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Seismic Hazard & Risk Analysis (e.g., NSHM)
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System level problem

Assumptions, approximations, and
uncertainties everywhere

Epistemic uncertainties must be
quantified & propagated

We want state-of-art components
to plug together 2 computational

infrastructure is everything

We’re in constant triage mode

Earthquake Hazard and Risk Forecasting Enterprise
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30-Year Earthquake Probability

ERF Ingredients:
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ERF Components:

Fault
Models

Specifies the spatial geometry
of larger, more active faults.

Deformation
Models

Provides fault slip rates used to
calculate seismic moment
release.

Earthquake-Rate
Models

Gives the long-term rate of all
possible damaging earth-
quakes throughout a region.

Probability
Models

Gives the probability that each
earthquake in the given Earth-
quake Rate Model will occur
during a specified time span.

Physics-Based-Simulator

Models

Produces synthetic catalogs of events using physics-based
approaches that track the state of stress and frictional properties

on faults over time.




NSHM Earthquake Geology Constraints

» Fault Traces (& dips) » Surface slip distribution along strike

* For observed ruptures

> Surface creep * Average over many ruptures

» Geologic slip rates (for deformation models) > Paleo slip constraints at a location

* Inferred at sites (or between points on fault)
* Categorical/generic value assignments » Paleo shaking constraints
(“Paleoseismometry”):
» Recurrence Interval (RI) PDF at points

(Prob Density Func for supraseismogenic rups): Precariously balanced rocks

* Tsunami deposits

* Mean RI e Submarine turbidites
* RI Coefficient of Variation * Liquefaction deposits
* PDF shape (Lognormal, BPT, Weibull, other?) * Lake (Lacustrine) paleoseismology

» Date of Last Event (DOLE)

U.S. Geological Survey earthquake.usgs.gov Earthquake Hazards Program




= USGS

science for a changing world

U.S. Geological Survey

Fault
Models

Specifies the spatial geometry
of larger, more active faults.

Deformation
Models

Provides fault slip rates used to
calculate seismic moment
release.

r)

earthquake.usgs.gov

NSHM Earthquake Geology Constraints

» Fault Traces (& dips)

Earthquake-Rate
Models

Gives the long-term rate of all
possible damaging earth-
quakes throughout a region.

Probability
Models

Gives the probability that each
earthquake in the given Earth-
quake Rate Model will occur
during a specified time span.

Physics-Based-Simulator

Models

Produces synthetic catalogs of events using physics-based
approaches that track the state of stress and frictional properties

on faults over time.

Earthquake Hazards Progral




science for a changing world

NHM Earthquake Geology Constraints

Western US Deformation Models
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Earthquake-Rate Probability
Models Models
Gives the long-term rate of all * Gives the probability that each
Fault Deformation possible damaging earth- earthquake in the given Earth-
Model Model * quakes throughout a region. quake Rate Model will occur
oaeis odaeils during a specified time span.
Specifies the spatial geometry ’ Provides fault slip rates used to
of larger, more active faults. ca:“’late seismic  moment
i # Physics-Based-Simulator
Models

Produces synthetic catalogs of events using physics-based
approaches that track the state of stress and frictional properties
on faults over time.

U.S. Geological Survey earthquake.usgs.gov Earthquake Hazards Progral



Inversion-based Fault-System Solution

R
Z Dsrﬂ' =1 Fault Slfp Rates: .. is the subsection slip rate and D is the average slip on the
~ s™ subsection in the 7 event.

Example rupture:

Paleoseismic Event Rates: {7 is a palcoscismically inferred event rate

R
) paleo » _ cpaleo : - . . -
§ (7 fr=fs estimate, G,,. specifies whether the #* rupture utilizes the s subsection (0 or 1), and 2"
r=1 is the probability that the #* rupture would be seen in a paleoseismic trench.

Sierra Madre Cucamonga

al Magnitude Frequency Distribution: Tuis forces a group (g) of
Z Mg‘?ﬁ = Rgl ruptures (e.g., those n a geographic region or those at a point on a fault) to have a specified
— total MFD. R represents the nucleation rate for the ™ magnitude bin for the g* rupture
it roup. Matrix Mgy indicates whether the ™ upture is both part of the g™ group and falls in
the m"™ magnitude bin (0 or 1).

Ree < FycMin(Rg, Re) Fault Segmenranan: This lm.lils the extent to which neighboring fault sections
(5 and £) can mpture together. Specifically, this limits the co-upture rate (R,) to be less
than a specified fraction (Fy;) of the lowest mpiure rate on either subsection (R, and R;). A
fanlt-jump distance version of this is applied by replacing F,; with Min(1, e~(ss=8)/do),
where d 1s jump distance, d, is a decay parameter, and §is an offset parameter (no
penalty is applied up to this distance).

* f.represents the frequency or rate of the rth rupture (what we are solving for).
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Inversion-based Fault-System Solution

Example rupture:

Sierra Madre

Fault S[I}) Rates: .. is the subsection slip rate and D is the average slip on the
s™ subsection in the 7 event.

R
Z Do fy = v5

Paleoseismic Event Rates: f:_r"m’ 1s a paleoseismically mferred event rate

palen

R
- paleo , _ -paleo ] . ) )
E G -”,- fr =Js estimate, G, specifies whether the r** rupture utilizes the s™ subsection (0 or 1), and P!
r=1

is the probability that the #* rupture would be seen in a paleoseismic trench.
R
m — pm
E Mﬂ"'-ﬁ '_ R.G'
r=1

Cucamonga

Magnitude Frequency Distribution: Tuis forces a group (g) of
ruptures (e.g., those n a geographic region or those at a point on a fault) to have a specified
total MFD. R represents the nucleation rate for the ™ magnitude bin for the g* rupture
group. Matrix MJ7? indicates whether the r™ rupture is both part of the g™ group and falls in
the m"™ magnitude bin (0 or 1).

Fault S’egmenmrion . This limits the extent to which neighboring fault sections
(5 and £) can mpture together. Specifically, this limits the co-upture rate (R,) to be less
than a specified fraction (Fy;) of the lowest mpiure rate on either subsection (R, and R;). A
fault-jump distance version of this is applied by replacing F,; with Min(1, e~(4ss=5/do)
where d 15 jump distance, d, 15 a decay parameter, and & 15 an offset parameter (no
penalty is applied up to this distance).

Rse < FeMin(Rg, Re)

* f.represents the frequency or rate of the rth rupture (what we are solving for).

/ ' CALIFORNIA

Fault Slip Rates: v; is the subsection slip rate and Dy 1s the average slip on the
s™ subsection in the »" event.




science for a changing world

NSHM Earthquake Geology Constraints

» Fault Traces (& dips) » Surface slip distribution along strike

* For observed ruptures

> Surface creep * Average over many ruptures

0.02 -

» Geologic slip rates (for deformation models) Weldon et al. (2007) — Stackes Data |
£ Average of 13 large events ———
* Inferred at sites (or between points on 5
* Categorical/generic value assighments g7
E
0.00 .
0 0.5 1
Fraction of Total Rupture Length
R
E D fr = Y, Fault Sllp Rates: v, is the subsection slip rate and Dsr 1s the average slip on the
- s™ subsection in the »" event.
r=

U.S. Geological Survey earthquake.usgs.gov Earthquake Hazards Program
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» Recurrence Interval (RI) PDF at points
(Prob Density Func for supraseismogenic rups):

* Mean RI (1/rate)
e Rl Coefficient of Variation

* PDF shape (Lognormal, BPT, Weibull, other?)

» Date of Last Event (DOLE)

1.10

Probability\rensity

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8 3 3.2 34
7 1

earthquake.usgs.gov

L=

Recurrence Interval
(supra-seismogenic rutures)

Earthquake Hazards Program

U.S. Geological Survey



Inversion-based Fault-System Solution

Fault S[I}) Rates: .. is the subsection slip rate and D is the average slip on the

Sierra Madre

Example rupture:

Cucamonga

s™ subsection in the 7 event.

R
Z Do fy = v5
r=1
R
Z Gsrﬂ-pmeoﬁr —
r=1

R
> MR = R
r=1

Paleoseismic Event Rates: _f:_r"m’ 1s a paleoseismically mferred event rate

paleo alen
5

eslimate, G, specifies whether the »* rupiure utilizes the 5™ subsection (0 or 1), and P
is the probability that the #* rupture would be seen in a paleoseismic trench.

ac f}? to

Magnitude Frequency Distribution: Tuis forces a group (g) of
ruptures (e.g., those n a geographic region or those at a point on a fault) to have a specified
total MFD. R represents the nucleation rate for the ™ magnitude bin for the g* rupture
group. Matrix MJ7? indicates whether the r™ rupture is both part of the g™ group and falls in
the m"™ magnitude bin (0 or 1).

R
l
D G PPf,

r=1

Fault Segmemarion . This limits the extent to which neighboring fault sections
(5 and £) can mpture together. Specifically, this limits the co-upture rate (R,) to be less
than a specified fraction (Fy;) of the lowest mpiure rate on either subsection (R, and R;). A
fanlt-jump distance version of this is applied by replacing F,; with Min(1, e~(ss=8)/do),
where d 15 jump distance, d, 15 a decay parameter, and & 15 an offset parameter (no
penalty is applied up to this distance).

Rse < FeMin(Rg, Re)

* f.represents the frequency or rate of the rth rupture (what we are solving for).
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S
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Paleoseismic Event Rates: " is a paleoseismically inferred event rate

estimate, G, specifies whether the 7" rupture utilizes the s subsection (0 or 1), and P e

is the probability that the 7" rupture would be seen in a paleoseismic trench.




,whether the 7 rupture utilizes the s” subsection

/ 1/meanRI on subsection s
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—— Paleoseismic Event Rates: [P is a paleoseismically inferred event rate

s estimate, G, specifies whether the 7" rupture utilizes the s subsection (0 or 1), and P e
is the probability that the 7" rupture would be seen in a paleoseismic trench.
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Note: Ave Slip Mag Probability of Detection
: (“Dist” is fractional distances from end of rupture)
(D, meters) | (approximate) Dist = 0.05 Dist = 0.25 Dist=0.5
To date, a single, 0.08 5.5 0.01 0.02 0.02
. 0.16 6.0 0.06 0.11 0.14
generic model has
_ 0.88 6.5 0.53 0.62 0.64
been applied to all 2.04 7.0 0.80 0.82 0.83
paleo sites 3.20 7.5 0.95 0.96 0.97
436 8.0 0.98 0.99 0.99

Weldon & Biasi, UCERF3 Appendix |

Probability of the 7 rupture being seen at the paleo site

/ 1/meanRI on subsection s

>

r=1

Paleoseismic Event Rates: [P is a paleoseismically inferred event rate

E Ppaleo paleo _ _ : - : _ palic
st r fs estimate, G, specifies whether the " rupture utilizes the s” subsection (0 or 1), and P

is the probability that the 7" rupture would be seen in a paleoseismic trench.




licas cm st v o nono ol T .l Covndenvnn C ol il o

) . : Probability of Detection
S h O U I d n t t h I S be ([? v:..estgfs) (a g:i?'nate) (“Dist” is fractional distances from end of rupture)
" PP Dist = 0.05 Dist = 0.25 Dist=05

Customized for 0.08 55 0.01 0.02 0.02
0.16 6.0 0.06 0.11 0.14

each pa|eo site? 0.88 65 0.53 0.62 0.64
2.04 7.0 0.80 0.82 0.83
3.20 75 0.95 0.96 0.97
4.36 8.0 0.98 0.99 0.99

Weldon & Biasi, UCERF3 Appendix |

Probability of the 7 rupture being seen at the paleo site

/ 1/meanRI on subsection s

i Saleo Paleoseismic Event Rates: } % is a paleoseismically inferred event rate
o™,

paleo _ _ . _
fs estimate, G, specifies whether the 7" rupture utilizes the s subsection (0 or 1), and P S

r=1 is the probability that the 7" rupture would be seen in a paleoseismic trench.




science for a changing world

» Recurrence Interval (RI) PDF at points
(Prob Density Func for supraseismogenic rups):

* Mean Rl
e Rl Coefficient of Variation

NSHM Earthquake Geology Constraints

Fault
Models

Specifies the spatial geometry
of larger, more active faults.

Deformation
Models
Provides fault slip rates used to

calculate  seismic  moment
release.

Earthquake-Rate
Models
Gives the long-term rate of all

possible  damaging earth-
quakes throughout a region.

=

Probability
Models

Gives the probability that each
earthguake in the given Earth-
quake Rate Model will occur
during a specified time span.

* PDF shape (Loghrormal,BRT\Weibull, other?)

» Date of Last Event (DOLE)

U.S. Geological Survey

earthquake.usgs.gov

Potentially
useful for
computing
elastic-
rebound-
motivated

probabilities

Physics-Based-Simulator
Models

Produces synthetic catalogs of events using physics-based
approaches that track the state of stress and frictional properties

on faults over time.

Earthquake Hazards Program




» Recurrence Interval (RI) PDF at point

(Prob Density Func for supraseismogenic r

* Mean Rl
e Rl Coefficient of Variation

NSHM Earthquake Geology Constraints

* PDF shape (Loghrormal,BRT\Weibull, other?)

» Date of Last Event (DOLE)

U.S. Geological Survey

earthquake.usgs.gov

Not yet clear how to apply these
given there is no good reason to
assume Rls at a point on a fault
follow any of the classic renewal
models (once strict segmentation
has been relaxed).

Earthquake Hazards Program




There is no good reason to presume that recurrence intervals at a point on
a fault conform to any classic renewal models...
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There is no good reason to presume that recurrence intervals at a point on
a fault conform to any classic renewal models...

Physics-based earthquake simulators

Shapes are different, esp. at short recurrent (7% in first bin)

RSQSim is the gold standard due to realistic aftershocks

Pitman Canyon supra-seismogenic Rls
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There is no good reason to presume that recurrence intervals at a point on
a fault conform to any classic renewal models...

Physics-based earthquake simulators

Shapes are different, esp. at short recurrent (7% in first bin)

RSQSim is the gold standard due to realistic aftershocks

Normalized Rls averaged over all fault surface locations (cells)
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E 156
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There is no good reason to presume that recurrence intervals at a point on
a fault conform to any classic renewal models...

UCERF3-TD and forthcoming nationwide model make no such
assumption:
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» Recurrence Interval (RI) PDF at point

(Prob Density Func for supraseismogenic r

* Mean Rl
e Rl Coefficient of Variation

SHM Earthquake Geology Constraints

* PDF shape (Loghrormal,BRT\Weibull, other?)

» Date of Last Event (DOLE)

earthquake.usgs.gov

Not yet clear how to apply these
given there is no good reason to
assume Rls at a point on a fault
follow any of the classic renewal
models (once strict segmentation
has been relaxed).

Even if we knew the exact PDF at
each point on all faults, it’s not
clear how to map these back into
the probability for each rupture.

Earthquake Hazards Program

U.S. Geological Survey



= USGS

science for a changing world

Science Data Catalog (50C)

Spatial Extent of Date of Last Earthquake (DOLE) compilation for use in time-dependent
Data seismic hazard analyses

‘We provide information of the date of last earthguake across the ULS. where available. This
information is captured by two geometries — line features ("HistDOLE_v17) and point features
("PalesDOLE_v1%). Tha line features descnibe surface ruptures constrained by historical of
near-nistorical observations, and point features describe paleoseismic observations of the
most recent earthquake at a given trench location. These compdations support future
development of time-dependent seismic hazard analyses. Given constraints in their (presently)
narrow application, these data (particulary the point data) are naot meant to be comgrebensive
of known or inferred paleoseismic observations across the ULS.

# Gat Dataand Metadata

Muthor(s)

» Date of Last Event (DOLE)

earthquake.usgs.gov Earthquake Hazards Program

U.S. Geological Survey




Date of last event (DOLE) Database (Hatem et al., 2024)
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Date of last event (DOLE) Database

Paleoseismic
DOLE sites
(plus 2 in AK)

These are
experimental
due to
possibility of
a missed
more recent
event

\Ialas\it[el_;ias ]

/ \m{,
N N

hWZUNA
\ / 3
A exicali
.
Engenada\\ \

\ Tucson

-

"
¢

BAJA
CALIFORNIA

Vancouver Reqina
-
WAS\H}J&TUN
! s Yakima ' 8 Great Falls
L] -‘\
——-\B?asco < Hel MONTANA
. Rfftland \""\ f elena
™
’ k 3 Billings
L
K€ 4 Q“H
Boise  \_ Rapid City
9 WYOMING
4 Cas.per
I 5 -
%%
/ X Cheyenne
/ 2 A
<A
(7 /- tJ'
; f ] » Denver
v I/ ,’ n
/{/ “ r'; h / COLQRADD
W | s
[ il i o 9
;Jw'} s 2 Sy 9 ueblo
I .
Wy U',;/ {

W i
’ \

I
e 4
S 7 l) l

v R /] "
Ciudad/Juarez
v }( L ! ¥ LA

S

(Hatem et al., 2024)

NORTH
DAKOTA

SOUTH

FaultName

FaultlD

SiteName

CalYear

Reference

NSHMhazID

+ Add row

Properties

Amarillo
L]

Lubbock
-

Midland
-

ONTARIO
Winni
innipeg
Duluth
Fargo u.u
-
MINNESOTA
MICHIC
Minneapolis. GG
1ester
L]
Meers Milwaukee
-
b Vaterloo
. - 5 e
or!
Browns Creek ChKﬂgD
700
INDAAT
ILLINOIS
Madole (1998)
3610 , L
St. Louis
-
as City
MISSOURI
Info
TE
W Delete feature
Memphis
LALAHOMA .
ARKANSAS
Q Birminghar
AL
MISSISSIPPI
FortWorth ( -, Dallas Shreveport
.
Mobil¢
-
Wi
b ECO LOUISIANA



NSHM Earthquake Geology Constraints

e Topic of current Powell

Center project (to

operationalize use of such
constraints)

e A test of hazard estimates
(shaking probability)

e If discrepancy seen, first
suspect is ergodic GMM
assumption

I\

U.S. Geological Survey

earthquake.usgs.gov

> Paleo slip constraints at a location

> Paleo shaking constraints
(“Paleoseismometry”):

* Precariously balanced rocks

* Tsunami deposits

e Submarine turbidites

* Liguefaction deposits

* Lake (Lacustrine) paleoseismology

Earthquake Hazards Program



NSHM Earthquake Geology Constraints

» Fault Traces (& dips) » Surface slip distribution along strike

* For observed ruptures

> Surface creep * Average over many ruptures

» Geologic slip rates (for deformation models) > Paleo slip constraints at a location

* Inferred at sites (or between points on fault)
* Categorical/generic value assignments » Paleo shaking constraints
(“Paleoseismometry”):
» Recurrence Interval (RI) PDF at points

(Prob Density Func for supraseismogenic rups): Precariously balanced rocks

* Tsunami deposits

* Mean RI e Submarine turbidites
* RI Coefficient of Variation * Liquefaction deposits
* PDF shape (Lognormal, BPT, Weibull, other?) * Lake (Lacustrine) paleoseismology

» Date of Last Event (DOLE)

U.S. Geological Survey earthquake.usgs.gov Earthquake Hazards Program







