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Paleoseismology of Primary Plate-Boundary Strike-Slip Faulta

Faults with slip rate =2 5 mm/yr collectively carry 270% of plate motion

The Physical Twin builds multi-cycle
earthquake rupture scenarios from earth-
guake geology data through a linear pro-
gramming-based intepretive framework.

The Virtual Twin tests statistical and
mechanical models of the earthquake
cycle using earthquake rupture scenarios.
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Digital Twin Feedback Loop
Earthquake Rupture Scenarios ‘ Model Development &Testing
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Interpretive Framework - Earthquake Physics & Model Behavior

The Digital Twin feedback loop simultaneously tests models
and improves data interpretation to build a physically
self-consistent system
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Marker displacement as a function of marker age for San
Andreas fault at sites in the northern Carrizo Plain. Long
term slip rate from several sites yields values of 34 + 3
mm/yr consistent with geodesy. Slip over time describes
marker offsets within span of paleoseismic data used for sce-
@rio construction. Figure modified from Salisbury (2016).
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Clustering of landform marker offsets indicate slip per event or cumulative slip
between marker-generating climatic episodes. San Jacinto fault preserves
evidence for smaller event slips. Figure modified from Zielke et al. (2015).

PHYSICAL
TWIN
DATASETS

2.8
Frequency

Rupture Stopping Probability

_Bombay to creeping section

Ll 1L IANTADODCN | LADCDCDCTCDCTCTN, DD DTN
LIl T TR ay

—h

| Pare

“ M S +
S o\ q ° o & Vv
£ 0971 ¢ - O 4 -
()] A 0
EJ 0.8 - b @ G O © | i
S I i@ > Bend
.Q_. 0.7 r ' +  Step | 1
| O Both
06 | | - | | | | | |
San Gorgonio Northern
. Pass Big Bend
100 s T T
) I T S
A | N |
10 | |
: oA XNy Yy <2 \NMorNN o e e e
£
S0 e e Pkfld | "
el S P _ RS ccecussassssus:
1 0—3 k I I | | | I | I | |
0 70 140 210 280 350 420 490 560 630

Kilometers from Bombay Beach
Probability per 7 km section and cumulative probability of
rupture termination for San Andreas fault, reckoned north-
ward from initiation at Bombay Beach, shows significant
barriers at San Gorgonio Pass and northern Big Bend.
Figure modified from Biasi and Wesnousky (2021)

Map of California with fault sources for National Seismic
Hazard Model. Bold lines denote UNREST target faults.

Paleoseismic sites with Oxcal sequence model
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Results from automated mapping of fault geometrical complexities for
southern California. Fault traces simplified into 5 km long segments
and then bends, gaps, and step-overs are identified across the fault
network. Figure from unpublished work in progress by Esquenet and

Rodriguez Padilla. /
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Abstract

The UNREST TAG leads a community effort to develop
an Al/ML-ready Digital Twin Fault System to test earth-
guake-cycle models against the observed paleoseismic
record, refine data interpretation, and improve time-de-
pendent rupture forecasts. The Physical Twin will con-
sist of mutable, paleoseismically derived multi-cycle
earthquake rupture scenarios for the past 1200 years
and slip rates along the major plate-boundary transform
faults of northern and southern California. These sce-
narios are built from primary paleoseismic, slip over
time, and long-term slip rate datasets, and further re-
fined by incorporating fault geometry, event-quality and
event-size proxy measurements. A computational inter-
pretive framework, based on integer linear program-
ming, will be developed to objectively correlate paleo-
seismic site records to produce rupture scenarios opti-
mized by cumulative slip and other data- or model-in-
formed criteria. The Virtual Twin will be developed to act
as a container for computational and statistical models
of the earthquake system. One of the major goals for
this first year is to compile the necessary paleoseismic,
slip-rate, and fault geometry datasets, including devel-
oping new earthquake-sequence models for older pale-
oseismic sites, and to develop the interpretive frame-
work to build Physical Twin scenario models. These
products will have immediate utility to the earthquake
science community and hazard-modeling practitioners.
By the end of this first year, we will demonstrate the po-
tential for hypothesis-testing with our proposed digital
twin fault system through comparison of scenario
models with statistical earthquake rupture forecasts
based on the Brownian Passage time, Weibull and
Long-Term Fault Memory models. Future efforts will be
coordinated with allied TAGs seeking to foster develop-
ment of earthquake simulators and earthquake-cycle
models using this digital twin approach.

Information on references cited available upon request

VIRTUAL TWIN MODEL EXAMPLES
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Event Constraints: {X1 = 1}, {X2 + X2 = 1}, {X3 + X4 = 1}, {X5 = 1}
Trench 1 Slip = (3m) X1 + (3m) X2 + (5m) X3

Trench 2 Slip = (5m) X3 + (3m) X4 + (3m) X5

Simple example of optimal paleoseismic event correlation using integer linear
programming to schedule earthquakes and minimize residuals between
predicted and observed fault slip. Uniform slip shown here; our modeling uses
slip functions from Kuehn et al. (2025). Upper left shows true fault history with
three events. Event 2 at trench 1 is the same as event 1 at trench 2. This is
permitted by overlap of event ages, shown at upper left, but these events
could be independent. We define five candidate events, where event X3 is the
event spanning both trenches, and X2 and X4 are the independent events.
Slip predicted from rupture length favors X3, which minimizes the residual with
observed slip at both sites. See poster 123 for more about this technique.
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Southern San Andreas Rupture Strip Map
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Two example scenario models for the southern
San Andreas fault based on correlation of eight
paleoseismic sites and fit to minimum and max-
Imum slip rate measurements. Rupture end
points also optimized to produce best-fitting
slip. Incomplete records limit events prior to
1000 A.D. for northern half of fault.

Statistical Time-Dependent Hazard
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Hazard functions derived from paleoseismic data at Pal-

lett Creek site, San Andreas fault. Brownian Passage
Time and Weibull models yield very different hazard tra-
jectories. The UNREST TAG will test validity of site
versus fault-section based hazard functions.
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Hazard functions from generalized long-term fault

memory model for the Mojave Section of the San An-
dreas fault. Long gap since 1508, combined with incom-
plete slip release in 1812, led to elevated hazard prior to
1857. Figure modified from Neely et al. (2024). UNREST
TAG scenario models predict slip in each event needed
test fault-memory type models

Physics-Based Seismic Cycle Simulation
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Seismic cycle simulation along the Sagaing fault incorporating varia-
tions in segment length and long-term slip rates. The UNREST TAG
will foster similar studies of the San Andreas system. Top diagram

shows timing and rupture length of simulated earthquakes. The back-
ground color indicates fault slip rates, with white to dark blue indicat-
Ing increasing slip from the locked zone to creep. Bottom diagram

shows long-term slip rates increasing from 18 mm/year to 28 mm/year
from south to north. Figure modified from Liu et al., Science, 2026.



