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Surface Rupture Data

* Steps in surface rupture developed a large data set: o
46 strike-slip, 30 dip-slip surface rupturing events.
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* Bends in surface rupture: 67 rupture maps
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Steps and Gaps in Ground Ruptures: Empirical Bounds on
Rupture Propagation @

* Annotated surface rupture maps available at BSSA.

Glenn P. Biasi; Steven G. Wesnousky

Step and Gap Measurements

Bulletin of the Seismological Society of America (2016) 106 (3): 1110-1124.
https://doi.org/10.1785/0120150175

S Step RESEARCH ARTICLE | OCTOBER 10, 2017
urface ryppyre Step measured to Bends and Ends of Surface Ruptures @
fault continuation
Step\a Glenn P.Biasi; Steven G. Wesnousky
end —————————— Rupture ends, : , ) . .
fault continues Bulletin of the Seismological Society of America (2017) 107 (6): 2543-2560.
¢ _ https://doi.org/10.1785/0120160292

*\ f—\\

Gaps in surface

rupture
Step measurements only on surface fault

sections 5-7 km minimum length.



Sakhalin, Eastern

Russia
27 May 1995
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Inferred to be secondary
rupture; Arefiev etal.
describe it having “minimum
displacements”
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Map after Arefiev et al. (2000).
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Max [B: 18.

Sq: 18=" 18;scale a factor

Net deflection: 18;

Rupture end deflections: North: 33, 0 km; South: 30, 0 km. On both
ends the small gap in rupture trace before the ending oblique
structure is not considered most expressive of the endings.

F2F: no

Complexity: no;

Overlap: 0 km

45 km rupture, fault not continuous on
either end, 8 m displacement (?!)

Devastating
moderate
reverse faulting
rupture

Spitak:

Max [B: 32.

50: 28-32 -> 60.
Net deflection: 4;
Rupture end deflections: NW: ND; SE:ND;

F2F: no

Complexity: no;
Overlap:

—  zone of minor ground fractures, tension cracks,
and landslides interpreted by Phillip et al. (1992)
to overlie blind thrust fault extending northward
from Gekhazar.
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terrain?

numerous gaps in
surface rupture trace -
an artifact of mapping in
steep mountainous

Rupture ends with
the fault trace

Numbers on rupture are
displacements, in cm. See
Berbarian et al. for more
detailed version.
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24-17+15=>106;
n: 21;
deflections: North: fit ends; South: 42, 11 km

Y, paired reverse structures at south ;
km

Big strike-slip
rupture, fault just
ends.

Rupture ends at step to reverse splays; 1.5
km SW to secondary trace, 4 km N to

primary trace; 7 km to strike-slip continua-

tion. Approximated as a 4 km end step
with additional mechanical complexity.
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Zirkuh, Iran

North 10 May 1997
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2km step in rup-
tured faults

geometric complex-
ity, 1.5 km step, 2.5
km from fault end

11 April 2011
Iwaki (Fukushima-Hamadori)
Earthquake

transferred from North alignment of
Itozawa rupture
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Iwaki:

Max B: 141; rupture north on Itazawa then southeast
on the Yunodake; rupture line of progress is basis for
selecting the outer large angle.; 39° acute angle.

5q: 6-141-6="=>153;

Epicenter Net deflection: 147,
P Rupture end deflections: South Itozawa: 0; East: & 3km p d t h .
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Spitak, Armenia
07 December 1988
Reverse

Map adapted from Phillilp et al. (1992)

reverse with and strike-slip
displacements reaching 160 cm
and 90 cm, respectively.

Step ~ 2 km,
K gap~2km

o2k River
pam

KOURSALI .
displacements

primarily strike-
slip - maximum
offset ~50 cm
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ALAVAR

10 km

Map adapted from Yu et al. (2010)

“two strands merge
into single trace”

‘secondary’

Qinping
Qinping by,
ety

branch
continues?

for = T0km Hanwang branch "‘" -

to southwest along Penguan fit
‘primar

dashed line transfers orientation
from Hanwang branch. For bends,
fault is interpreted as a step at
Bajio. Larger step at Gaochuan
~8-10km, is included.

“rupture gap 545 km long"

Rupture end deflections: West: no data; East: no data
F2F: R-RtoPengguan fault

Camplexity: no

Overlaps: 115 km

“The Gaochuan jog is a ~10-km-wide “.there is a releasing bend at ~3 km south of Nanba,
and 7-km-long releasing stepover. Few  whose width is less than 1 km”

surface ruptures have been observed
across this jog” “An ~1.1-km-wide releasing bend,

~8 km east of Nanba,.."

an TUPHUTE Z0ne
geichuan rupture zone geichuan PR one\\

Bajio -~
Y 1l . -19 2 geometry of
~15-20 km (1l g fault past
e Leiau bend 4 surface rupture
" an . e Leigu bend corresponds to ambigUous...
Harwend P zong 1o qenguan fauir arestraining step between”..two subsegments

of the Beichuan rupture zone. “Surface ruptures
of different types that link the two subsegments
are visible throughout the bend.

20 30 and 85 km

"~ 7km-long Xiaoyudong fault ruptured in step that links Qingping

branch to Hanwang branch at southern end of Pengguan

fault”

Giant paired rupture
offsets.

and over 60 others...

Inset map from Liu-Zeng et al,, 2010
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Event numbers from Biasi and Wesnousky, 2016

10

Step size passed depends on rupture
length.

<5 km rule is too simple; big steps require big
ruptures

e Shortest rupture passing 3 km step = 50 km long

e Shortest passing 4 km or more = 102 km long

* Interplay of dynamic/momentum effects vs.
mechanical strength of step.
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Event numbers from Biasi and Wesnousky, 2016

* Dip slip events pass larger steps
than strike slip. Up to 12 km.

e Surface rupture patterns show
dip-slip ruptures respond to
volumetric stresses
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Passing Ratio

Passing ratio: for a given step size, what fraction
of ruptures stop vs. what fraction continue
through?

Observations:

* ruptures rarely stop at small steps: high passing ratio

* ruptures commonly stop at at large steps: low passing
ratio

e Modeled as linear: PR=1.89-0.31*W for W=step
width (km). Coin-toss at 3 km.

 Ratio should diverge up as step size -> 0.



mapping of fault does
not extend past historical

Fuyun, China
10 August 1931
Strike-slip

rupture Map adapted from Shi et al. (1984) and
1.5km gap Klinger et al. (2011).
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Baiyang Gao (step 2.2 km, Klinger et al. 2011
300h/40v yang (step 9 )
IB: 24 S
Sq: -12+12-12+17+8-12+16-24+18-15=146 4570 600“/3&‘{ 260h/30v
Net deflection: 4 ; 1100p 1400h/140v
Rupture end deflections: S 16 measured fro 500h/50v ~ 20h/30v
dashed line; length >5 km, but trace mapped R “\ 9 160h/20v
as intermittent; construed to be the fatal bend = S .

for this end of rupture; N ND;

F2F: No

Internal complexity: No. “Y” of limited extent
on south end

Overlap: 32 km
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mapping of fault does
not extend past historical
rupture

Do Bends Arrest
Surface Rupture?

Summarize surface rupture
in >=5-7 km linear reaches.
Measure bends in surface
rupture.

Measure bends at ends
where fault continues but
rupture did not (these
bends stopped rupture).
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Upper: Maximum bend data for dip slip and strike slip
Lower: Cumulative distribution by rupture mechanism

Maximum bend
angles overcome
In rupture

Strike-slip maximum internal bend ~30
degrees; exceptions have 3-D explanations

Dip-slip maximum interior bends form
distinct population - half are >37 degrees
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Net Deflection:
orientation difference
between ending
sections of the fault

Strike-slip: median difference is 11 degrees,
and almost all are less than ~30 degrees.

Exceptions for strike-slip transition to dip slip
(2 of 42 cases).

Most strike-slip ruptures consistent with a
near-constant regional stress direction.
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nassing ratio for
oend angles in
ruptures

Strike slip:
* Small bend angles are crossed more
than stop rupture

* Large bends stop ruptures more often —— ¢

than are passed.
Because of the small data set, average
across different bin sizes 35
Summary: 2257
 bends of 11 deg. are passed 2x %
compared to stopping; @ 15/
31 degrees stop 2x compared to &
passing. 0.5
e Strange pattern for dip slip. 0
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Simple model of a fault bend

1.6 ‘
——u=03
.. . . . —— u=06
Frictional resistance increases with bend angle 141
(static friction “Amplification”) 1ol
s / *
o /
2 0.8 e /
© <« L
/ S s
~ Q S 0.6 1 _ .
S — 0.4 « =
Jaeger & Cook, 1979 0.2 = |
0 // I I I I
0 5 10 15 20

S
angle, degrees (@3

Two friction coefficients:
0.3 — blue

18 .39 to 0.57 Median largest interior SS bend
0.6 —red dashed

28 .68 to 1.06 Largest SS interior bends

Empirical data suggest that excess friction at ~28 degrees roughly
matches forces of dynamic rupture.



Conclusions

() 1Gf?ﬂ?ﬂﬁficfPené't\i?ﬂ'fw-!s?m\E’,°,mb€{ ‘9:~9ﬁ?fz‘,n9§%ﬁti\9nﬁ
* Rich set of surface ruptures sl | 40 1 | /]
* Strike-slip £os! E; V —
* Maximum step jump depends on rupture length &Zz | | ﬂ
* Interior bends and net orientation change rarely exceed 30 degrees o P
* Ruptures up to 10’s of km can be explained by a constant stress ) 100 ey ——
orientation : » e
* Normal and Reverse ?0« s —
 Dip-slip faults can rupture together in strange patterns if they sharea > e i

1072}

common stress field. 0 10 20 3 40 50 6 70 8 9
. . . subsection count
* Dip-slip fault step jumps often exceed 5 km.

* Empirical data suggest excess resistance in bends of ~28 degrees
balances dynamic rupture forces.

* Dynamic Modeling

* Test/validate passing ratio conditions and probabilities. A
e Test rupture length dependence of maximum jump size.
* Energetics of individual and average orientation changes.







Kaikoura, New Zealand,
2016

* How to anticipate this in seismic
source characterization?

* Hope fault thought to be “ready”,
but did not break — misaligned with
stresses on Kekerengu fault

(354, 61,64) Obligue moment tensor
—> 3D effects.

| Elevation (m) Depth (m)

D 3740 D 0 l'.x
0 -2547

Surface ruptures

Active faults (219, 38, 128)

. 4 0 10 20
m | e —1

--------- - = L™

Figure courtesy of Nicola Litchfield



Arrowsmith et al., 2016
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Fault continues west
beyond west end of rupture,
observed in displacement of
Holocene sediments.
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1911 Chon-Kemin,
Kyrgyzstan, M 7.8

155 to 195 km of co-seismic rupture

25-40 km of overlapping rupture of opposite
vergence to main rupture

Reverse rupture steps 10+ km across a mountain

range in order to continue.

Circles: locations of slip estimates by Arrowsmith
et al on 1911 rupture. View as field confirmation

of 1911 rupture map
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Discontinuous rupture reported in

Bogodovich et al. 1914; not included in 0 10 20
gap tabulation because of potential

detection and preservation problems in

alpine reach. Fault system continuity

recognized in Delvaux et al 2001.
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3 January 1911
Chon-Kemin Earthquake
Reverse Mechanism

42.7N 76E

o
0. 4o &

Fault continues west
beyond west end of rupture,
observed in displacement of
Holocene sediments.

1911 Chon-Kemin,
Kyrgyzstan

Circles: locations of slip estimates by Arrowsmith

et al on 1911 rupture. View as field confirmation Reverse rupture across a
of 1911 rupture map mountain range in order to
continue.

Vergence and rupture make

g P :fpktmgtep in primary sense in context of a single
O\,erlﬂp - -, - ' . . )
ﬁzsk% /0—9 SR J@M regional stress field.
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Discontinuous rupture reported in
Bogodovich et al. 1914; not included in 0 10 20 40
gap tabulation because of potential
detection and preservation problems in
alpine reach. Fault system continuity
recognized in Delvaux et al 2001.




3 km extensional

<100h\¢

100E 105E

50N

lMogud

Mongolia

This Map
Gobi- Altai

-

100E 105E

China e~

90F 95E
Inset map from Bayasgalan and Jackson, 1999

Gobi Altai, Mongolia

04 December 1957

Strike-slip

Map adapted from Kurushin et al. (1997)

&
Q
,
? /
2 km extensional 8
o
, g
=Y., 2kmcontractional o

~0.5 km extensional

1 km extensional

N 130R 1 km extensional £
W 220 _ 9
3 2 km extensional & /
- N 1 km contractional = ¢
g » p 410R \\vl
b, 330V :5:‘\1.\ «—<300h
50N v S ga,O
t
?\
480h /™
260V W
45N N H \\‘l
mapplng 220;‘*}
not continued beyond
25km extent of surface
5km

ruptures

Complex
ruptures

1957 Gobi-Altai, Mongolia rupture
Nominally 235 km long strike slip
100’s of km of reverse faulting with

multi-meter offsets overlapping with the
main trace.

i.s km contractional Simple triggering from one fault reach to
Y, 2kmextensional the next is improbable.



2T NN Gobi Altai, Mongolia Comp lex ru pture:

04 December 1957

e e 1957 Gobi-Altai

Map adapted from Kurushin et al. (1997)
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