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Slow-slip events (SSEs)
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» New mode of aseismic transient release
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» Lasts from several days to weeks to months
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» Can release as much built-up tectonic stress as a major earthquake



Slow slip is where big earthquakes happen
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Slow sllp IS where blg earthquakes happen
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Geodesy is our tool to directly
constrain slow sllp

Tectonic

A | MEZC (cGPS in Guerrero)
3 2_ WCQJQ‘ ]
S gs"-'.' "
; S aal f"«‘e .
2 0w, X, —
T &y .« oo WS
L $ . oTe® 2
s T

-2 I I I I

Jul 2005 Jan 2006 Jul 2006 Jan 2007

» No direct seismic radiation

Mainly cGPS (although also tilt- and strain-meters)

Point observations integrate elastic response over wide area
» Spatiotemporal resolving power dependent on network density

Position solutions sampled daily with error of several mm
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Geodeticimage of a M, 7.5 slow slip event
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Geodeticimage of a M, 7.5 slow slip event
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Slow seismicity: Low-frequency
earthquakes (LFEs)

Modified from Frank and Shapiro, GJI, 2014
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Small, impulsive, repetitive seismic events on the plate interface

Correlated with slow slip in both time and space



Low-frequency earthquakes as a
proxy for slow slip
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» Bursts of LFEs occur .00

during slow slip (Frank et
al., Sci. Adv., 2016)
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» LFEs are a spatio-
temporally precise proxy
for slow slip!
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Slow slip in Guerrero
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» Major M7.5 slow slip events
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Low-frequency earthquakes in Guerrero

4

4

Modified from Frank et al., Sci. Adv., 2018

2.5-year catalog contains 1,849,486 LFEs
» 1120 unique spatial sources

Shearing focal mechanism on plate
interface

Precise locations reveal multiple LFE
source regions

Updip LFE activity strongly correlated
with geodetically-observed slow slip
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2006 M7.5 slow slip through the lens of LFEs

2006 slow slip event (SSE)
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» Slow slip at the interface concentrated in the updip zone
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Long-period displacement during a M7.5
slow slip event
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Long-period displacement during a M7.5
slow slip event
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Quantifying LFE activity

» Focus on updip LFE sources closest to
slow slip

» Quantify on a daily time scale
» Same time scale as GPS!

» Nires X median[amplitude]
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Intermittent LFE activity during slow slip

Hyp0thESiS: hlgh LFE aCtiVity — (2006 slow slip event (SSE))
slow slip transient 4 ' “uw '
> Seismicity > threshold, | M” WH
tectonic release _ “ ‘ ‘ AL
£
» Seismicity < threshold, = 2, ‘I lm _
° ° )
tectonic loading = ‘||H M
8 % 1 "M | IGUA
: i
8 of I'. |
< i
£ = 1 | IMEZC
£ o !
3 © N DOAR
N 2 I‘W ACAP
S
] $  Jan2006  Apr2006  Jul2008  OcCt2006  Jan 2007
> Modified from Frank et al., Sci. Adv., 2018




Intermittent LFE activity during slow slip

Hypothesis: high LFE activity =

2006 slow slip event (SSE)
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Long-period displacement during a M7.5
slow slip event
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Displacement during intense LFE activity

Tectonic release (>threshold): MEZC

N
T

)

» 5x greater displacement rate

Loading
q

» Displacement happens during
<60 days (three times faster!)

o
i

Release
h

2006 slow slip event (SSE) -

SSE surface
displacement

Cumulative NS surface displacement (cm

4 T
|

e N
M (1t | 1 v
§ 1 ||H ) W’\'\/ 4l
3 ll. ‘ ‘ W'GUA — SSE period
g 0 | | — Inter-SSE period
3 m' - — SSE release period
%_1 | ‘W“ W IMEZC — SSE loading period
G

f porr 5 100 200

° | W ACAP Relative SSE time (days)

Jan2006  Apr2006  Jul2006  Oct2006  Jan 2007 Modified from Frank et aI., Sci. AdV., 2018

19



Displacement the rest of the time

Tectonic loading (<threshold): ' MEZC
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» Just as intermittent as LFE

» Slow slip is faster and bigger
than geodesy would suggest

Daily LFE amplitude sum (m/s 10°)

Slow slip is an intermittent slip process

» 40% greater displacementina

third of the time
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Slow slip is an intermittent slip process

» 40% greater displacementina
third of the time

» Just as intermittent as LFE
activity!

» Slow slip is faster and bigger
than geodesy would suggest
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Cumulative NS displacement (cm)
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Slow slip is also intermittent outside of
major slow slip events
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Slow slip is also intermittent outside of
major slow slip events

| Modified from Frank, GRL, 2016 |
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Slow slip is also intermittent outside of
major slow slip events

Moldiﬁed from Frank, (jRL, 2016
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Cumulative displacement (mm)
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Is LFE moment rate diagnostic of slow slip?
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Seismic displacement amplitude is

directly proportional to moment rate
(Aki and Richards, 2002)

Measure RMS displacement
amplitude during every LFE S-wave

A A A AV VA A A AIA A

AANVVNVvAN~VvaVM~“~“MAAVVvMAANVV”*NVVAANANVVVwA~v~A

mAn~AnA~4ﬁvvvvv««m~m~va»AA~v»wdvvmﬁAw~ANmVVWAvavvvv~
vAA«AnAAA»~wA-vv-vv«n~w-vanA~NAAAAAANVVVLAAAAAAAvavV

7050 7055 7060 7065 7070 7075 \ 7080 7085
Time (s)

LFE count

1

104}

YT . YT v ™

0 PR PP | N
100

Measuring LFE (seismic) moment rate

I

Modified from Frank and Brodsky, Sci. Adv., 2019

108

10°

LFE displacement amplitude (m)



Spatiotemporal evolution of LFE moment rate
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Measuring moment rates of slow slip events

Geodetic moment rate of a slow slip event

MEZC

» Geodetic moment = duration
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» NB: intermittent slip = larger moment and
shorter duration!
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Measuring moment rates of slow slip events

Geodetic moment rate of a slow slip event

» Geodetic moment = duration ( MEZC
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T

» NB: intermittent slip = larger moment and
shorter duration!
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So what is the duration of a slow slip

SSE surface
displacement
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Slip duration of intermittent slow slip events

» Observation: Slow slip mostly happens during
LFE activity...

» Assumption: slow slip ONLY happens during
LFEs

» Every LFE is driven by aseismic slip
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Slip duration of intermittent slow slip events

Observation: Slow slip mostly happens during
LFE activity...

» Assumption: slow slip ONLY happens during
LFEs

» Every LFE is driven by aseismic slip

» Duration should reflect slip duration, not total
event duration

» Slow slip duration is proportional to Nire

» Average aseismic slip pulse duration of At
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Slip duration of intermittent slow slip events

Observation: Slow slip mostly happens during
LFE activity...

Assumption: slow slip ONLY happens during
LFEs

» Every LFE is driven by aseismic slip

Duration should reflect slip duration, not total
event duration

Slow slip duration is proportional to Nire
Average aseismic slip pulse duration of At

Slip duration = N re x At
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Measuring moment rate
of slow slip events

» Eight geodetically observed slow slip events

» 2006 M7.5 slow slip

» Seven M6.4 slow slips every 75 days (Frank
et al,, GRL, 2015)

Geodetic moment rate of a slow slip event
» Geodetic moment + duration
» Slip duration = Nire x At
Seismic moment rate of LFEs during slow slip

» Median amplitude of all LFEs within event

37

North displacement (cm)

Modified from Frank and Brodsky, Sci. Adv., 2019



Average slow slip moment rate does not
reflect highest moment rates

High moment rates
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» Moment rates averaged over long ;
time periods (weeks to months) & |
> :
» Missing dynamics at high moment 8 | g o
rates! w o, v || ®
i S R
f oL
» || ®»
< ||
O ||
| = | =
100 ——aaaaal NN N NP PP | PRPPRPPO | PR
107 10’ 10°

LFE displacement amplitude (nm)
38



39

Sampling high moment rates

» Sample LFE amplitude on same time scale as GPS (daily)

M |

—
o

Median LFE amplitude (nm)

—t

| | |
Jul 2005 Jan 2006 Jul 2006

» Bin GPS displacements by LFE amplitude

|
Jan 2007

Modified from Frank and Brodsky, Sci. Adv., 2019
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Sampling high moment rates

» Sample LFE amplitude on same time scale as GPS (daily)

—
o

Median LFE amplitude (nm)
= |

M

—t

|
Jul 2005

|
Jan 2006

|
Jul 2006

» Bin GPS displacements by LFE amplitude

|
Jan 2007

Modified from Frank and Brodsky, Sci. Adv., 2019
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Sampling high moment rates

» Sample LFE amplitude on same time scale as GPS (daily)

—
o

ll|||| I

Median LFE amplitude (nm)

M

—t

|
Jul 2005

|
Jan 2006

|
Jul 2006

» Bin GPS displacements by LFE amplitude

Each bin represents slow transients that generate a

|
Jan 2007

given range of LFE amplitudes

Modified from Frank and Brodsky, Sci. Adv., 2019



Avg. slow slip dynamics suggests a constant
moment rate

Median LFE amplitude A (nm)
2 4 8
|l M7.5 2006 slow slip event
|m M6.4 slow slip events

1077

» Y-axis: Average geodetic moment
rate measured over weeks or

months
1075}

» X-axis: Median seismic moment
rate of all constituent LFEs

Geodetic moment rate (N-m/Ai)

N Modiﬁed froh F.ra.n.k‘a‘nd Brod§ky, fci. Adv, 2'0.1.9

T - ,- A . —
Seismic moment rate (N-m/s)
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LFE-derived slow transients sample high
moment rates

d
o

Median LFE amplitude (nm)
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—h

| | |
Jul 2005 Jan 2006 Jul 2006
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|
Jan 2007

Geodetic moment rate (N-m/Ai)

1017

1076}

Median LFE amplitude A (nm)

2 4 8

W M7.5 2006 slow slib event

|® Slow transients

M6.4 slow slip events

+

_’_

Seismic moment rate (N-m/s)

10

S Modified from F.ra.ni(‘a‘nd Brodsﬂky, Sci. Adv, 2.0.1l9



LFEs are diagnostic of the driving slow slip

Median LFE amplitude A (nm)

1017 2 . 4 . . . 8 —7T (o))
|l M7.5 2006 slow slip event / s
|m M6.4 slow slip events )/ AN
= 1® Slow transients / =
I ey
: : M =10%7A"" / {3
» Best-fit power law scaling 3 ° A 2,
Q / 1. wv
— =
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slip is at least 10-4 g 10% Ny ) |
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; / | &
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/ 5
/ =
015 I/A R . R . R et E
10" 1012

Seismic moment rate (N-m/s)
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LFE amplitude to slow transient moment

—
o

NGO

Median LFE amplitude (nm)

—h

» LFE amplitude is converted to geodetic moment rate

» Slow transient moment = moment rate multiplied
by slip duration (Nire)

From an LFE catalog to...

1017

Geodetic moment rate (N-m/Af)
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1075}

| | | |
Jul 2005 Jan 2006 Jul 2006 Jan 2007

Median LFE amplitude A (hm)
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B M7.5 2006 slow slip event
M6.4 slow slip events
® Slow transients
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Seismic moment rate (N-m/s)




Slow transient magnitude (M, )

46

A catalog of slow transients

Modiﬁedlfrom Frank and Brodsky, §ci. Adv., 2019
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A catalog of slow transients

’?_L,‘ 7 | | Modified from Frank and Brodsky, Sci. Adv., 2019
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Slow transient magnitude (M __.)
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A catalog of slow transients
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A catalog of slow transients

7},’ 7 | | Modified from Frank and Brodsky, Sci. Adv., 2019
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Slow transient magnitude (M __.)
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A catalog of slow transients

7 | | Modified from Frank and Brodsky, Sci. Adv., 2019
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North displacement (cm)

Our evolving grasp on slow slip dynamics
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Our evolving grasp on slow slip dynamics
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Daily slow transient

Our evolving grasp on slow slip dynamics
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Take away messages (and questions)

As observational resolution increases, we observe smaller and
smaller slow slip events

Major slow slip events are made up of smaller events

» No reason to not expect the same for the small slow slips
themselves...

» Is asingle LFE symptomatic of a unit slow slip?

Slow slip is an intermittent rupture process, made up of a
cluster of earthquake-like slip transients

» Slow slip is faster and bigger than we thought
» Does a faster slip rate have implications for triggering EQs?

Blending seismology and geodesy together is essential to
constrain a phenomenon that spans the bandwidth of multiple
geophysical instruments



Moment-duration scaling of slow
earthquakes

Scaling of fundamental parameters
reflects underlying physics

» Moment M, of a simple fault
dislocation scales with T3

» Proposed slow earthquake scaling
suggests fundamentally different
physics

57

12

!
13

| | | |
14 15 16 17
log[Seismic moment (N m)]

!
18

! T
19 20

21

Modified from Ide et al., Nature, 2007



Moment-duration scaling of slow
earthquakes

Scaling of fundamental parameters
reflects underlying physics

» Moment M, of a simple fault
dislocation scales with T3

» Proposed slow earthquake scaling
suggests fundamentally different
physics

» Constrained by observations on
extreme ends of spectrum

58
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Modified from Ide et al., Nature, 2007



Slow transient moment scales with
the cube of its duration

» Low-resolution GPS captures sum of
the intermittent slow slip process

» Slip during slow transients
» Interrupted by relocking
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Slow transient moment scales with
the cube of its duration

» Low-resolution GPS captures sum of
the intermittent slow slip process

» Slip during slow transients
» Interrupted by relocking

» Strip away the intermittent loading
to focus on slip...
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Slow transient moment scales with
the cube of its duration

» Low-resolution GPS captures sum of
the intermittent slow slip process

» Slip during slow transients
» Interrupted by relocking

» Strip away the intermittent loading
to focus on slip...

Slow slip scales like fast slip
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