Supplementary Material (SM) of “How Droughts Influence Earthquakes”: Gravity Footprints of Major Earthquakes Are An Earthquake Triad Tale
The SM contains a definition of stability factor (Section 1), details of the earthquake triad (Section 2), and the application of SEGMENT to the Andean and Cascadian faults (Section 3). Five illustrations (Figures) for generic numerical model verifications and grid stencil representation also are placed in this SM.

1. Stability Index and the Intertwined Earthquake Triad

Different segments of a realistic heterogeneous fault zone (Figure S2a) have different slope angles and maximum friction coefficients and also experience different loads. The driving stress distributed to each segment approaches its maximum supportable resistive stress gradually, similar to the saturation process of porous media. Fault ‘stress saturation’ is analogously defined here as the ratio of driving stress to maximum affordable resistive stress:
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Consequently, an S value of 0 corresponds to full locking while an S value of 1 corresponds to creeping. Hence, the overall stability of a realistic fault becomes
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Whatever the actual form of an earthquake model, Eq. (A2) is an important co- seismic diagnosis. One important factor causing non-uniform distribution of driving stress among segments is the existence of macroscopic crevasses of voids/cavity within the plates [43]. The illustrations in Figure 2 assume uniform lithostatic loading among all segments. In reality, the bridging effects [20], that is, the load directly above a plate segment can be partially carried by neighboring segments (or vice-versa), thereby adding yet another layer of complexity. Bridging contributes to gross resistive stress only when the fault interface has non-uniform friction coefficients (or, non-uniform fault strength). Otherwise, if the interface has the same roughness, the net contribution to resistive stress from bridging effects may be negligible due to the canceling effects from neighboring regions that are relieved of part of their lithostatic stress. The following subsection outlines the complex interaction among the earthquake triads, either occurring in sequence or concurrently. The seismic cycle is controlled largely by the compounding of these factors.

2. Gravity Fluctuation as the Nexus of the Earthquake Triad

Fault geometry, although by far the largest factor in determining the timing of major earthquakes, is treated here as the geological background. The super-imposed gravity fluctuations are primarily responsible for earthquake irregularity. The following discussion focuses on the bridging effect and the fault weakening consequences of granular material (GM) formation. Groundwater is not singled out as a subsection because it is the nexus between the components, and is discussed as an integrated component throughout the text.

2.1. Bridging effects at the fault zone make instability ‘non-local’

That different portions of the fault/shear zone contribute different resistive stresses primarily is due to uneven loading (the variations in Gi along the shear zone). There are many causes for loading deviation from the lithostatic values. For convenience, the generic term “bridging effects” (Figure S2b; Ref. [20]) is assigned to this phenomenon. It is a disturbance of the vertical resistive stress field (R.Z). The “G” in Eqs. (1) and (A1) is a special case of R.Z when the bridging effect is not salient. In principle, disturbances at any depth above the fault zone can be felt at the plate interface. It is noted that, for a point source (of horizontal dimension much less than the fault dimension), the influence range of the bridging effect in each horizontal direction expands linearly. So, the footprint increases as the square of the depth. Consequently, the amplitude of the disturbance decreases at a rate of depth-squared. Thus, the closer the disturbance source is to the shear zone, the more effective it is in superposing onto R.Z and contributing to the motion tendency of this segment of the shear zone. According to this reasoning, localized load disturbances such as human-made infrastructure (e.g., dams) are far less important than a cavity of similar size existing at 20 km depth in disturbing the load distribution of a shear zone at 30 km depth. The limiting size (L) of a cavity at depth H depends on rock tensile strength (fc) and density (ρ), following a square root law: 
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, where b is a cavity geometry dependent constant. It is apparent that larger dimension cavities are allowed at greater depths in the brittle crust. At greater depth (>~ 30 km), the thermodynamic reduction in the tensile strength of rock dominates and causes a drastic reduction in L. As a result, the cavities on the locked interface are sub-meter scale at most [44,45]. Bridging effects for regions surrounding sea mounts and these deep-burying cavities are non-negligible for an earthquake evolution and life cycle. These features have clear remote-sensing signatures, especially when experiencing transition in size as a result of collapses (usually a consequence of continued GM formation), or through an underground chute system channeling groundwater into deeper depths. Load fluctuations that are shallower, affect fault stability only when they occur on sufficiently large spatial scales. In this sense, regional scale groundwater fluctuations, even those residing in the upper few kilometers of depth, can have a significant impact on fault stability. The deeper they are, the more direct and efficient they are in contributing to fault stability.

The bridging effect contributes to gross resistive stress only when the plate interface has non-uniform friction coefficients. If the interface has the same roughness µ’, the net contribution to resistive stress from bridging effects may be minuscule due to the canceling effects from neighboring regions that are relieved of part of their lithostatic stress. To have a net effect on resistive stress, the extra loading should be negatively coupled with the spatial variation of fault strength (i.e., their spatial co-variance is negative). Granular material [13,14] formation and transportation is such a nexus. Through bridging effects, a neighbor’s weight is partially transferred over regions with strong contacts (similar to the “pillars” of a bridge). These regions of strong contact encourage GM formation (a consensus of yielding criteria of brittle rocks; Ref. [43]). With the formation of granular material with viscosity (< 104 Pa•S), many orders of magnitude smaller than polycrystalline rocks (> 1021 Pa•S), the shear zone with strong contacts weakens. Such a situation is seismogenic. For example, if there is only 5 mm GM between rock plates under a confining pressure similar to the locked fault zone (~ 0.7 GPa), the equivalent frictional coefficient, or fault strength, drops to < 10-4, orders of magnitude smaller than solid-against-solid rock friction.

At the fault interface, cavities are rare. The ‘pillars’ are surrounded by rock materials. Sea mounts are a type of inter-plate “pillars” that grinds the upper plate and in turn suffers wear. The bridging effect therefore is the controlling factor for granular material generation. Bridging effect caused co-seismic and interseismic stress irregularities has strain (deformation) consequences at all depths up to the earth surface. The near surface displacements (directly associated with strain buildup and release) can now be accurately measured by Global Positioning System (GPS; Refs. [46-48]) and Synthetic Aperture Radar interferometry (InSAR; e.g., Refs. [49, 50] and references therein) instruments. From Eq. (A1), it contributes to stability if more weight is loaded on rough contacts and less weight is loaded on smooth contacts along the shear zone. Bridging effects, by affecting GM production rates, influence the frictional properties of the fault interface and achieve a seismogenic effect caused by more weight being loaded on smooth contacts and less on rough contacts along the shear zone. Sources of bridging effects are numerous. For example, large scale structures on the overriding plate (e.g., mountains and valleys) signify bridging effects at depth on the seismogenic fault zone [15]. However, bridging effects caused by topographic features, and hence variations in the frictional properties of the seismogenic zone, cannot explain the irregularity of earthquakes that occur on decadal to centennial scales. However, large scale variation in groundwater is a viable candidate.

From Eq. (A1), the weight of the overriding plate always serves as a stabilizing factor, that is, its reduction is seismogenic. Fluctuations in the gravity field not only have local stability consequence, they also affect neighboring regions through bridging effects and the unique fatigue process of the fault zone.

2.2. Fatigue in rock interface-generation of granular material

Two objects, when pressed against each other, suffer wear and tear at the interface, a manifestation of material fatigue. The interfaces of tectonic plates are no exception. One validation/proof is the existence of widespread fault gouges and pseudotachylyte melt in wall rocks [33]. The generation rate of GM results from at least three factors: (1) The degree of imbalance in the three principle stress components, in a form of yielding criteria for brittle material; (2) The existing amount of GM or the current state of GM; and (3) The formation of GM consumes elastic energy accumulated in the plates, by producing new surfaces under the huge confining pressure of the fault environment. Point (1) Is supported by recent findings of frictional melt along the fault surface; it occurs only at a small fraction of the total rupture surface area, but always begins at asperities, the effectively strongest points on the fault surface. Cyclical forcing is most effective in causing fatigue. Groundwater fluctuations, especially when acting in concert with the resonance frequency of the plate segment, aid GM generation. The second requirement is that, as GM builds up at the interface, it hinders further production of GM in exactly the same way saw dust hinders further cutting of a piece of wood. This is especially relevant for the inter-plate GM because, compared with its parent rocks, it has larger porosity and easily fills the limited inter-plate space. Earthquakes are very effective mechanisms for removing and re-distributing existent granular material, specifically by thermal pressurization or acoustic fluidization. Granular material production and redistribution create a negative spatial covariance between loading and effective frictional coefficients, thus are seismogenic (i.e., contributing to instability) according to Eq. (A1). Figure S2c is the retrieved GM thickness, using the scheme in Ref. [23] and surface GPS displacements as constraints. The co-seismic release of potential (elastic as well as gravitational) energy is transformed mainly into heat through inter-plate frictional force (the destructive waves consume only a portion of the total energy). This possibly is a healing mechanism counteracting the granular fatigue. A large, deeply buried area approaching saturation simultaneously, un-locking systematically and releasing the stored elastic energy coherently, usually produces large magnitude earthquakes [51]. The contact surface of actual tectonic plates can have sophisticated topography and may involve material heterogeneity (Figure S2a). Therefore, it is difficult to predict the future rupture propagation without knowing the interface details. Recent studies [11,12,51] indicate that widespread and smooth contact between two relatively weaker plates harbors large earthquakes; this is a situation usually satisfied at the megathrusts. As an opposite case of rough contact, the subducting seamounts generally discourage the generation and propagation of large ruptures. This is because the seamounts consume a very small fraction of the plate interface, acting more effectively as a grinder for the overlain plate rather than as a blocker/obstacle (Figure S2a; Ref. [51]). Downstream of these seamounts, there are strips of granular debris composed of material scraped off both the sea mounts and the overlying continental plates. These findings further support the importance of lateral coherence between different segments of the fault in determining earthquake magnitudes (Eq. A1).

In addition to the critical role it plays in GM generation, groundwater, as an additional loading on the overriding plate is a stabilizing factor, according to Eq. (A1). Reduction of groundwater, usually as a result of extended, wide-spread droughts is, however, seismogenic. Although the weight of groundwater itself is negligible compared with the weight of the overriding plate, it is of the same order of magnitude as the residual stress (between plate-coupling compressive stress and gravity-aided friction). That is, the inter-seismic stage is actually in a delicate balance. Fluctuation of groundwater, by superimposing a lateral/horizontal stress gradient, can play a critical role in the timing of major earthquakes. Fortuitously, fluctuations in groundwater have been remotely sensed in recent decades by gravity satellites such as the Gravity Recovery and Climate Experiment (GRACE) [17-19].

Centered on the co-seismic criterion (Eq. (1)), the triad determining earthquake irregularities are discussed. It is clear that, because of the heterogeneity in the driving stress distribution, and the overlain loading condition, unlocking is often not completed at once. Rather, different geological locations may unlock in certain orders. The ensemble center of the ruptures is the epicenter and the magnitude (energy released over all ruptures) is directly related to the rupture size. Geological backgrounds such as fault geometry and the plate motion speeds evolve rather slowly. The irregularity in earthquake occurrence mainly results from the inter-plate GM production and transportation. Large spatial scale fluctuations in groundwater (i.e., those arising from large scale droughts and floods), through bridging effects, are a suitable mechanism in granular material generation. In fact, except for groundwater fluctuations, few other natural cyclic factors possess spatial wave lengths and temporal frequencies of the same orders as major tectonic earthquake irregularities. The climate fluctuations, by affecting groundwater loading patterns, impact the earthquake cycles. Bridging effects by themselves might not cause fault weakening. But, with the associated GM generation, they weaken faults through the formation of a negative spatial covariance pattern between loads and friction coefficients. The generation and transportation of GM at the plate contact reconcile the above-mentioned, counter-intuitive, characters of major earthquakes (e.g., as enumerated in Ref. [33]) and also are critical in orchestrating small- scale ruptures to generate major earthquakes.

This study focuses on subduction zones (e.g., Andes and Cascadia) because they are responsible for the largest earthquakes and also because they have significant footprints on the gravity (mass) and thermal [11] fields. The continental collisions (continental against continental; e.g., Himalayas) are not differentiated here from subductions (oceanic against continental plates). Despite the improved measurements of the Earth’s structure and rupture geometry, the timing of major earthquakes remains a major, unsolved scientific problem [52,53]. In this study, first order schemes representing the earthquake triad are implemented in a sophisticated 3D modeling system, referred to as SEGMENT, to estimate the spatio-temporal scales of major earthquakes.

3. Applications of SEGMENT over Two Subduction Faults

The following sections discuss earthquakes over two selected regions addressed in detail only in the SM, namely, the Andes and the Cascadian subduction faults, as specific applications of the numerical modelling systems.

3.1. Andes earthquakes: Controlled jointly by granular material pattern and groundwater fluctuation

Figure S4 illustrates the present plates interface geometry at coastal Andes, as CRUST1.0 provided to SEGMENT. Panel (b) shows the ongoing base state creeping structure. The black arrows are horizontal flow speeds. The convergence in this direction is apparent but the total convergence is not apparent because the horizontal velocities rotate counter clockwise in the horizontal plane and the magnitudes are not changing so drastically. The coupling is weak as to the compressive stress between continental and oceanic plates. Especially, the ocean-continental subduction here does not lead to thickening of the continental plate. Reference [54] suggests that the subduction of oceanic lithosphere coupled with underplating and a brief episode of gravity spreading contributed to crustal thickening in the back arc of the Central Andes. There remains no uniform theory that explains how very thick crusts develop and evolve (e.g., Ref. [55]).

3.1.1. Footprints of seamounts-role of granular material in Andes earthquakes spatial pattern: Granular accumulation along the Peru coast (South of Lima) extends far inland. The pattern reflects the way the Nazca Ridge passed through the continental plate. Because the thrust is at an acute angle to the continental plate motion, the channels on the overriding plate left by the seamounts are oriented at an angle to the Nazca Ridge’s moving direction (as shown on Figure S5). This is similar to chiseling a rotating disk. The GM leftover also is distributed in stripes oriented the same way. In fact, all stripes originated from the sea mounts extends to the left flanks, due to the relative motion of the underlying and overriding plates. The GM to the west (A’) ages as old as 14 Ma, whereas GM at A (on the current flat lab) is newly generated. As the channels get older, they collapse and get wider but shallower, following the mechanisms as described in subsections 1.1 and 2.2 of the SM. These granular stripes become the soft belly of the fault and are the locales of many major earthquakes. Juan Fernandez to the south is very similar to the Nazca ridge at present but was very different 3Ma ago [56,57]. This chain of seamounts plowed beneath Puna at ~ 10-6 Ma ago like a hockey stick. At present, the ‘head’ of the stick had melted into the upper mantle and only the ‘handle’ is left. However, the GM grinded off by the ‘head and shaft’ of the stick still acts as locales of earthquakes, especially at the seismic section of the subducting fault at the joint of Peru and Chile (at 20ᵒS; 70ᵒW). Also, the channels and the granular ‘stripes’ left behind by the seamounts on the Juan Fernandez Ridge are more south-north oriented than those left behind by the Nazca Ridge. The epicenters of major earthquakes after 1800 correspond well with the granular stripes. The granular stripes left by the Juan Fernandez Ridge foster larger (but less frequent) earthquakes. For both seamount ridges, their left (northern) flanks foster larger earthquakes, because of the granular accumulation patterns.

3.1.2. Groundwater’s indirect control (with apparent hiatus) of Andes earthquakes’ spatio-temporal patterns: For the Peru and Chile coasts, ENSO ocean-atmospheric teleconnection patterns play a critical role in determining the phase of groundwater. Earthquakes, especially those greater than Mw 5.5, but less than Mw 7, are not necessarily occur in phase with the ENSO. This means that, unlike for the TP region, the direct mechanical effect, as that indicated by Eq. (1), may not be the dominant factor. However, the occurrence frequency of the major earthquakes is ~ 4-7 years, about the same as ENSO. A model simulation confirmed that it is the fluctuations, rather than the actual weight of groundwater that are critical for the GM generation and the ensuing earthquakes. Hence, for this region, groundwater-induced loading fluctuation affects earthquakes through granular material generation and evolution (subsections 2.1 and 2.2 of the SM and Section 2.3.3), rather than through the direct mechanical mechanism.
Despite the apparent temporal hiatus for most earthquakes between MW 5.5 and MW 7, all major earthquakes greater than Mw 7.5 occurred at dry stages of the groundwater fluctuation cycles. For example, the 1998, 2003 and 2010 earthquakes all occurred at the nadir of the regional gravity field. ENSO seemingly lessened the severity of the earthquakes over the Andes. Without ENSO, all the scattered < Mw 7.5 earthquakes would occur as less frequent, but more severe, 1960-like super earthquakes. Through affecting precipitation partition into evaporation, runoff and infiltration into groundwater reservoir, topographic features have a strong correlation with seismogenic zone segmentation [15]. However, it simply is an illusion that surface topographic feature corresponds to ruptures at depth. Instead, the precipitation and the ensuing groundwater distribution that contribute to earthquake irregularity. This is primarily because the input of strain energy from the periodic recharge and discharge of groundwater in a large regional area increases the prospect of locking formation, through granular fatigue. Monitoring the groundwater fluctuations therefore is a practical means of understanding earthquake cycles. Thus, gravity mapping satellites such as GRACE provide essential assistance in predicting and verifying the occurrence of these earthquakes.

3.2. Cascadia subduction zone’s stability affected by Californian droughts

Detailed discussion of the Cascadia subduction fault, such as its effective strength (µ’), geometrical characteristics and unique geological conditions are given in Ref. [3]. Here the additional stress fields super-imposed by precipitation fluctuations are discussed. Californian droughts (for example, that of 2012-2016), even though they were hundreds kilometers away, significantly enhanced the instability of the Cascadia subduction zone. Due to the lack of vertically extended crevasses, such as those resulting from the India-Eurasia collisional system, groundwater fluctuations take effect through aiding GM formation. Therefore there is a hiatus between droughts and the seismogenic effects (it is not a one to one correspondence: fatigue from multiple cycles of droughts leads to a reduced inter-seismic period). Rather than a direct temporal correspondence, there is a multiple year hiatus before the seismogenic effects from droughts to take effect. For example, the extended Californian drought may contribute to fault instability 2 (the local Riverside and Parkfield area to southern side Mendocino fault transition zones, or the Oregon-Washington coast) to some 10 years (northern Brish Columbia coast) later. In addition, the Cascadia fault’s locking is distinctive in that the oceanic plate still is creeping, which is seen clearly by examining the velocity profile. It is locked in the sense that the neighboring regions have large gradients in motion speeds, signifying a stress build-up. For example, the Olympic National Park coast of the Cascadia subduction zone is now inter-seismically locked (Figure not shown for clarity). At contact, the speed of the continental plate is close to zero. The oceanic plate, however, still is in motion. The continental plate is accumulating elastic potential energy at an annual rate of 7.6 × 1013 J/yr. The estimated apparent frictional coefficient is 0.12. If there is no perturbation of the loading field, the natural frequency of seismic cycle is ~ 600 year. By releasing the accumulated elastic energy, an earthquake of Mw 7.8 would be produced (of energy of ~ 45.7 PJ). However, from SEGMENT simulations, it is apparent that the Californian drought exerts a cyclical stress on the interface and enhanced its fatigue. If the same hydrological cycle over the past 50 years was repeated for (hence is representative of) the past 800 years, the recurrence frequency would be reduced to ~ 446 ± 70 years. As a result, a > Mw 7.5 (~34 PJ) earthquake is expected within the upcoming decade. From the GM distribution pattern, the rupture likely would start from the southern sector, that is, between the Oregon coast and the coast of British Columbia.

The logic of relating California droughts to future Cascadia earthquakes might appear to be counter-intuitive as Cascadia has many of its own hydrological processes (e.g., it has some of the highest precipitation rates in North America). The reason the fault is more sensitive to Californian precipitation is because of the fluctuation in precipitation, not the absolute amount. The high latitude precipitation over the Cascadia region of Canada does not have a large inter-annual to inter-decadal variation, unlike the California region which is influenced by both ENSO and the PDO climate drivers. More importantly, the Mediterranean climate is highly sensitive to climate warming [58]. Local Canadian precipitation fluctuation would be more direct but the magnitude of fluctuations truly is smaller than that of Californian precipitation. The North American plate cannot maintain full rigidity over such a distance. The waveguide for propagating the bridging effect zig-zags ~5.5 wave lengths along the Pacific coastal ranges before reaching the Cascadian fault. Thus, the fatigue caused by groundwater fluctuations associated with increased precipitation volatility in twenty-first century California likely will play a decisive role in shortening the timescale of the natural earthquake cycle and, at the same time, reducing the magnitude, for the entire coastal region (from Mexico to the south to Canada to the north). 
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