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Mad River Slough Relative to 
Crescent City

•Mad River Slough subsides relative to 
Crescent City at 4.2 mm/yr.  
•This indicates that Mad River Slough is 
sinking at a rate 1.2 mm/yr less than 
North Spit (5.4 mm/yr).  

y = 4.2x - 8,785.2
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Mad River Slough Relative to 
North Spit

•Mad River Slough subsides 0.9 mm/yr 
less than North Spit.  
•This estimate is close to above rate of 
1.2 mm/yr.
•The Crescent City estimate is probably 
more accurate due to length of record.

y = -0.92x - 1,862.91
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Mad River Slough Tidal Station 
(NOAA station ID: 9418865)

NOAA collected 14 months of tide 
levels at this site in 1977, 1978 and 1979.  
Based on preliminary review of data 8 
monthly mean sea level estimates can 
be used for 1978-79.

NHE reoccupied the Mad River Site in 
2008.  Tide levels were referenced to 
original Tidal Bench Marks used by 
NOAA. NHE collected approximately 8 
months of continuous tide data, which 
provided 8 monthly mean sea level esti-
mates. 
Not enough data to determine relative 
sea level change directly from NOAA 
and NHE data.

However, we can look at Mad River 
Slough relative to Crescent City in same 
manner as comparison of North Spit to 
Crescent City.

y = 0.0054x  - No. Spit subsides at 5.4 mm/yr relative to Crescent City
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When North Spit and Crescent City tide gage data are differenced, 
we can see that there is a difference in sense of motion, as well as a 
difference in magnitude, between these two locations. This suggests 
that somewhere between CC and NS, the down dip edge of the 
locked zone is located. Existing research in the Humbldt Bay region 
by the Humboldt Bay Vertical Reference System Working Group will 
hopefully resolve these preliminary findings.

NOAA tide gage data from Crescent CIty and North Spit (Humboldt 
Bay). What can you conclude from these two data sets?

Assuming these locations are receiving the same global sea-level 
rise,  tectonics might be invoked to explain the difference in these 
records.
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Combining available survey data and 
water level data to establish a meaningful 
baseline to monitor localized land and/or 
sea level changes. 

Global Positioning System 
(GPS) geodetic measure-
ments of tectonic ground 
deformation in northern Cali-
fornia. Dashed lines desig-
nate hand drawn countours 
of vertical movement for the 
time period during which 
these measurements were 
collected. D represents re-
gions of interseismic subsid-
ence and U represents re-
gions of interseismic uplift. 
Remember, coseismic defor-
matin is probably the oppo-
site sense of motion.
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The crustal vertical velocity field 
for the Oregon portion of the Cas-
cadia margin reveals details of 
coupling on the megathrus. Note 
that heterogeneous coupling 
inferred from uplift varies along 
strike and dip. Conclusion: simple 
models, like Flück et al. (1997) and 
Wang et al. (2003), need to be used 
with caution.
Location of tidal and leveling 
data from
Oregon and northernmost Califor-
nia used in Burgette et al. (2009). 
Tidal sites: CC,CrescentCity; PO, 
PortOrford; Ch,Charleston (Coos 
Bay); SB, South Beach (Newport); 
Ga, Garibaldi; As, Astoria. Level-
ing nodes: Cq, Coquille; Wi, Win-
ston; Al, Albany; Ra,
Rainier. Major rivers: WR, Willa-
mette River (flows through Willa-
mette Valley); CR, Columbia 
River. River gauges: Sa, Salem; 
Qn, Quincy.

Model results of CAS3D-2; view of the locked zone 
(darkest shading) and ETZ of the Cascadia subduc-
tion fault at present assumed by CAS3D-2. ETZ is di-
vided into two halves, and only the seaward half 
(intermediate shading) is involved in the calculation 
of potential coseismic deformation.Fault zone shad-
ing is the same as in Figure 10. (a) Model and ob-
served strain rates. The ‘‘tensor’’ strain rates are the 
best geodetic data constraints for an interseismic de-
formation model. (b) Model velocities and GPS ve-
locities. GPS data for central and southern Cascadia 
have been corrected for secular forearc motion 
(Figure 3). (c) Model uplift rates (contour lines) and 
uplift rates derived from tide gauge records.

Wang et al., 2003

Assessments of changes in RSLs 
based on tide-gage records com-
pared with benchmark and GPS 
measurements of land-elevation 
changes, with their corresponding 
RSL rates obtained by adding the 
2.28 mm/y PNW eustatic rise in sea 
level.

Komar et al., 2011
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eled by Todd Williams for this paper.
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Space-Time relations for earthquakes in the region of Humboldt Bay, northern California. Individual studies, 
referenced on the right in the legend, are plotted with radiocarbon age interpretations to 95% confidence. 
Straigraphic evidence of earthquakes with no radiocarbon age control are plotted at grey squares. Cres-
cent City and Lagoon Creek data only record paleotsunami, so probably only represent CSZ paleoseismic-
ity. Paleoseismic evidence in the Humboldt Bay region have not been reliably attributed to the megathrust 
and might record earthquakes on upper plate faults. The marine record of CSZ seismoturbidites are plotted 
as blue squares. CSZ paleoseismic records have been summarized by Patton et al, 2009 and this summary is 
plotted as orange squares, also at 95% confidence.
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Comparison of coseismic subsidence and megathrust slip among the 
A.D. 1700 earthquake (T1), previous recorded events (averaged), 
and the predictions of elastic dislocation models. (A) Averaged loca-
tions of coastal coseismic subsidence sites relative to the fullrupture 
(purple) and transition (lilac) zones. White diamonds and circles-
sites with high- and low-quality subsidence estimates, respectively. 
See Figure 3 for site names. White arrows—plate convergence vec-
tors. (B) Coseismic subsidence estimated 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/downward arrows with question marks indicate unquantifi 
able estimates of uplift/subsidence. Two low-quality data points are 
excluded from the shading as they appear to be outliers; these 
include data from the Columbia River that are questionable due to 
possible freshwater influence (Leonard et al., 2004). Dashed darkgray 
lines show coseismic subsidence predicted by the elastic dislocation 
model at the same sites for the release of 200 and 500 yr of accumu-
lated 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 variations estimated for the A.D. 1700 
(red symbols and shading—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 pattern expected for the release of 200, 500, 
and 1000 yr of accumulated strain.

Subsidence magnitude estimates are made using paleoelevation and topographic relief methods. A. Changes of 
paleoelevation are determined by subtracting paleoelevation ranges of the buried soil from the overlying mud. B. 
Minimum submergence estimates are made by subtracting the lowest possible elevation of the topographically high-
est position of soil 4 in core 5A (post-subsidence elevation minimum = 3.2-meters MLLW; Fig. 12-B, b) from the highest 
possible elevation of the same highest topographic position of soil 4 in core 5A (post-subsidence elevation maximum 
= 0.3-meters MLLW; Fig. 12-B, c). Pre-subsidence elevation of soil 4 is constrained by paleoelevation estimate for sedi-
ment sampled from core 5A (Fig. 12-B, a). Post subsidence elevation control is based on the position of the highest 
position for soil 4 being at the highest elevation in the mudflat ecological range (Fig. 12-B, c). C. Diatom zonation is 
based on modern diatom ecology from coastal marshes in Oregon. The upper limit of the upland elevation range is 
truncated so that the range is 1 meter (Kelsey and others, 2002, Witter and others, 2003). Likewise, the mudflat eleva-
tion range is truncated on the lower end so that the range is 1 meter.
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Pattern of deformation across a Chilean-type subduction zone (Plafker, 1972) for interseismic, coseismic, and 
postseismic parts of the seismic cycle. During the long duration interseismic part of the cycle, the locked 
zones of the megathrust are coupled and the upper plate is carried toward the arc and down with the de-
scending oceanic plate. Compression of the backstop region above the transition zone and the deep stable 
sliding part of the megathrust generates uplift near the arc. During megathrust earthquakes, coseismic slip on 
the locked zone produces uplift above the megathrust rupture and elastic relaxation and subsidence be-
tween the downdip end of rupture and the arc. Slip on upper plate thrusts can generate localized and per-
manent uplift and subsidence in the fold and thrust belt. Rapid creep accommodates the slip deficit on the 
megathrust in the transition zone during the relatively short postseismic interval following the earthquake. This 
rapid creep produces rapid rebound in the area of coseismic subsidence.

Coseismic silp

Plate motion

Sea level
Trench

Oceanic plate

SU
BS

ID
EN

CE
U

PL
IF

T

Locked zone
Stick-slip

Fold and
Thrust Belt

Upper plate thrust Seismogenic Lithosphere

Coast
Ranges

Location of diagram
Figure 5.26

Forearc
Basin

Lower
Lithosphere

Asthenosphere

Stable slip

Coseismic

Postseismic

Interseismic

Total Seismic
Cycle

Vertical Deformation

Transition zone
Rapid post-
seismic creep

Volcanic
Arc

Postseismic slip

Stable slip

Kelsey, H.M., 2001, Active faulting associated with the southern 
Cascadia subduction zone in northern California, Ferriz, H. and 
Anderson, R. (eds), Engineering Geology Practice in Northern 
California, Division of Mines and Geology Bulletin 210, Associa-
tion of Engineering Geologists Special Publication 12, p. 259-274.

Wang et al., 2003

Mitchell et al., 1994
Mitchell et al., 1994

On left, east-west uplift 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 right is a contour map of present-day 
uplift rates for the CSZ. Contours are gener-
ated from tidal records and leveling pro-
files. The stippled area is an interpretation 
of the region of elastic strain accumulation, 
assuming that the most rapid uplift at the 
surface approximately overlies the down-
dip edge of the portion of the subduction 
zone interface.

Nelson, et al., 2004
Chaytor, et al., 2004
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Plate configuration for the Cascadia subduction zone (CSZ). 
Juan de Fuca and Gorda plates are subducting northeast-
wardly oblique beneath the North America plate at ~36 mm/yr 
in the Humboldt Bay region. Paleoseismic core sites (marine 
and terrestrial) are plotted as circles. 

Hyndman & Wang, 1995

Repeated leveling results 
across the Nankai margin of 
southwestern Japan giving 
the coseismic subsidence 
(small solid dots), coseismic 
subsidence inverted (large 
solid dots), and the interseis-
mic uplift rate for three inter-
vals. The interseismic vertical 
axis is scaled relative to the 
coseismic axis by time inter-
val between great earth-
quakes. Note the agreement 
in the location of the peaks 
for the coseismic (inverted) 
and interseismic profiles, es-
pecially for the mid-
interseismic period.
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Schematic diagrams showing the pattern of (A) 
inter-seismic and (B) co-seismic deformation as-
sociated witha subduction zone earthquake 
during an earthquake deformation cycle. 
Adapted from Nelson et al. (1996) to reflect the 
spatial pattern of co-seismic deformation during 
the AD 1964 earthquake in Alaska. Site locations 
are in Figure on left.
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Location of field sites around Cook Inlet. Map based upon Plafker (1965). 
Contours (m) show vertical deformation caused by the AD 1964 earth-
quake. Contours hide many local scale variations, including local subsid-
ence caused by sediment compaction  and, in addition, some are based 
on interpolations over long distances.
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Observations made by Plafker in Chile (1960) and Alaska (1964) show that vertical deformation during earthquakes is generally opposite in sense of motion 
compared to interseismic deformation. This elastic rebound theory drives estimates of potential coseismic deformation on the Cascadia subduction zone (CSZ). 
Similar to other coastal marshes along the CSZ, paleoseismic investigations around Humboldt Bay reveal evidence of coseismic subsidence for the past 4 ka.

Tide gage data obtained from NOAA tide gages, as well as ‘campaign’ style tide gages, are used to infer interseismic ground deformation. Tide gage data 
from Crescent City and Humboldt Bay are compared to each other and also compared to estimates of eustatic sea-level rise to estimate rates of land-level 
change. Earthscope and USGS GPS permanent site data are also used to evaluate vertical interseismic deformation in this region. These rates of land-level 
change are then compared to paleoseismic proxies for vertical 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 associ-
ated with lithologic contacts (paleogeodesy). Minimum estimates of paleosubsidence for earthquakes range from 0.3 to 2.6 meters.

Subtracting eustatic sea-level rise (~2.3 mm/yr, 1977-2010) from Crescent City (CC) and North Spit (NS) relative sea-level rates reveals that CC is uplifting at 
~3mm/yr and NS is subsiding at ~2.5 mm/yr. GPS vertical deformation reveals similar rates of ~3 mm/yr of uplift and ~2 mm/yr of subsidence in these two loca-
tions. GPS based subsidence rates show a gradient of subsidence between Trinidad (in the north) to Cape Mendocino (in the south). 

The spatial 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 motion mismatch is probably due to at least (1) upper plate de-
formation (co- or inter-seismic) and/or (2) some process that is inconsistent with existing subduction zone models. Since the interseismic deformation is found 
across multiple upper-plate structures it is probably not influenced by those faults. However, coseismic motion on these faults cannot be ruled out.

Future geodetic measurements may further reveal the region of locking on the megathrust (and provide a measure for natural hazards), but paleoseismic re-
cords and their paleogeodetic record likely better reveal the catastrophic changes we expect in the future as they are measures of coseismic changes.

Tectonic deformation at the Alaska subduction zone:

Tectonic deformation at the Cascadia subduction zone:

Crustal modeling Tide gage and GPS analyses

Campaign style tide gage analysis:Paleoseismic record at the 
   Cascadia subduction zone:

Coseismic deformation
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