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Take Away Points:
 • Secular interseismic verƟcal geodesy and straƟgraphic evidence 
of coseismic verƟcal land moƟon are not compaƟble with each other.
ExplanaƟons?
  • Slip and Strain ParƟƟoning in the Upper Plate
  • Locked Zone is Different
  • Deep Slip During Megathrust Earthquakes (e.g. Tohoku)

Future Work:
 • Coulomb Crustal Model (fit to observaƟons)
 • AddiƟonal Sea-Level ObservaƟons
 • cGPS installaƟon collocated with Ɵde gage at the North Spit
 • ReevaluaƟon of StraƟgraphic InterpretaƟons Around 
  the Humboldt Bay Region
 • Examine Interseismic Sediment AccreƟon Rates (as they relate 
  to verƟcal land moƟon) 
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RelaƟve Sea-Level

RelaƟve Sea-Level and Land-Level

CC Tide Gage Results: Monthly Mean Sea Level: average seasonal cycle removed

CC Tide Gage Results: Summer 3-Month Mean Sea Level

NS Tide Gage Results: Monthly Mean Sea Level: average seasonal cycle removed

NS Tide Gage Results: Summer 3-Month Mean Sea Level

RelaƟve Sea-Level

VerƟcal Land MoƟon Rate of North Spit relaƟve to Crescent City: 
Monthly Mean Sea Level

VerƟcal Land MoƟon Rate of North Spit relaƟve to Crescent City: 
Summer 3-Month Mean Sea Level

VerƟcal Land MoƟon Rate of Fields Landing relaƟve to CC 
Monthly Mean Sea Level

VerƟcal Land MoƟon Rate of Hookton Slough relaƟve to CC
Monthly Mean Sea Level

VerƟcal Land MoƟon Rate of Samoa relaƟve to CC
Monthly Mean Sea Level

VerƟcal Land MoƟon Rate of Mad River Slough relaƟve to CC 
Monthly Mean Sea Level

RelaƟve Land-Level

Monthly Mean Sea Level: average seasonal cycle removed
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East-West Profile from the North-Spit to ReddingLevel-Line Between the North-Spit to Eureka: 
maximum subsidence rates at the North-Spit

Interseismic VerƟcal DeformaƟon: Level Lines

Tests for the effects of different downdip rupture 
widths. (a) Outlines of high-slip patches. (b) Model 
subsidence for wider ruptures. (c)Model subsidence 
for narrower ruptures. 

Test models with different numbers of high-slip 
patches. (a) Outlines of high-slip patches. Gray 
lines delineate offshore basins inferred from gravi-
ty anomalies by Wells et al. [2003]. (b) Model sub-
sidence. For the two-patch model (orange), slip of 
the north patch is 450 years, and slip of the south 
patch is 300 or 500 years.

Wang et al. (2013)
Coseismic Subsidence Model EsƟmates

Barlow et al. (2011)

EsƟmated cumulaƟve slip on the plate interface for the 
August 2009 ETS event. (leŌ) Slip at final epoch. (right) 
Same as Figure 3 (leŌ) but with tremor epicenters for the 
Ɵme interval 08/02/2009–09/22/2009 ploƩed in black.

ETS Slip Aug. 2009Nishimura et al., 2011

Coseismic displacement of the 2011 Tohoku-Oki earthquake based on daily coor-
dinates of the rouƟne GEONET analysis. (a) Horizontal displacement. (b) VerƟcal 
displacement. 
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Full-rupture zoneComparison of coseismic subsidence and megathrust slip 
among the A.D. 1700 earthquake, previous recorded events 
(averaged), and the predicƟons of elasƟc dislocaƟon models. 
(A) Averaged locaƟons of coastal coseismic subsidence sites 
relaƟve to the fullrupture (purple) and transiƟon (lilac) zones. 
White diamonds and circles—sites with high- and low-quality 
subsidence esƟmates, respecƟvely. (B) Coseismic subsidence 
esƟmated at the above buried soil sites for the A.D. 1700 
earthquake (red symbols and shading—weighted mean and 
uncertainty) and for pre–A.D. 1700 recorded events (blue 
symbols and shading—mean and uncertainty). Upward/down-
ward arrows with quesƟon marks indicate unquanƟfiable esƟ-
mates of upliŌ/subsidence. Dashed darkgray lines show 
coseismic subsidence predicted by the elasƟc dislocaƟon 
model at the same sites for the release of 200 and 500 yr of 
accumulated strain. (C) As in B, except the gray lines represent 
coseismic subsidence predicted for uniform megathrust slip of 
10, 20, and 30 m. (D) Along-strike megathrust slip variaƟons 
esƟmated for the A.D. 1700 (red symbols and shad-
ing—weighted mean and uncertainty) and previous events 
(blue symbols and shading—mean and uncertainty) from the 
correspondence between observed coseismic subsidence and 
that predicted from uniform slip models (C). Dark-gray lines 
show the along-margin slip paƩern expected for the release of 
200, 500, and 1000 yr of accumulated strain.

Leonard et al. (2010)
Coseismic Subsidence Model EsƟmates
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Paleoseismic Core Sites and 
VerƟcal DeformaƟon 

Ambient Noise 
Tomography

PorriƩ et al. (2011)

Gorda plate dips to the 
north possibly due to 
Sierra Block migraƟon 
and the backstop 
formed by the Klamath 
mountains. These and 
other factors may con-
tribute to a locked zone 
that is not enƟrely 
depth dependent (as in 
Oregon and Washing-
ton).

Model results of CAS3D-2: view of the locked zone (darkest shading) and EffecƟve Transi-
Ɵon Zone (ETZ) of the Cascadia subducƟon fault. ETZ is divided into two halves, and only 
the seaward half (intermediate shading) is involved in the calculaƟon of potenƟal coseis-
mic deformaƟon. (a) Model and observed strain rates. (b) Model velociƟes and GPS 
velociƟes. (c) Model upliŌ rates (contour lines) and upliŌ rates derived from Ɵde gage 
records.

Wang et al. (2003)Locked and TransiƟon Zones

McCaffrey et al. (2013)

Locking model results. Colors and contours are of the slip deficit rate, in 
mm/yr. Slip deficit rate contours are 5, 15, 25, 35, and 45 mm/yr. (A) Tapered 
transiƟon zone of variable width, depth, and taper but locked to trench 
(pn1d). (B) Gaussian distribuƟon of locking with depth (pn2d).

Locked Zone

PaƩern of deformaƟon across for interseismic, coseismic, 
and postseismic parts of the seismic cycle. During megath-
rust earthquakes, coseismic slip on the locked zone produces 
upliŌ above the megathrust rupture and elasƟc relaxaƟon 
and subsidence between the downdip end of rupture and 
the arc. Slip on upper plate thrusts can generate localized 
and permanent upliŌ and subsidence in the fold and thrust 
belt. Rapid creep accommodates the slip deficit on the 
megathrust in the transiƟon zone during the relaƟvely short 
postseismic interval following the earthquake. 
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Flück et al. (1997)

Locked and transiƟon zones of Cascadia Megathrust 
(based on thermal constraints and geodeƟc data) 
used in elasƟc dislocaƟon model.

Locked Zone

Wang et al. (2003) Mitchell et al. (1994)

Mitchell et al. (1994)

Upper leŌ and boƩom: east-west upliŌ rate profiles 
from Arcata to Redding based on releveling. The 
Arcata data point is actually ~30 miles east of Arcata, 
so is incorrectly labeled in these two papers (Mitchell 
et al, 1994; Wang et al., 2003).

On upper right is a contour map of secular upliŌ rates 
for the CSZ. Contours are generated from Ɵdal 
records and leveling profiles. The sƟppled area is an 
interpretaƟon of the region of elasƟc strain accumu-
laƟon, assuming that the most rapid upliŌ at the 
surface approximately overlies the down-dip edge of 
the porƟon of the subducƟon zone interface.

Tide Gages and Level Lines

Pollitz et al. (2010)

(a) Observed strain rate field derived from the GPS velocity field, represented by the 
amplitudes and direcƟons of the principal strain rate axes (thick and thin line seg-
ments denoƟng a principal contracƟle or tensile strain rate axis, respecƟvely) and 
rotaƟon rate (indicated by color shading). (b) Residual strain rate field derived from 
the residual velocity field.

Strain Rate
a. b.

North America plate
Gorda plateGorda plate

North America plate

Interseismic
Subsidence

Coseismic
Subsidence

Interseismic
Uplift

Coseismic
Uplift

Locked fault Ruptured fault

A A’A A’

SchemaƟc diagrams showing the paƩern of (A) inter-seismic and (B) co-seismic defor-
maƟon associated witha subducƟon zone earthquake during an earthquake deforma-
Ɵon cycle. Adapted from PlaŅer (1972) to reflect the spaƟal paƩern of tectonic defor-
maƟon during the earthquake cycle in Cascadia.

VerƟcal MoƟon: Coseismic vs. Interseismic
PlaŅer (1972)

Hyndman & Wang, 1995

Repeated leveling results across the Nankai margin of southwest-
ern Japan giving the coseismic subsidence (small solid dots), co-
seismic subsidence inverted (large solid dots), and the interseis-
mic upliŌ rate for three intervals. The interseismic verƟcal axis is 
scaled relaƟve to the coseismic axis by Ɵme interval between 
great earthquakes. Note the agreement in the locaƟon of the 
peaks for the coseismic (inverted) and interseismic profiles, espe-
cially for the mid-interseismic period.

Coseismic vs. Interseismic

AcƟve FaulƟng Associated 
with the Southern Cascadia 
SubducƟon Zone

Kelsey et al. (2001)

Based on earthquake fault slip-rates and marine 
terrace upliŌ-rates, crustal faults in the North America 
plate may account for between 20% and 30% of the 
plate convergence in the Humboldt Bay region. 
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Plate configuraƟon for the Cascadia subducƟon zone (CSZ). Juan 
de Fuca and Gorda plates are subducƟng northeastwardly 
oblique beneath the North America plate at ~36 mm/yr in the 
Humboldt Bay region. Paleoseismic core sites (marine and ter-
restrial) are ploƩed as circles. 

Chaytor et al. (2004)
Nelson et al. (2004)Cascadia subducƟon zone

 ObservaƟons made by PlaŅer in Chile (1960) and Alaska (1964) show that verƟ-

cal deformaƟon during earthquakes is generally opposite in sense of moƟon compared 

to interseismic deformaƟon. This elasƟc rebound theory drives esƟmates of potenƟal 

coseismic deformaƟon on the Cascadia subducƟon zone (CSZ). Similar to other coastal 

marshes along the CSZ, paleoseismic invesƟgaƟons around Humboldt Bay reveal 

evidence of coseismic subsidence for the past 4 ka.

 Tide gage data obtained from NOAA Ɵde gages, as well as ‘campaign’ style Ɵde 

gages, are used to infer interseismic ground deformaƟon. Tide gage data from Crescent 

City and Humboldt Bay are compared to each other and also compared to esƟmates of 

eustaƟc sea-level rise to esƟmate rates of land-level change. Earthscope and USGS GPS 

permanent site data are also used to evaluate verƟcal interseismic deformaƟon in this 

region. These rates of land-level change are then compared to paleoseismic proxies for 

verƟcal land-level change.

 Cores collected for master’s theses research at Humboldt State University were 

used to compile an earthquake history for the Humboldt Bay region. Some cores in Mad 

River and Hookton sloughs were used to evaluate magnitudes of coseismic subsidence 

by comparing diatom and foraminiferid assemblages associated with lithologic contacts 

(paleogeodesy). Minimum esƟmates of paleosubsidence for earthquakes range from 

0.3 to 2.6 meters.

 SubtracƟng eustaƟc sea-level rise (~2.3 mm/yr, 1977-2010) from Crescent City 

(CC) and North Spit (NS) relaƟve sea-level rates reveals that CC is upliŌing at ~3mm/yr 

and NS is subsiding at ~2.5 mm/yr. GPS verƟcal deformaƟon reveals similar rates of ~3 

mm/yr of upliŌ and ~2 mm/yr of subsidence in these two locaƟons. GPS based subsid-

ence rates show a gradient of subsidence between Trinidad (in the north) to Cape 

Mendocino (in the south). 

 The spaƟal region of ongoing subsidence reveals the depth of locking of the CSZ 

fault (differently from previous studies, like Wang et al., 2003), but Humboldt Bay has 

regions that subsided coseismically that are also subsiding interseismically. The sense of 

moƟon mismatch is probably due to at least (1) upper plate deformaƟon (co- or 

inter-seismic) and/or (2) some process that is inconsistent with exisƟng subducƟon zone 

models. Since the interseismic deformaƟon is found across mulƟple upper-plate struc-

tures it is probably not influenced by those faults. However, coseismic moƟon on these 

faults cannot be ruled out.

 Future geodeƟc measurements may further reveal the region of locking on the 

megathrust (and provide a measure for natural hazards), but paleoseismic records and 

their paleogeodeƟc record likely beƩer reveal the catastrophic changes we expect in 

the future as they are measures of coseismic changes.
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