_REF] Lienkaemper | 1857 slip on the San Andreas fault Southeast of Cholame, California[END_REF], whereas a 3.5 m offset has also been measured 1.3 km south of it [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF]. Such large surface slip measurements show that the Parkfield segment can occasionally slip much more than during the 2004 earthquake (i.e. typically ~20cm).

Assuming a 3.8m slip (as averaged over the measurements along the Cholame section [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF][START_REF] Zielke | High-resolution topography-derived offsets along the 1857 Fort Tejon earthquake rupture trace, San Andreas fault[END_REF]) with a 10 km along dip width rupture that reaches 22 km North-west of the highway 46, the moment released within the limits of the model of [START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] is of 4.38 10 19 N.m, equivalent to a 𝑀7.03 earthquake. The moment includes the aftershocks and postseismic effects since no distinction between them and the mainshock can be estimated from paleoseismic data. Assuming aftershocks contribute between 8% and 156% (depending on whether we assume Bath's law or not) and that the postseismic impact is about 200% of the coseismic released, then the seismic rupture alone would account between a 𝑀6.72 and 𝑀6.47.

In the literature, the recurrence time of 1857-like earthquakes, if there are any characteristic earthquakes [START_REF] Zielke | High-resolution topography-derived offsets along the 1857 Fort Tejon earthquake rupture trace, San Andreas fault[END_REF], is suggested to be roughly between 140 and 255 years [START_REF] Sieh | Slip along the San Andreas fault associated with the great 1857 earthquake[END_REF][START_REF] Zielke | Slip in the 1857 and Earlier Large Earthquakes Along the Carrizo Plain, San Andreas Fault[END_REF]. In this case, the return of co-seismic ruptures similar to that of 1857 would contribute between 2.88 10 17 N.m/yr and 1.58 10 17 N.m/yr to the moment release rate.

This would reduce the moment deficit rate, i.e. between 42% and 23% for MW (between 61% and 33% of the moment deficit residual rate), and 21% and 11% for MJ (between 24% and 13% of the moment deficit residual rate).

Finally, it has been proposed that enhanced fault weakening could occasionally allow large ruptures to propagate in creeping areas [START_REF] Noda | Stable creeping fault segments can become destructive as a result of dynamic weakening[END_REF]. In such case, the Parkfield segment could also occasionally release much more seismic moment than during a M~6 event confined to the locked area of the Parkfield segment.

Conclusion

In principle, the rate of accumulation of moment deficit on a fault, determined from modeling of interseismic strain measurements, can be used to constrain the frequency and magnitude of the largest possible earthquake by requiring the moment budget to balance over the seismic cycle. Testing this approach on the Parkfield segment shows that a M~6 earthquake returning about every 24 years, as has been observed over the last 150 years, falls short of balancing the rate of moment deficit accumulation. The conclusion seems robust in view of the uncertainties on the data and model assumptions.

The most likely explanation is that this fault segment hosts larger earthquakes, in the range M6.5 to M7.5, with a return period of 140 to 300 years. Such episodes of seismic moment release could happen as independent earthquakes rupturing the locked asperities revealed by interseismic coupling models or in conjunction with rupture of the Carrizo plain segment of the SAF, as potentially happened in 1857. The methodology presented in this study allows the incorporation of formal geodetic constraints on the rate of moment deficit accumulation into probabilistic seismic hazard assessments. Modified catalog : M6.08+Aftershocks every 24.5 years 6.54 10 16 Toppozada's catalogue [Toppozada et al., 2002] 8.67 10 16 Modified catalog : M6.08+Aftershocks every 17 years 9.32 10 16 of the largest earthquake on the Parkfield segment of the San Andreas Fault. In both cases it is assumed that, over the long-term average, the moment released by earthquakes and aseismic afterslip balances the deficit of moment accumulating in the interseismic period due to partial fault locking. The black dash-dotted line represents the magnitude-frequency distribution of the largest earthquake according to that condition. The continuous grey line shows the magnitude-frequency distribution of observed earthquakes based on instrumental/and or historical earthquake in the catalog and the dashed grey line shows extrapolation to larger magnitudes. (a) Here we assume that, over the long-term average, the Gutenberg-Richter law applies up to the largest possible earthquake. The most probable maximum-magnitude earthquake should then lie at the intersection between the moment budget closure line and the Gutenberg-Richter distribution of the declustered catalogue. (b) Here we only assume that the maximum earthquake exceeds the largest observed earthquake and that the probability of not observing this maximum earthquake over the historical period can be calculated assuming a Poisson law. Any large magnitude is possible but the frequency (hence the probability of occurrence over a given period) drop because of the condition of closure of the moment budget. depth and MJ uncut, extending down to 40km. The vertical solid line is the seismic moment that would be released annually assuming that over the long term an event similar to the 2004 earthquake occurs every 24.5 years and is assigned a moment magnitude of M6.08, which represent some average value from various studies (see text for discussion). The vertical dashed line is the same but takes into account the postseismic moment released after a M6 mainshock similar to the 2004 event. The shaded patches associated with the vertical lines are the 1-sigma standard deviation from the seismic moment average of values taken from various studies. which is assigned a moment magnitude 5.97, and aftershocks. The black solid curve is the cumulated moment that would be released annually assuming that over the long term an event similar to the 2004 earthquake occurs every 24.5 years and is assigned a moment magnitude of M6.08, which represent some average value from various studies (see text for discussion). The white dot is the moment released assuming a M6.08 every 24.5yr and neglecting the contribution of aftershocks and background seismicity to the seismic moment release rate. The black dots show the moment released by historical seismicity from 1857 to 2015 according on the catalogue of Toppozada et al. [2002]. The thin horizontal solid black line is the moment deficit accumulating per year if the modeled fault area was completely locked (for a loading rate of 32. [START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF] with postseismic moment release taken into account. The solid black curve is the cumulated moment that would be released annually assuming that over the long term an event similar to the 2004 earthquake occurs every 24.5 years and is assigned a moment magnitude of M6.08, which represent some average value from various studies (see text for discussion). The black dots show the moment released by historical seismicity from 1857 to 2015 according on the catalogue of Toppozada et al. [2002]. The dotted lines are the moment deficit accumulating per year based on the interseismic models (MW, MJ cut at 19km depth, MJ uncut, from bottom to top, respectively), and taking into account the postseismic moment released after a mainshock similar to the 2004 event.. The shading represent the uncertainty associated to the estimate of MJ cut at 19km depth. and its aftershocks are fixed to occur every 24.5 years. The stars represent the historical data [Toppozada et al., 2002] and the black line represents a M7 earthquake with a recurrence time between 140 and 250. The black circle defines the location of a M6.7 event occurring every 140 years, our favored scenario. [Toppozada et al., 2002] and the black line represents a 𝑀7 earthquake with a recurrence time between 140 and 250 years. The probabilities computed depend on the model chosen, either MW or MJ, on the ratio between the postseismic and the coseismic moment release, and on whether the Båth law is applied or not. 

  and 5). To assess the moment budget, we use interseismic models from[START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] and[START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF] which were both derived from inversion of interseismic displacements measured at the surface assuming a fault embedded in an elastic medium.[START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] assumed a homogeneous elastic half-space and[START_REF] Jolivet | Aseismic slip and seismogenic coupling along the central San Andreas Fault[END_REF] considered depth variations of elastic moduli. We convert slip potency (the integral of slip over fault area) to moment according to the elastic structure assumed in these studies.[START_REF] Wang | Assessment of stress coupling among the inter-, co-and post-seismic phases related to the 2004 M6 parkfield earthquake[END_REF] present three different Bayesian inversions of GPS data from 14 stations covering the period from 1999 to 2004 including the mainshock of 2004 and 5 days of postseismic relaxation. They use a 70km long, ~19 km deep fault subdivided into 180 patches, each 1.4 km long along strike and 1 km wide. A steady slip rate is assumed at depth greater than 19 km. We considered their favored model (referred to as MW hereafter), which was obtained from a joint inversion of the interseismic, co-seismic and 5-days postseismic data, designed to maximize the consistency between the three slip distributions. The slip distributions are therefore complementing each other (Figure4): the co-seismic rupture is restricted to the area that was locked during the interseismic period; the inversions assume that postseismic slip is driven by the co-seismic stress change and thus yields a ring of afterslip surrounding the co-seismic rupture. The steady slip rate on the deeper extension of the fault is estimated to 32.1 mm/yr in this model. The Bayesian framework provides uncertainties on all quantities determined from the inversion. Jolivet et al. [2015] (MJ) also used a Bayesian approach and derived an interseismic model from GPS and InSAR data covering the period from 2006 to 2010. The modeled fault zone extends over 200 km from the Cholame plain to north of San Juan Baptista (SJB). The patch size varies depending on the resolution from 4 km at the surface to 25 km at 20 km depth. The long-term slip rate varies along strike. In the Parkfield area considered in this study, it varies from 31.1 mm/yr to 36.6 mm/yr. The model shows a gradual northward decrease of interseismic coupling from the locked zone in the southeast to the creeping zone in the northwest (Figure

  9 and the b-value is equal to ~0.90 which is quite close to the b-value estimate used above. To further investigate the b-value influence, we use our favored scenario: model MW, Båth law discarded and postseismic deformation equivalent to 200% of the coseismic moment release. This scenario should be the most sensitive to changes in b-value considering that there is no gap between the largest and next largest magnitude earthquakes and considering as well the high post-coseismic ratio. Applying the background b-value to our favored model, a M6.71 is then needed every 140 years to close the budget instead of a 𝑀6.70. The changes added by the Parkfield 2004 event and its aftershocks are therefore minimal. Additionally, if we raise ourinitial b-value by its standard deviation (σ~0.06), i.e. 0.97, the largest magnitude needed would drop down to 6.67 if it had to happen every 140 years. Changes in the b-value inside a reasonable range have thus a very limited impact on the maximum-magnitude event which turns to negligible if we assume Båth's law.
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 1 Figure 1. Setting of the Parkfield segment of the San Andreas Fault. This segment lies at the transition between the M7.7 Fort Tejon earthquake rupture of 1857 (thin arrow along the SAF), to the South, and the creeping segment of the SAF to the North. The white stars indicate the latest epicenters of M6+ earthquakes in the region corresponding to the 2004 M6 Parkfield, 1983 M6.3 Coalinga and 2003 M6.6 San Simeon earthquakes.
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 2 Figure 2. Schematic representation of the two methods used in this study to estimate magnitude and frequency

Figure 3 .

 3 Figure 3. The probability of an earthquake exceeding a certain magnitude in a period of time of 𝒕 years can be calculated based on our analysis. To do so we calculate for each possible truncated frequency-magnitude distribution the probability of exceeding a given magnitude and multiply this probability by the probability of the model based on 𝑷 𝑩𝒖𝒅𝒈𝒆𝒕 * 𝑷 𝑯𝒊𝒔𝒕 . The white dashed line represents 𝑷 ̅ 𝑯𝒂𝒛𝒂𝒓𝒅 from considering all possible scenarios.

Figure 4 .

 4 Figure 4. Presentation of the interseismic models used in this study. (a) Interseismic model of Jolivet et al. (2015), referred to as model MJ in this study, which was derived from GPS and INSAR data between 2006 and 2010. (b) Interseismic model of Wang et al. (2014), referred to as model MW. This model was derived from geodetic data from 1999 to 2004. It was obtained from a joint inversion of interseismic, coseismic and postseismic slip with the constraints that co-seismic slip occurs in an interseismically locked area and that post-seismic slip (afterslip) is driven by co-seismic stress increase. The corresponding coseismic and afterslip models are shown in panels (c) and (d). The white star represents the hypocenter of the 2004 Parkfield earthquake.

Figure 5 .

 5 Figure 5. (a) Map of the Parkfield segment of the San Andreas Fault. Dots show seismicity from the Northern California earthquake catalogue of the Northern California Earthquake Data Center [NCEDC, 2014] between 1984 and 2015. Our study is based on the earthquakes less than 5 km away from fault segment considered here (within the black rectangle). Epicenters of the six M~6 earthquakes since 1857 are from Toppozada et al. [2002] (black and white stars). The town of Parkfield is also indicated by a white dot. (b) Parkfield seismicity rate from 1984 to 2015 for earthquakes with magnitude over 2. The vertical black dashed line corresponds to the 2004 M6 earthquake.

Figure 6 .

 6 Figure 6. Probability Distribution Function of the rate of moment deficit accumulation on the Parkfield segment of the San Andreas Fault calculated based on interseismic models MW [Wang et al. , 2014] and MJ [Jolivet et al., 2015]. The uncertainties are calculated based on the uncertainties of the interseismic slip models estimated in the original studies. Other sources of uncertainties (e.g. those related to the elastic properties of the subsurface) are ignored. The three histograms corresponds respectively, from left to right, to the model MW, MJ cut at 19km

Figure 7

 7 Figure 7 (a) Representation of the budget of seismic and aseismic slip on the Parkfield segment of the SAF based on interseismic model MW [Wang et al., 2014]. The gray dashed curve is the cumulated moment released per year by earthquakes with magnitude less than the value in abscissa. This curve is based on seismicity within 5km of the Parkfield fault segment over 31 years, from 1984 to 2015. The catalogue includes the 2004 earthquake,

  1mm/yr). The thin horizontal dashed black line shows the moment deficit rate based on the interseismic model of MW. The thin horizontal dotted black line takes into account the postseismic moment released after a M6 mainshock similar to the 2004 event. The shading represent the uncertainty associated to this estimate. (b) Zoom of the black box which enables the appreciation of the large impact of the mainshock magnitude change and the weak impact of the background seismicity and aftershock's on the total amount of moment released by earthquakes.

Figure 8 :

 8 Figure 8: Representation of the budget of seismic and aseismic slip on the Parkfield segment of the SAF based on interseismic model MJ [Jolivet et al., 2015] with postseismic moment release taken into account. The solid

Figure 10 :

 10 Figure 10: Marginal cumulative probabilities for a maximum magnitude earthquake to close the moment budget and be plausible considering the data and the two approaches explained in the Method section. (a) and (c) are the marginal cumulative probabilities for the magnitude and frequency, respectively, for our first approach. It shows the probability of the largest earthquake to not exceed a certain magnitude (a) and the probability of the frequency of the largest event to not exceed a certain value (c). (b) and (d) are the equivalent of (a) and (c) for our second approach.

Figure 11 :

 11 Figure 11: Maximum-magnitude earthquake probability assuming the case where large earthquakes should have a recurrence time lower than the largest earthquake currently observed. We use here the model MW, do not account for Bath's law, and suppose that the ratio between postseismic and coseismic moment release is equal to 200%. The black curve represents the magnitude-frequency distribution of the Parkfield area using the ANSS catalog between 1984 and 2015. The gray curve is the modified magnitude-frequency distribution where the M6

Figure 12 .

 12 Figure 12. Probability distribution to have a maximum-magnitude event that might exist and close the moment budget. The black curve represents the original magnitude-frequency distribution of the Parkfield area using the ANSS catalog between 1984 and 2015. The gray curve depicts the modified magnitude-frequency distribution of
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 13 Figure 13. Probability to have earthquakes over a certain magnitude in a period of time of 𝒕 years considering the probability distribution of a maximum-magnitude earthquake to exist and close the moment budget. We test our favored scenario using model MW, with the Bath law not accounted for and with a postseismic moment release equivalent to 200% of the coseismic one. The white dashed line corresponds to 𝑷 ̅ 𝑯𝒂𝒛𝒂𝒓𝒅 . (a) and (b) are the results for 𝒕=30 years, and (c) and (d) are for 𝒕=200years. (a) and (c) suppose a maximum-magnitude possible of M7.5, and (b) and (d) suppose that the maximum-magnitude possible is a M9.
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  𝑀 ℎ𝑖𝑠𝑡 and on time period covered by the catalog 𝑡 ℎ𝑖𝑠𝑡 . It can be defined as the probability to have no earthquakes of magnitude over 𝑀 ℎ𝑖𝑠𝑡 occurring during the time period of the catalog:

	𝑖𝑓 𝑀 𝑚𝑎𝑥 < 𝑀 ℎ𝑖𝑠𝑡 , 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) = 0,		(14)
	𝑖𝑓 𝑀 𝑚𝑎𝑥 > 𝑀 ℎ𝑖𝑠𝑡 , 𝑃 𝐻𝑖𝑠𝑡 (𝑀 𝑚𝑎𝑥 , 𝜏 𝑚𝑎𝑥 ) ∝ 𝑃 𝑝𝑜𝑖𝑠𝑠𝑜𝑛 (𝑛 = 0, 𝜏 ℎ𝑖𝑠𝑡 , 𝜏 𝑚𝑎𝑥 ) = 𝑒	-	𝑡 ℎ𝑖𝑠𝑡 𝜏 𝑚𝑎𝑥 .

  Based on interseismic model MJ, the moment deficit accumulates in the interseismic period at a rate as large as 8.82 +/-1.10 10 17 N.m/yr (Figures 6). The difference with the rate obtained with MW is partly due to the different pattern of coupling and to the difference of deep creep rates (31.1 and 36.5 mm/yr for MJ and 32.1 mm/yr for MW). The rate is reduced to 7.31 10 17

  ), we obtain a moment deficit rate of 2.93 10 17 N.m/yr for MW and 2.99 10 17 N.m/yr for MJ. The moment deficit rate PDF of the model MJ would then slightly overlap with the moment released by earthquakes and postseismic slip. The probability to close the moment budget is nevertheless 2%. On the other hand, the MW model would still not overlap.This analysis shows that balancing the moment budget on the Parkfield segment of the San Andreas fault probably requires more frequent or larger earthquakes than what the instrumental and historical data suggest. All the seismic moment release rate discussed in this section are available in Table3.Note that[START_REF] Tong | An integral method to estimate the moment accumulation rate on the Creeping Section of the San Andreas Fault[END_REF] integral method yields a moment deficit rate around 5.8 10 17

Table 1 .

 1 List of variables used in this study

	Variables	Symbol	Comments
			𝑚̇0: rate of moment deficit accumulation
			𝑚̇𝑆: average total moment release rate of seismicity
	Moment (N.m)	m	𝑚̇𝑆 𝑎 : moment release rate of aftershocks and
			background seismicity
			𝑚̇𝑆 𝑚 : moment release rate of the largest earthquake
			𝑀 𝑚𝑎𝑥 : magnitude of the largest event
			𝑀 ℎ𝑖𝑠𝑡 : magnitude of the largest observed event (in
	Magnitude	M	catalogue) 𝑀 𝑇𝑒𝑠𝑡 : magnitude tested for the probability to have an
			earthquake with M > M Test during a certain time period
			(P Hazard )
	Shear Modulus (Pa)	𝜇	
	Slip Deficit Rate (N.m.yr -1 )	D	
	Fault Area (m 2 )	A	
	Long Term Plate Rate (mm.yr -1 )	𝑉 𝑝𝑙𝑎𝑡𝑒	
	Interseismic Coupling	𝜒	
	Slip Rate in the Interseismic Period (mm.yr -1 )	S	
			𝜏 𝑚𝑎𝑥 : return period of the largest event
			𝜏 𝐺𝑅 : return period predicted by the observed GR law
	Return Period of Events (yrs)	𝜏	for 𝑀 > 𝑀 ℎ𝑖𝑠𝑡
			𝜏 𝑀 : average recurrence time of independent events with M > M Test predicted by a given GR law
	Total Number of Earthquakes		
	Recorded per Year (from the GR	a	
	law)		
	Relative Distribution between		
	Small and Large Earthquakes	b	
	(from the GR law)		
	Cumulative Number of		
	Earthquakes per Year over	N	
	Magnitude M		
	Number of Events per Year in a Magnitude Range	r	
	Percentage of aseismic afterslip		
	moment release compared to the	𝛼	
	moment released seismically		
	Time Period (yrs)	𝑡	𝑡 ℎ𝑖𝑠𝑡 : time period covered by the earthquake catalogue
	Number of events during the time period 𝑡	n	

Table 2 .

 2 Parkfield moment deficit rate 1002

	Interseismic models	Moment deficit rate (N.m/yr)
	MW [Wang et al., 2014]	6.90 +/-0.64 10 17
	MJ uncut [Jolivet et al., 2015]	1.40 +/-0.28 10 18
	MJ cut at 19km depth	8.82 +/-1.10 10 17
	MW cut at 15km depth	6.04 +/-0.52 10 17
	1003	
	1004	

Table 3 .

 3 Parkfield seismic and aseismic moment release 1005

	Catalog used	Seismic Moment rate (N.m/yr)
	Initial Catalog (31 years)	3.70 10 16
	[NCEDC, 2014]	
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Figure 9: Maximum-magnitude earthquake probability assuming the case where large earthquakes should follow the GR law of a declustered catalog. We use here the model MW, do not account for Bath's law, and suppose that the ratio between postseismic and coseismic moment release is equal to 200%. The number of events from the declustered ANSS catalog being too low in the area selected, we apply the method on a undeclustered ANSS catalog. The results are thus biased and must be interpreted accordingly. The black curve represents the magnitude-frequency distribution of the Parkfield area using the ANSS catalog between 1984 and 2015. The gray curve is the modified magnitude-frequency distribution where the M6 and its aftershocks are fixed to occur every 24.5 years. The GR law (black dashed line) is taken from this distribution. The stars represent the historical data [Toppozada et al., 2002] and the black line represents a M7 earthquake with a recurrence time between 140 and 250.
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Description of the supplement

We present in the supplement the flowshart of the methodology and we show the results of our methodology obtained using a Brownian Passage Time model [Matthews et al., 2002;Field and Jordan, 2015], which are only marginally different from the ones obtained with the Poisson model.
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Table S1: Flow chart of methodology.

List of Figure Captions

Figure S1: Maximum-magnitude earthquake probability assuming the case where large earthquakes should have a recurrence time lower than the largest earthquake currently observed, using the BPT model. We use here the model MW, do not account for Bath's law, and suppose that the ratio between postseismic and coseismic moment release is equal to 200%. The black curve represents the magnitude-frequency distribution of Parkfield's area using the ANSS catalog between 1984 and 2015. The gray curve is the modified magnitude-frequency distribution where the M6 and its aftershocks are fixed to occur every 24.5 years. The stars incarnate the historical data [Toppozada et al., 2002] and the black line represents a M7 earthquake with a recurrence time between 140 and 250. The black circle defines the location of a M6.7 event occurring every 140 years, our favored scenario. In the methodology section of the main text, we base all our probability calculations on Poisson's model. However, other options are possible and we show here an example using a specific renewal model, the Brownian Passage Time (BPT) model [Matthews et al., 2002;Field and Jordan, 2015].

The probability density function (PDF) of a renewal model, 𝑓(𝑡), describes the probability to have the first earthquake at time 𝑡 since the last event. The PDF of the BPT model is

where 𝜏 is the earthquake mean recurrence time and 𝛼 𝐵𝑃𝑇 is defined by the ratio between the mean and the standard deviation of the recurrence time, 𝜎.

Let F(t) represent the cumulative distribution function (CDF) of 𝑓(𝑡) and 𝑇 the time since the last earthquake. The probability of having no earthquakes in a time interval ∆𝑇 knowing that no earthquakes happened until 𝑇 can be rewritten as the probability to have no earthquake until 𝑇 + ∆𝑇, knowing there has been no earthquakes up to 𝑇:

Note that compared to the Poisson model, which just needed 𝜏 and ∆𝑇 to be set, the BPT model needs additionally two more variable: 𝛼 𝐵𝑃𝑇 and 𝑇. In our calculation, we fix the 𝛼 𝐵𝑃𝑇 of all events equal to the 𝛼 𝐵𝑃𝑇 of Parkfield's M6 (𝛼 𝐵𝑃𝑇 =0.37). The PDF of the time of the last event for renewal models is given by: 𝑝(𝑇) = 1-𝐹(𝑇) 𝜏 [Field and Jordan, 2015]. The probability 𝑃 𝐻𝑖𝑠𝑡 of our first approach for renewal models is then:

It defines the probability to have no earthquakes in the time period T and 𝑇 + ∆𝑇, knowing that there has been no earthquake until T but not knowing T. This probability takes into account all possible T given its initial BPT assumptions, avoiding us to sample it.

We now explore the range of possible magnitude and frequency for the largest possible earthquake needed to close the budget.

We use again the MCMC method to sample these probabilities. Each sample is taken from a uniform PDF between 6.4 and 9 for magnitudes, and between 10 -6 and 10 4 yrs -1 for frequencies.

We calculate for each sample 𝑘 the value proportional to the probability 𝑃 𝐺,𝑘 as described in the method section. For each estimate, we run the sampler for 900000 steps, rejecting the first 500 steps to ensure accurate sampling of the PDF. The space of magnitude-frequency-time of the last event is then binned into cells of size 0.01 for the moment magnitude axis and logarithmically binned into cells of size 0.01 concerning the frequency axis. The number of samples in each cell divided by the total number of samples approximates the probability 𝑃 𝐺,𝑘 as defined by the MCMC method. The results are shown in Figure S1.

The probabilities computed using the BPT model for low magnitude and high frequency events are smaller than Poisson model. As already mentioned in the main text in the 2 nd approach section, the marginal cumulative probabilities do not give us any useful information. This is due to the fact that the maximum magnitude and lowest frequency are unbounded a priori. The magnitude for when 95% of the maximum non-cumulative probability is reached can instead give us an indication on the magnitude and frequency needed to close the moment budget (Figure S2). where 𝑝(𝑇) is the probability distribution for the time since the last event, T. It defines the probability to have an earthquake in the time period T and 𝑇 + ∆𝑇, knowing that there has been no earthquake until T but not knowing T.

Figures S3 shows the hazard estimation for BPT model derived from the probabilities of the magnitude-frequency of the largest earthquake using our second approach described above for a period of time of 30 years. 𝑃 ̅ 𝐻𝑎𝑧𝑎𝑟𝑑 for the Poisson model is also indicated in the figure.