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EARTHQUAKE swarms have been considered as a characteristic seismic phenomenon on the active transform plate boundary. Yet the detail source processes of 10 140 150 { _ W\“”v t
major events in the swarm have not been studied before due to the lack of station coverage and the medium size of earthquakes. The two M>5 earthquakes in the A AP A S e W J\FW JV\MN L T S S
recent 2012 Brawley swarm have been well recorded by the dense strong motion and GPS stations nearby. Using these datasets, we derived slip model for the two 2 . 5 WW\/\“ wa Acceleration
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events (Mw5.4 and Mw5.3) by joint inversion of strong motion and GPS data. Different 1D velocity models are applied for various strong motion stations. These essen- o Ve JWM _ g ]
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tial path calibrations are obtained by waveform modeling of a smaller event (Mw3.95) in the swarm and allow us to push the waveform inversion up to 3Hz. The results Afe  inversion for the mechanism of the 1 B B | ]
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mum slip amplitude of about 40cm. Correspondingly, the earlier Mw5.3 event ruptured slightly deeper depth and complementary to the slip distribution of the Mw5.4 e A\ A search for the best double-couple et et et T
event. The rise time for the Mw5.4 event favors larger values (~1s) than that for the Mw5.3 event (~0.4s), thus the Mw5.4 event generated stronger long period (>1s) “ . mechanism. Pnl-waves are filtered 00044 N e A A A A
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energy but weaker higher frequency energy, indicating higher stress drop for the deeper event. tered to 10s and longer period. = sm <y |
THE third lagest (Mw4.9) event took place about 8hrs after the Mw5.4 event and is extremely shallow (D= ~2.0km). This is supported by long period waveform inversion, e N fToT?nfLSZfr”.!Tﬁirfh‘i'fﬁﬁif.‘;“ wave- - . | S
high-frequency waveform modeling, field observation, UAVSAR and the leveling data. All evidences suggest that this earthquake happened on a 45° dipping fault with o 5 e needed to align the waveforms and N ;ﬁ‘t‘;rfof'tr‘]’\e’as‘ig‘;i";?é%%ij"”Sgyr:fr'let I o f
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a normal mechanism. The joint inversion strong motion and UAVSAR data indicates that the earthquake has an average rupture speed of 1.75km/s, which is about 90% e A i L*;irzlea‘fgfcnoue';‘fi?errﬁ iff;j;cent_ ics in red and data in black, all the Cogmpa,.ison Detean the throe largest events in
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ments in a 2 year time window before the swarm. Inversion of the leveling data reveals a bull-eye aseismic slip pattern located on the same fault of the Mw4.9 earth- shown on the top. N is used to shown the surface reflec- the location of the station)
quake, centered at about 2km to the south of the epicenter with similar centroid depth of the earthquake. Again, we observed complementary feature between the seis- tion phase for a shallow source.
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mic and aseismic slips patterns. In summary, high-resolution slip models of largest events in the Brawley swarm show that earthquake triggering could happen in the
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- - - ( \ [ A
Overview Path Calibration
4 \ 4 N\ leveling(cm) 4l T leveling(cm) - N—S 15.5 Cm/S U—D 1.6 Cm/S . ]
S —— Ve o0 Deu T e ot ' ' Figure 10. Strong motion
(a) ) o5, P @ M k1190 (b) | (d) 00 02 04 06 08 10 - T - - - M WILA waveform fits for our best
. . . . . . 50 | 8 0 . v | bt e . | joint inversion slip model.
33.2°N - 3 °15200401 - m . - 45 | OO G @ %_ _ E=E '=EE= ] - : | | 4.2 cm/s 1.4 cm/s The data is in black and the
Salton S?Ia./’,_":"r, ; 15:;12;r;a an — 10 @O\O Zo ° g Py i A_2 _ 1-LII_I:LLI - D vpao 3 _EE. IEEEE_ _ = - _.E ._ 33.04°N - 33.04°N 1 11369 | N\/MQVW%W W&MW Synthet|CS are |n red, a” the
- ; _ ' ' 35 . |, - : £ . - = = EEEEE 1 = i 5 5 omls Nh 2 9 emls 1 & em/e waveforms are filtered to
o 15199577 B0 o 8 g G | EEEEEEER  EEE s = | ' /, ‘ | 3Hz and longer period.
3BINY SN Timo afer Aug 26,15,00,00(Hour) ol P—— - fe T o ey HHHH .- o Qo044 —’\AMJ i\ /‘\/ \ i {N/v‘r"w‘n ooy Note that the zero time is
= 8 B : (C) Stat%r?i;gggl,-'\fertical -8 ' ' ' ' ' -8 o 1 2 3 4 5 @ - I=EEEEEEEE El. E I.I I. : o B 11.5 cm/s 10.6 cm/s ’ | 2.0 cm/s f:le han? afktflrSt arrval. d
N Y s o 1 2 5 4 5 6 Veloaitv(km/ EEEEmEmmETs S : L SO note that we only use
N o \ MVWW veloalylms) s BEEEEERESD gt L pEEE  EEEE f 05060 WWWWMW saammaneense N A VRVAVAS sasidoameatun the the first 8s in the inver-
2 g5 A \ L A (c) - S =W avevsysusyliusssvysrsyluresvsrr ] S sion and the rest wave-
LA Y | [ st | 11869 0.1190294cm) o psi0s50(em) 0:20600040(c) T T R | | 0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25  forms are predictions.
i o 1 Mg Vp_Top(Z-reloc) Vp_Top(E-reloc) Vp_Top(N-reloc) 33N N | | |
32 9N - : O P$9',.g z %/) s 4 5 '6-7 i MW<5_>32‘ | | e U " S M B \);} ' "" " II 0.405/0.239(cm/s) —0.32(s) \Ff”\\go time(s) time(s) time(s)
S A il ({ SblR depth(km) ——i/w\wﬂw 012345678910 0123456780910 0123458678 910 A | 115.58"W 115.56°W 115.54°W 115.52°W 15.5'W 115.58'W 115.56'W 115.54°W 115.52°W 115.5W 2012May/201200t
| S j W - Mwé_gs' — time(s) time(s) time(s) Vertical ~V| | : , . L I UAVSAR o
' . ' ' ' 1 - - 11369 0.119/0.406(cm/s) 0.303/0.097(cm/s) 0.206/0.075(cm/s) -15 -10 -5 0 S 10 15 -10 -9 0 S 10
115.6°W 115.4°"W 115.2°W LOS(cm) misfit(cm)
o 2 4 & 8 10 CVM—H11-9-0~J\WW¢WVWM ww Q%WW% Figure 8. Leveling data in the earthquake swarm
timey L region before (left) and include the 2012 earthquake
012345678910 012345678910 012345678 910 —— - F— : , L
Figure 1. Overview of the swarm. (a) Larger _ _ . -10 -5 0 5 10 swarm (”ght) The trlangles indicate the measure
(d) PO AP Shows e selsmiclly fof the M>9.5 events e e e Diff(cm) locations. The two rectangles are the fault planes 33.05'N
_ P [ 9 ) 15201587 lanpicgnter < Ie:?g\;,\ég;\yéiir?l\/(lw?;) iso ssrzéawneas 11369 0.119/0.347(cmVs) 0.303/0.299(cm/s) 0.206/0.210(cm/s) Diff(Data—Syn) | used to model the strike-slip events and the Mw4.9
(w32 o 1520000 tne red star and the fault plane is displayed as PCM _.J\lw,,%mm. ‘_Avw\/mm% Radial | ' " S normal earthquake, respectively. The red star de-
[C\ /v] aro displayed. The triangles are the stong | | ' 7 smosN| _ notes the epicenter of the normal earthquake. Green
[Mw:3.20] 3 2 motion (black and blue) and GPS (yellow) sta- 012345678910 012345678910 012345678 910 go 2 gggg%g dots are the injection location and the yellow line is
Vol “ 45&9/3865 R;I)wng?:r Zssx?ﬁgiet;’f’gﬁir;gg ?;é??;f{ﬂf 2005 time(s) time(s) time(s) 0 5 10 15. 20 25 30 35 40 \’2\@ g ,’2 g © g ® _ the rupture trace of the Mw4.9 earthquake. The 33°N
¢ R messy  (Iarger) and 1987 (smaller) swarms. The heavy time(s) 0 0.0/0 0 @O ¢8 seismicity are plotted as blue open dots in the right
15205';"1";’3' 09 33 - : rooees dashed line indicates the Brawley Seismic Zone 0codeoo® anel
\h fgﬁgzi'a'lFFijEZSaa”nd AL are the short terms of Figure 2. 1D velocity models from calibration event. (a). The Vs and Vp depth profiles for the Path Calibration Model (PCM) and the 33'N | S panet. £ ¥
e o s " Andreas Fault, respectively. (b) 10hr time serial two 1D models extracted from the CVM4.0 and CVM_H11.9.0 3D velocity models at the location of epicenter of the Mw5.4 event. (b). 115.6°W 115.55"W 115.5°W 115.6°W 115.55°W 115.5°W 115.6°W 115.55°W 115.5°W
*s \ Ce of the swarm for the events with M>3.5, the Schematic velocity profiles indicating how to obtain a calibrated velocity model. The depth of sediment base is fixed at 5.5km, the | Strike= 191
[Mw:3.11] 15201297 5° 100577 [hwﬂ_m] same five mechanisms as in (a) are shown. (c) _ . ) _ 5km . rnKe e
C/ K}wg \ 0.02~4.0Hz velocity waveform records at strong Vp_min and D _vp4.0 are the two parameters allowed to change during a grid search. (¢c) Three component waveform comparison be- | | " g
(ve:3.78] 89 [Miiz3.95] T5°1t§;6§tf t:;ré 111532%%2%1??;; ;Zlﬁi?ﬁ;’imde tween the data (black) and the synthetics (red), here the synthetics are computed using the three velocity models in (b). Both data and e« , — . , 1 kg‘ 1 , . Figure 11. UAVSAR data fitting for our best .
is indicated at the end of each record, note the synthetics are filtered to 0.02~3.0Hz. The peak amplitudes of data (front) and synthetic (back) are shown. (d) Here we show the grid -10 U_D((’Cm) 10 SRR SOOI ST RIVVETNIR | joint inversion slip model. The left panel is ; . Figure 12. Tg 1.8e+23 -
i‘fﬁﬁ&f‘f&iﬁ??&ﬁf&itf“!?e“ﬁéftivwe.t”ﬁsMTé5 search result by using the Mw4.6 normal earthquake which has a centroid depth of 2.5km. The best waveform fitting is shown at the - Model | Fr'a - model and the middle one is data, the right _ o " Resolution of £
bottom with major phases marked. ode - 1] . | oy : panel is the misfit. The red star denotes the £ vol | the rupture S 1.2e+23
\. y, \_ J (, | 1 epicenter location and the rectangle is map 5 ) | speed, which is 1
] ] ] 33.05'N{ 066000600 g 5, view of the fault plane used in the inver- T g1 . determined by g 66422 |
Inversion Results of Mw5.4 and Mw35.3 Strike-Slip Earthquakes g " sion. Note that there are some misfit to s | joint inversion of 2
- . N tecee ™% a ; about 3km to the west of the epicenter 0.7 - seismic and S o |
ke 299 s e | | °toee me I8 | | which could be caused by the long term } L static data. 4 5
@) (D) MWE3 i (©) Musid | wm e Figure 3. Slip models of the 33N | o me® oo - | ; subsidence in the geothermal area. "0 10 15 20 2 time(s)
EW NS BT S S S SO S S S S S S two M>5 events. (a) The hori- (@) & T T o BT S 4 ] O vk
High-rate GPS - e ¥E zontal waveform comparisons § {ddebd bbb g L L 2EMINY ™5 A\ il | _———— ' Figure 13. Moment-rate func-
250m zen |l - . | of the high-rate GPS displace- S 4 - 3\ Skm . o — c tion for the best joint inversion
pise [N M ¢ 4] ' ment waveforms (upper panel) 5, 331N ' — 0510152025 30 35 40 45 50 55 60 65 model.
57 om sscm 3 _ and strong motion velocity = | Strike= 191 deg _
rs [ \__—y e 0 waveforms (lower panel) for 2 Data Strike= 191 deg Fioure 14. The left I
1.8.cm 07em  ® o 5 the Mw5.4 event, the synthet- _ E s =y Figure 9. Static slip inversion derived by using the level- Ilqgure e et? paf”;
P502M W o ics (red) are generated by the _ i, desl7 S SN M e S ] NS ing data before the 2012 swarm which is the left panel E O}[N,S_ te' r1se time (I)' ©
Wmm 220m preferred slip model for the s T c Tl ¢ BOMN . esedeseso ' in Fig.8. The left three panels are the data (bottom), meosdé(l)”'}hlg\;iegﬁ’lcogaz;?
Pe08 Mw5.4 event. Both data and E = \ BN ° Toboe f*o@ model (middle) and misfit (upper). Here we assumed 1 ' 2 .
W synthetics are filtered to 3 e 2 . Ly sons e ggf: e me 46 | all the aseismic slips were located on the same fault SPOWS tdhel JO'gt tll: version
sStrong Motion 0.1~3.0Hz. (b) Kinematic slip £ | N dopthirie” coveeed plane for the Mw4.9 normal earthquake. The derived I Slip modet and the asels-
SR S N N 1 S S b SR 3 i depkm)e 33N | e ne® oo - - - - o = mic slip model which has
N 234 e model for the Mw5.3 earth- "0.06 S e e 0 INCLUIN P O AR, Nt o slip model is shown on the top with the red star indi- o b derived by the level
11369 ‘w\[“*‘*’v T\ g quake, slip distribution is dis- 157W  1156W  11S.5W  1154'W ", cates the hypocenter location of the Mw4.9 earthquake. ° . eeg terlvb(?[ . yd e e;{e ]
14.8 cm/s ﬂ 147cms g played in upper panel, Hour after August 26,00,00,00 — | The slip amplitudes are contoured. Note that the hypo- ng da a szame '?) af 'me
05051 ‘_\ik”"w‘“"" smoothed rise time and rupture (b) o Ty T ] . s . . . . b center has to move to a depth of 1.4km if we match the Window ot < years betore
3.5 oms 35.9 cmis - - w e e | Figure 4. GPS data fitting. (a) 20min resolution 115.6W  11555W  1155W - 4 the 2012 Brawley swarm.
J\QW time (contours) are shown in T R horizontal GPS data at station P499 (lower) and upper bound of the fault plane with and rupture trace Note th I t
a0 [ -~ the lower panel. The black tri- i i Y . . and we trust the double-difference relocated epicenter ote e compiementary
- - - L - - - ise time (5 . L £ , the seismicity (upper) in 48hrs along with the cu- . feature between the seis-
0 5 10 15 0 5 10 18 E——— —oiT - angle is an indicator of the g [ Mw5.3 , : N location. , L
time(s) fime(s) 00 o1 02 03 04 05 08 o os os o same place on the fault for Eli I { mulative seismic moment (heavy green). (b) E-W mic and aseismic slip
. . 5 oo ] component of 5Hz GPS record at station P499. models.
better comparison. (c) Similar .
(d) (e) fF L =2 2 2 f 2 °? g ] 30s record for the Mw5.4 event is enlarged and \ J \ y,
- moment(N-m/km) as (b) for the Mw5.4 event. (d) | lotted with th theti ted f th <
@ 1x10° 1 — Mw 5.4 0 12x10"° 2.4x10"° 3.6x10° ] Moment rate function for both B S ] plotted Wi © synthe |c.genera © . rom the pre- .
£ ouio" 0 | | | M>5 events. (e) Moment distri- s Cotme ; ferred model. (c) The horizontal static offsets Conclusion Future Work
T it 2 —\:‘:,Iﬁ—\ﬁ 4 o . R (black, USGS; gray, MIT) on nearby GPS stations - \ .
3 6x10"] 4 g bution in depth. (f) Overlapping . . P :
= E £ - - are plotted along with the synthetics (red) pro- 1, Complementary slip distributions between the two largest (M>5) events in the 2012 Brawley swarm, suggest- - . L .
5 4x10" £ 6- 5 of two slip models with color - . o L 1, Use finite fault source in the 3D ground shaking simulation
£ £ - e duced by the total slip models of Mw5.3 and t lationship bet th ) 9 9 :
S oyi0® g 8- C wea indicated slip distribution for P499 Mws. 4 s Note that the data has b | INg a triggering reiationsnip between them. _ _ o
e 10 w53 " the Mw5.4 event and the con- : W f etve”fs'mo;’ te atthe t ]f‘ athas een Stcj_fe 2, The Mw5.4 event has longer rise time than the Mw5.3 event and thus has weaker high frequency energy. 2, Include higher frequncy feature in the finite source.
0 127 tours for the Mw5.3 earth- fe%:n:ec oro 0 10 actoUnt for tne moment di- 3, The Mw4.9 earthquake has centroid depth of 2.0km and has produced surface rupture. The aseismic slip and 3, Test dynamic slip models in ground shaking simulations.
quake. ' long term aseismic slip are also complementary with each other on the fault that the Mw4.9 happened.
. J \ J \




