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Recent studies showed that slow slip events (SSEs) in subduction zones can happen at all temporal and spatial Re-rupture: Pu Ise-like to Crack-like o oul ' ‘ ' |
scales and propagate at a wide range of velocities. Heterogeneity of fault properties, such as fault roughness, is There are two kinds of rupture behaviors. crack-like and pulse-like The Slip profile of back propagatioﬁ
often invoked to explain this complex behavior, but how roughness affects SSEs is not well understood. Here we i ) e 7 ' ] ]  0.042 -~ f
use linear elastic fracture models and quasi-dynamic seismic cycle simulations to model slow slip events on a crack-like rupture is elliptic If assuming a constant stress drop. The pulse-like one Is 13
rough fault. Roughness induces heterogeneity in normal stress and causes locked asperities where normal stress similar to the movement of an inchworm, the rise time of one location 1s much shorter = s N/ =
IS high. We find that SSEs tend to rupture like a pulse rather than a crack when the amplitude of the normal than the duration of the Slip events. ;§
stress perturbation is large and the minimum wavelength is in an appropriate range. In our models, pulse-like g 009
ruptures are usually clusters of small subevents and propagate slowly, while crack-like ones are single extensive _ _ a N # N
events and propagate much faster. On a rough fault with a fractal elevation profile, the transition from pulse to In Figure 2, pulse-like ruptures are usually clusters of small subevents and propagate N S 3
crack can also lead to faster re-rupture of SSEs. By treating asperities as spring-sliders rupturing in sequence, we slowly, while crack-like ones are single extensive events and propagate much faster. 0.034 | '.
explain the difference in forward and backward propagation velocity. Our study provides a possible mechanism on a rough fault with a fractal elevation profile the transition from pulse to crack can 5('30 10'00 15'00 20'00
for the complex evolution of SSEs from geophysical observations. ! . ; T 408
also lead to faster re-rupture of SSEs. We also observe some even faster ‘streaks e
Introduction propagating backward in the simulations. ; AVAVAVAY
Researchers have observed slow slip events (SSE) and non-volcanic tremors in man : - - i - oo = =
ducts dwide. H pt  al. (2011) ob " ranid t y I The corrugation of the real fault is fractal over an extensive range of wavelengths. So Esiknas 4 .
supauction zones woriawide. HRouston et al. opserveda rapil remor reversails : : : fotri : : - N N
(RTR) in Cascadia subduction zones, which occur in previous! rB tured regions. The the perturbation Is more likely to be randomly d'St”b_Uted’ and the_amp“tUde varles Figure 3: Accumulated slip and the normal stress for *walnut’ case. It shows the re-rupture in the
ackward " ity & k oo bt P + tﬁ’ fp ! g ' i from place to place along the fault. We use a case with a walnut-like normal stress full-rupture event which propagate from high to low roughness regions.
ackward propagating velocity is significantly higher than the forward propagating - - - : - . .
perturbation (Figure 3) to study the influence of the local amplitude of the perturbation Back Propagating Velocity

velocity. Geological observations show that the fault is corrugated at all scales, and the on the direction of bropaaation : A . .
distribution is self-affine with a Hurst exponent H (0.4-0.8; Renard and Candela, 2017). propag To account for the spatial variations in normal stress we use a spring-slider model to

We want to determine the effect of normal stress perturbations, as a proxy for roughness, study back propagation, regarding the fault patches with higher normal stress as
on the complex rupture behaviors. sliders. A rupture propagates through progressive failure of asperities (Figure 4), each

of them iIncreasing stresses behind the rupture front causing back propagation. After
an event, the time before another event on the patches nearby tells how fast it
propagates. For example, it propagates back more quickly if the fault patch behind
ruptures again shortly after. While 1t propagates forward more slowly If it takes a
longer time for the patch in the front to rupture (Figure 4).

The pulse-to-crack transition can explain the re-ruptures in the ‘walnut' case (Figure 3),
In which the SSE propagate from high roughness to low roughness areas. It slips like a
pulse In the region (X = ~1.25 km) with a larger amplitude of perturbation and slips
like a crack in the region (x = ~0 km) with nearly constant normal stress. So the re-
rupture may be due to the deficit between crack and pulse-like slip profiles, as
suggested by Idini and Ampuero (2020) for the fault surrounded by damage zone.

Two key questions:
® Can fault roughness explain re-rupture and back propagation?
® \What controls the back propagation velocity on a rough fault?
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y=Vpl  ab=0005  ab=0005 . _g pulse-like transition from PU}S€1 (t)O crack We run simulations with a sinusoidal normal stress perturbation with different
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'4 ]' '( <107 (©) g10(v) wavelength. We measure the back propagation velocity (Figure 4b) and compare with
| - ) . " ” .| v |, e 4 two analytical models. The back propagating velocity of streaks is v,, = A1/t, where A
mean effective normal stress = 2 MPa H(y") & ] . . . .
() | : L. B IS the wavelength. Assuming far above steady state, the time t before the failure Is as
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ol : 20 = = L o variable v, accounting for the evolution of slip velocity since the previous rupture, as
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Figure 1: (a) Model geometry. (b) Steady-state friction coefficient of the original rate-and-state friction 9 The t'me tr1s 4/ Vprop: Vprop s the forward propagating velocity.
(dashed line) and velocity cutoff model (solid line, Hawthorne and Rubin, 2013). (c) Normalized (a) 13 We write the expressions for two models (blue and red curves) as
elevation of a rough fault and perturbation of the normal stress. | | | | ) v - AT v A7
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We use a 2D quasi-dynamic boundary element model (FDRA, Segall and Bradley, 2012) (D) Interval red 0.25 h: black 10.4167 day ’ H oV, Cyr ao
to simulate the SSEs on a rough fault. The fault is divided into two regions (Figure 1a, step 1400 to 2400 In Figure 4b, red curve grows more slowly with A than the blue curve. The trend of the
velocity-weakening region BC and velocity strengthening region AB. The characteristic spacle. il . red curve fits better with the measured propagating velocity.
state-evolution distance Dc is set 4x10->m (Marone, 1998). 006k iR, i <107 10g10(v) . re-rupture velocity
0.055 ~ e, 3.8694 — 4 :
We choose to use the velocity-cutoff model to simulate slow slip events (Figure 1b). The g o 1 8603 I _ 061
fault slip 1s governed by: Z Ll /. 04 |
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Where 7, IS the shear stress due to remote loading and interaction with other elements, 0.035 | > £
and the frictional resistance z, Is given by: 003 | £ 3869 > 02 & = model2 |
: — — T Ode
V N > -04 -
T, =0 yl—aln(—1+1)+bln( ¢ -I—l) 0.025 L L ! L L L ! ! l 3.8689 2 —p
o oV D _ 1000 2000 3000 4000 5000 6000 7000 8000 9000 5
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For AC, the average normal stress is 2 MPa (Liu and Rice, 2007). We include a 5% 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 3.8686 » 1 > : T 12—
perturbation of normal stress consistent with that induced by a rough fault (Figure 1c). x/m | Distance (km) | | “log10 wavelength (ki | | |
Ve use tf:le amp“tUde_tO_Wavelengt.h ratio o t 0 define th_e roughness of the fault as rilggli;?eg. ailclsrgﬁr;\éhofiiona?ofnracttﬁL rfaliﬁth ;?rjilrt]' (2)e\?e“rglrggitporuzizhc:ur;eesSt?/fl)ﬁ.ic(E)i;r?ﬁé Figure 4: (a) Slip rate during one SSE. Magenta and cyan lines show the forward and backward propagating
Yrms—0 7¥ max- Ve use the following _analytlcal expression to relate normal stress i S divided by /o4 b al xg_W/z Vi Ig o0 f q yt g y velocity. (b) Back propagation velocity from simulations with different wavelength of sinusoidal normal stress
perturbations to fault topography (Cattania and Segall, 2021, Fang and Dunham 2013): SHP s dIVIGEd DY T erarcsinzy, .(ana yHeal expression Tor-a zE10 SIess arop trac perturbation. The amplitude-to-average ratio of normal stress is 0.5. The blue and red line represent the back
Ac(x) = “ S H(y™) = & S j‘” y (Cf)deg driven by end-point displacement, Figure 1a). Bottom: distribution of the normal stress. propagation velocity in two analytical models. The blue curve denotes the median of velocities, and the
2 Y= 2 Jo x=¢& Grey box denotes where the transition happens. yellow patches and green bars denote the ranges from maximum to minimum velocity and 5% to 95%.
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