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ABSTRACT

Eleven plate-boundary earthquakes over
the past 5500 yr have left a stratigraphic
signature in coastal wetland sediments at
the lower Sixes River valley in south coastal
Oregon. Within a 1.8 km2 abandoned me-
ander valley, 10 buried wetland soils record
gradual and abrupt relative sea-level
changes back in time to ;6000 yr ago. An
additional, youngest buried soil at the
mouth of the Sixes River subsided during
the A.D. 1700 Cascadia earthquake. Mul-
tiple lines of evidence indicate that tectonic
subsidence caused soil burial, including
permanent relative sea-level rise following
burial, lateral continuity of buried soil ho-
rizons over hundreds of meters, diatom as-
semblages showing that sea level rose
abruptly at least 0.5 m, and sand deposits on
top of buried soils demonstrating coinci-
dence of coseismic subsidence and tsunami
inundation. For at least two of the buried
soils, liquefaction of sediment accompanied
subsidence.

The 11 soil-burial events took place be-
tween 300 and ;5400 yr ago, yielding an
average recurrence interval of plate-
boundary earthquakes of ;510 yr. Com-
paring paleoseismic sites in southern Wash-
ington and south coastal Oregon with the
Sixes River site for the past 3500 yr indi-
cates that the number and timing of re-
corded plate-boundary earthquakes are not
the same at all sites. In particular, a Sixes
earthquake at ;2000 yr ago lacks a likely
correlative in southern Washington. There-
fore, unlike the A.D. 1700 Cascadia earth-
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quake, some Cascadia plate-boundary
earthquakes do not rupture the entire sub-
duction zone from southern Oregon to
southern Washington.

In the lower Sixes River valley, the upper-
plate Cape Blanco anticline deforms sedi-
ment of late Pleistocene and Holocene age
directly above the subduction zone. Differ-
ential tectonic subsidence occurred during
two of the plate-boundary earthquakes
when a blind, upper-plate reverse fault, for
which the Cape Blanco anticline is the sur-
face fold, slipped coseismically with rupture
of the plate boundary. During these two
earthquakes, sites ;2 km from the anticline
axis subsided ;0.5 m more than sites ;1
km from the axis.

Keywords: buried soils, Cascadia subduc-
tion zone, paleoseismology, plate boundar-
ies, subduction zones, tsunamis.

INTRODUCTION

The Cascadia subduction zone generates
plate-boundary earthquakes as large as mag-
nitude 9 (Atwater et al., 1995; Satake et al.,
1996; Clague, 1997). Even though the sub-
duction zone has no historic record of repeated
plate-boundary earthquakes, stratigraphic re-
cords of abrupt relative sea-level changes
along Cascadia (Darienzo and Peterson, 1990;
Atwater and Hemphill-Haley, 1997; Nelson et
al., 1998) archive repeated episodes of wide-
spread, coseismic subsidence caused by Cas-
cadia plate-boundary earthquakes in the past
3000 yr.

Although the Cascadia margin generates
plate-boundary earthquakes of magnitude 8 or
greater, questions remain concerning the re-

currence interval and rupture extent of Cas-
cadia plate-boundary earthquakes and the seis-
mic role of upper-plate structures. With only
one published record of Cascadia plate-
boundary earthquakes that is as long as 3500
yr (Atwater and Hemphill-Haley, 1997), more
long earthquake records are needed to estab-
lish recurrence-interval estimates. Rupture ex-
tents of individual plate-boundary earthquakes
are poorly understood. An earthquake in A.D.
1700 probably ruptured the entire Cascadia
margin (Satake et al., 1996; Jacoby et al.,
1997; Yamaguchi et al., 1997). However, lim-
ited published records of older Cascadia plate-
boundary earthquakes leave open the question
of whether all such earthquakes rupture the
entire margin or just a segment of it. The cal-
endar age range uncertainty of hundreds of
years for accelerator mass spectrometry 14C
dating translates to a similar degree of uncer-
tainty in dating plate-boundary earthquakes.
Nonetheless, correlating earthquakes by age
among coastal sites may indicate rupture ex-
tent for a few plate-boundary earthquakes. An-
other unresolved question is whether upper-
plate faults can be triggered by plate-boundary
earthquakes on the Cascadia margin (McInelly
and Kelsey, 1990; Goldfinger et al., 1992;
McNeill et al., 1998; Nelson et al., 1998).

We address several of these unresolved Cas-
cadia seismicity questions with a 5500-yr-long
record of plate-boundary earthquakes from the
lower Sixes River valley in south coastal
Oregon (Fig. 1). Our research has three objec-
tives. The first is to collect and evaluate evi-
dence for plate-boundary earthquakes in the
stratigraphic record of buried wetland soils in
the lower Sixes River valley. The second ob-
jective is to compare the times of plate-
boundary earthquakes at the lower Sixes River
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Figure 1. (A) Plate-tectonic setting of southern coastal Oregon; triangles are volcanoes of
the Cascade arc. (B) Location map of south coastal Oregon showing Cape Blanco, Sixes
River, and other sites (Bradley Lake, Coquille estuary, Coos Bay) where paleoseismolog-
ical studies have been carried out. (C) Map of lower Sixes River valley showing location
of abandoned-meander wetland and the approximate trace of the Cape Blanco anticline
(Kelsey, 1990). Also shown is the river-mouth site of Kelsey et al. (1998). Qcb and Qpi—
upper Pleistocene terrace deposits of the Cape Blanco and Pioneer marine terraces (Kel-
sey, 1990). Area without pattern consists of hillslope and valley-bottom lands.

valley with times of plate-boundary earth-
quakes elsewhere on the Cascadia subduction
margin. By comparing earthquake histories at
different locations on the margin, we evaluate
whether some earthquakes are confined to just

one segment of the margin. The upper-plate
Cape Blanco anticline (Fig. 1) is a broad, 15-
km-wavelength fold developed in deposits of
the lower Sixes River that are of late Neogene
to late Quaternary age (Kelsey, 1990). The

third objective is to assess, by utilizing the
lateral extent and variation in depth of buried
soils perpendicular to the axis, whether the an-
ticline has deformed during plate-boundary
earthquakes.

COASTAL SETTING OF THE LOWER
SIXES RIVER VALLEY

The lower Sixes River valley is a freshwater
lowland; tidal marshes do not occur in the
lower valley because the estuary is confined
to the active river channel and the valley low-
lands are all higher than the elevation of mean
higher high water (MHHW), which is 0.98 m
relative to the National Geodetic Vertical Da-
tum (NGVD). All reported elevations in the
lower Sixes River valley are tied to the tidal
datum at the Port Orford tide gauge, 11 km to
the south (National Ocean Survey, 1977).

The present-day uplift rate in the lower Six-
es River valley is 4–5 mm/yr (Mitchell et al.,
1994). This uplift rate, for the approximate pe-
riod 1930–1985, is inferred from 1970s to
1990s tide-gage records along the Oregon
coast, including the Port Orford tide gage, and
from repeated leveling surveys (1930s–1980s)
along the coastal highway 6 km east of the
lower Sixes valley (Mitchell et al., 1994).
Mitchell et al. (1994) ascribed this exception-
ally high rate of short-term uplift to strain ac-
cumulation above the locked part of the sub-
duction zone. The 4–5 mm/yr uplift rate is 3–
10 times greater than the long-term
(;100 000 yr) permanent uplift rate for the
Cape Blanco area based on marine-terrace
studies, which is 0.5–1.2 m/k.y. (Kelsey,
1990).

Two areas of the lower Sixes River valley,
the river-mouth area and the abandoned-
meander wetland area (Fig. 1), provide strati-
graphic data on late Holocene relative sea-
level changes. At the river-mouth site, there is
stratigraphic evidence for an abrupt relative
sea-level rise and a tsunami ;300 yr ago
(Kelsey et al., 1998), both probably generated
by the A.D. 1700 Cascadia earthquake (Satake
et al., 1996; Jacoby et al., 1997; Yamaguchi
et al., 1997).

This paper focuses on an ;1.8 km2

abandoned-meander wetland bordered by the
Sixes River (Fig. 2). The wetland ranges in
elevation from 1.7 to 4.2 m NGVD. The drier,
northern part of the wetland is slightly higher
(;5.5 m NGVD) because it is a natural levee
built of Sixes River overbank deposits. The
remainder of the abandoned meander is fresh-
water marsh and swamp, which drains to the
north by an outlet through the levee (Fig. 2).

The meander valley was first incised and
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Figure 2. Map of the abandoned-meander wetland in the lower Sixes River valley, showing
the three study sites: upper meander, lower meander, and Sixes levee cutbank. Map shows
all core sites from which subsurface stratigraphic data were collected. Topographic profile
(bottom), constructed from survey points at 25 m spacing, has elevation accuracy of 60.10
m. Dotted line on profile delineates extrapolated topography where surveying was not
carried out. MHHW—mean higher high water (0.98 m above the NGVD [National Geo-
detic Vertical Datum]).

then cut off when sea level was relatively low-
er in latest Pleistocene or early Holocene time.
During the Holocene, the meander valley
filled with fine-grained estuarine, tidal-marsh,
and freshwater marsh sediments in response to
sea-level rise. On the basis of cored samples,
these sediments are at least 9 m thick and
probably much thicker.

APPROACH AND METHODS

We use three approaches to determine
whether buried soils in the meander valley

represent plate-boundary earthquakes. The ap-
proaches address criteria discussed by Nelson
et al. (1996a) for inferring repeated coseismic
subsidence of coastal wetland soils by plate-
boundary earthquakes. The three approaches
include detailed description of coastal wetland
stratigraphy as revealed in outcrop or core, se-
lection and 14C dating of those organic mate-
rials that best indicate times of abrupt relative
sea-level change that occasioned soil burial,
and utilization of diatom biostratigraphy both
to assess whether major shifts in salinity ac-
company abrupt changes stratigraphically up-

ward from soil and mud and to estimate the
magnitude of relative sea-level change asso-
ciated with burial of individual wetland soils.

Lithostratigraphic Investigations

Widespread sudden submergence of vege-
tated wetlands, tsunami deposits that accom-
pany sudden submergence, and liquefied sed-
iment are all lithostratigraphic evidence for
plate-boundary earthquakes. If coseismic ver-
tical changes in land level (;0.5–3.0 m) have
occurred repeatedly in the late Holocene,
coastal wetland sites that are in the elevation
range of mean tide to mean higher high water
should show concomitant widespread strati-
graphic and ecologic changes indicative of re-
peated abrupt sea-level change (Atwater,
1987; Darienzo and Peterson, 1990; Nelson
and Kashima, 1993; Darienzo et al., 1994;
Guilbault et al., 1995; Hemphill-Haley, 1995;
Nelson et al., 1996b; Atwater and Hemphill-
Haley, 1997; Nelson et al., 1998). If tsunamis
accompanied seismicity, sites within hundreds
of meters of the coast and within 3–10 m of
sea level should preserve continuous or dis-
continuous sheets of sand or sandy mud,
transported landward by a tsunami (Bourgeois
and Reinhart, 1989; Minoura and Nakaya,
1991; Clague and Bobrowsky, 1994; Dawson,
1994). Finally, if severe shaking occurred dur-
ing subduction-related earthquakes, fine-
grained, water-saturated sandy deposits might
show evidence of liquefaction (Obermeier et
al., 1985, 1990; Atwater, 1987; Clague et al.,
1997; Obermeier and Dickenson, 2000).

One important aspect of the stratigraphic
descriptions involved identifying buried soils,
and we use the term ‘‘soil’’ to refer both to
peaty O horizons of Histosols (Soil Survey
Staff, 1998), in which organic content is
.50% by volume, and A horizons of Incep-
tisols (Soil Survey Staff, 1998) in which or-
ganic content is ,50% by volume. The term
‘‘mud’’ refers to silty-clay loam or silty clay.
Both O and A horizons have roots of herba-
ceous plants, but roots are sparse or not pre-
sent in the intervening mud. Whereas the con-
tact separating soil from overlying mud is
generally abrupt (,1–3 mm) or clear (3–10
mm), the transition from mud to overlying soil
is generally gradational (.10 mm).

We investigated lithostratigraphy at three
sites distributed over the abandoned-meander
wetland (Fig. 2). These sites include the Sixes
River levee-cutbank site at river km 3.6 (dis-
tance upstream along channel from river
mouth), the lower-meander site, and the upper-
meander site (Fig. 2). The Sixes levee cutbank
is a small site (32-m-long cutbank exposure),
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TABLE 1. ATTRIBUTES ASSOCIATED WITH BURIED SOILS, LOWER-MEANDER SITE, SIXES RIVER VALLEY

Buried Soil
number

Depth range to top of
buried soil (cm)

Number of cores that
sample buried soil

Abruptness of upper
soil contact: abrupt-

clear-gradual-not
recorded*

Number of cores that
sample sandy

deposit overlying
buried soil

Number of cores that
sample sand deposit
at stratigraphic level

of buried soil but
buried soil not

present

Average thickness
(cm) of sand

associated with
buried soil horizon (n

5 number of sand
layers)

Cores in which sand
has multiple fining-
upward cycles (n 5

number of fining-
upward cycles)

II 20–65 9 1-3-1-4 4 None 3.3, n 5 4 None
III† 70–110 11, (7)† 4-3-4-7 1 or 2§ None 0.5, n 5 1 None
IV† 80–130 11, (7)† 9-2-2-5 1 or 2§ None 0.1, n 5 1 None
V 110–160 20 13-2-1-2 9 None 3.4, n 5 9 S, n 5 3
VI† 140–180 10, (6)† 9-1-1-5 5 to 8# None 0.9, n 5 5 None
VII† 150–190 10, (6)† 6-1-3-6 2 to 5** None 0.8, n 5 2 None
VIII 180–240 10 6-3-0-1 5 1 8.5, n 5 7 None
IX†† 225–300 4†† 4-0-0-0 2 13†† 15.2, n 5 15 JJ, n 5 3
X 270–380 6 3-3-0-0 4 4 16.5, n 5 8 None
XI 390–470 4 3-0-1-0 3 3 7.5, n 5 4 None
XII§§ 460–500 2§§ 1-0-1-0 None 1§§ 7.5, n 5 2 None

*Number of contacts that are abrupt, clear, gradual or not recorded: abrupt: ,1–3 mm; clear: .3–10 mm; gradual: .10 mm; not recorded: abruptness of contact not
recorded either because core was logged quickly or core preservation was poor.

†Buried soils III and IV, and buried soils VI and VII, are buried soil couplets because for each set, the top of one soil is on average only 13–14 cm below the top of the
successively higher soil (Table 3). Because of the close spacing, if one of the soils of the couplet is missing, it is not evident which one it is. Therefore, when accounting
for the number of buried soils for soils II and IV, and for soils VI and VII, the number not in parentheses is the number of cores for which both buried soils are accounted
for, and the number in parentheses is the number of cores for which either one or the other of the buried soil is accounted for but not both.

§For buried soil couplets III and IV, one core has a sandy deposit overlying both soils III and IV, and another core has a sandy deposit overlying either buried soil III or IV.
#For buried soil VI, five cores have a sandy deposit overlying VI; in an additional three cores, a sandy deposit overlies either buried soil VI or buried soil VII.
**For buried soil VII, two cores have a sandy deposit overlying VII; in an additional three cores, a sandy deposit overlies either buried soil VI or buried soil VII.
††Buried soil IX is observed in four cores; in an additional 13 cores, buried soil IX is represented by a clean, medium to fine sand resting on an abrupt erosional contact

with no buried soil underlying the sand.
§§Buried soil XII is preserved in two cores as peat or a zone of concentrated roots and in one other core as clean, medium-fine sand.

TABLE 2. ATTRIBUTES ASSOCIATED WITH BURIED SOILS, UPPER-MEANDER SITE, SIXES RIVER VALLEY

Buried soil
number

Depth range to top
of buried soil (cm)

Number of cores
that sample buried

soil

Abruptness of upper
soil contact*

Number of cores
that sample sandy
deposit overlying

buried soil

Number of cores
that sample sand

deposit at
stratigraphic level of

buried soil but
buried soil not

present

Average thickness
(cm) of sand

associated with
buried soil horizon

(n 5 number of
sand layers)

Cores in which sand
has multiple fining-

upward cycles, (n 5
number of cycles)

VI 230–260 6 Clear None None N.A.† None
VII 305–363 7 Abrupt 1 None 10.2, n 5 1 None
VIIa§ 335 1 Abrupt None None N.A.† None
VIII 350–420 8 Abrupt 1 None 5.3, n 5 1 J, n 5 2
IX# 437–485 7 Abrupt 2 1 24.8, n 5 3 None
X 526–538 3 Abrupt None None N.A.† None
XII** 695 1 Clear 1 1 25.0, n 5 2 J, n 5 5

Note: In the upper meander, the core J site was cored and described on two separate occasions (1993; 1995), whereas the seven other cores (K, M, N, O, P, Q, R)
were reconnaissance cores and have less detailed stratigraphic descriptions. The upper 2.3 m of the upper-meander site, corresponding in time to the interval of buried
soils II–V in the lower meander site, is entirely fresh-water peat (Fig. 3). There are no buried soils in this interval because the site was too high to record relative sea-level
changes.

*Contact abruptness is tabulated for core J only: abrupt: ,1 mm–3 mm; clear: .3 mm–10 mm.
†N.A.—not applicable. No sandy deposit is observed to be associated with this buried soil.
§Buried soil VIIa is a faint buried soil observed only in core J. On the basis of diatom biostratigraphy, the soil records a negligible change in relative sea level. This

buried soil is not correlative with any soil in the lower-meander site on the basis of lithostratigraphy or age.
#In the upper-meander site, buried soil IX occurs in seven out of eight cores; in contrast, in the lower-meander site, buried soil IX consists of sand with no accompanying

buried soil in 13 out of 17 cases.
**Buried soil XII (694.5–706.5 cm depth) is a gray silty clay loam with ;5% organic component composed of horizontally layered peat. This weak soil is overlain by a

42-cm-thick sand that consists of five fining-upward cycles.

whereas the lower-meander and upper-mean-
der sites encompass larger areas (0.38 and 1.7
km2, respectively) within a single abandoned
meander. A topographic profile from the Sixes
River levee-cutbank site southwest across the
lower-meander site to the upper-meander site
(Fig. 2) depicts the relative elevations of these
sites. The upper- and lower-meander sites
were investigated by using coring techniques;
the levee-cutbank site was investigated in out-
crop. We logged twenty-eight 2.5-cm-diameter

gouge cores throughout the abandoned me-
ander. These were supplemented by 7.5-cm-
diameter cores at five of these sites. An ad-
ditional twenty-one reconnaissance cores were
quickly logged in order to identify optimal lo-
cations for core investigations.

Radiocarbon Dating

Samples whose ages most closely represent
the time at which a soil was buried by sand

and/or mud were submitted for radiocarbon
dating. Dated material primarily consisted of
delicate woody detritus, seeds, and herbaceous
stems and roots.

Delicate woody detritus was collected from
woody ‘‘trash’’ layers or sands directly over-
lying buried soils and included leaf parts,
small twigs with bark attached, and spruce
needles. Seeds were collected either within the
sandy deposit overlying a buried soil or within
the upper 1 cm of the buried soil. We tried to
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TABLE 3. BURIED SOILS IN UPPER- AND LOWER-MEANDER SITES: AVERAGE DEPTHS, AVERAGE
ELEVATIONS, AND STRATIGRAPHIC SEPARATIONS

Soil Lower meander Upper meander

Number Average Average Stratigraphic Number Average Average Stratigraphic
of core depth elevation separation of core depth elevation separation
sites (m)* (m, NGVD)† (m)§ sites (m)* (m, NGVD)† (m)§

Ground soil 14 0 3.06 N.A. 0 4.15 N.A.
II 6 0.53 2.35 0.71 N.S. N.S. N.S. N.S.
III 10 0.88 2.00 0.35 N.S. N.S. N.S. N.S.
IV 10 1.01 1.87 0.13 N.S. N.S. N.S. N.S.
V 17 1.32 1.62 0.25 N.S. N.S. N.S. N.S.
VI 10 1.53 1.26 0.36 5 2.45 1.75 N.A.
VII 10 1.65 1.12 0.14 7 3.27 0.93 0.82
VIII 9 2.18 0.69 0.43 8 3.80 0.42 0.51
IX 14 2.66 0.28 0.41 7 4.52 –0.31 0.73
X 8 3.34 –0.36 0.64 3 5.34 –1.16 0.85
XI 4 4.12 –1.01 0.65 1# 6.94# –2.79# #

XII 3 4.79 –1.58 0.57 1# 6.94# –2.79# #

Note: The number of core sites used to calculate average elevation of a specified soil is in some cases less
than the number of core sites where a specified soil is observed (Table 1) because some core sites do not
have surveyed elevations. N.S.—no soil; buried soils V and younger are not present at the upper-meander
site.

*Average depth: average depth to top of buried soil.
†Elevations of buried soil determined by subtracting depth of top of buried soil from surface elevation at core

site. All ground surface elevations determined by Total Station survey, accuracy to nearest 0.01 m, referenced
by benchmark to National Geodetic Vertical Datum (NGVD).

§Difference between average elevation of top of soil and average elevation of top of next highest buried soil
(m). N.A.—not applicable; a difference in elevation cannot be determined because the stratigraphically next
highest soil horizon does not exist.

#In the upper-meander site, one core (J) records one buried soil older than soil X. We are uncertain whether
this buried soil, which is at depth 6.94 m and at elevation 22.79 m, correlates to buried soil XI or XII in the lower-
meander site, although we tentatively correlate it to soil XII.

collect seeds and delicate, identifiable woody
debris that would be broken up by significant
transport or significant time. In so doing, we
attempted to minimize the time between death
of the delicate woody detritus or seeds and the
time at which this material was deposited.

Herbaceous stems and roots were collected
when it appeared they were killed by deposi-
tion associated with soil burial. Candidate her-
baceous samples included stems flattened on
a soil/mud contact (e.g., Atwater and Yama-
guchi, 1991).

We submitted 14C samples incrementally
over the course of 10 yr; in so doing, we de-
termined that unreliable dates came from un-
identifiable wood or bark fragments and from
herbaceous roots or stems that were not clear-
ly flattened on the top of a buried soil (see
Data Repository materials1 for more infor-
mation on sample analysis). Therefore, in the
latter 6 yr of 14C sampling, we only collected
delicate, identifiable woody detritus and seeds.

Diatom Biostratigraphy and Relative Sea-
Level Changes

We used diatoms to assess environments of
deposition and magnitudes of sea-level change

1GSA Data Repository item 2002038, analysis of
14C samples (part I) and diatom biostratigraphy and
determination of paleo–mean tide levels (part II), is
available on the Web at http://www.geosociety.org/
pubs/ft2002.htm. Requests may also be sent to
editing@geosociety.org.

that accompanied the burial of soils. Diatoms
were common in most of the core samples we
examined. For each sample, we attempted to
identify 100 diatoms recognizable to the spe-
cies level. In some cases (19 out of 130 anal-
yses), there were ,100 recognizable diatoms;
in these cases, our paleoenvironment inference
was based on those diatom valves that could
be identified.

By tracking changes in diatom assemblages
across buried soil contacts, we used diatoms
to assess relative sea-level changes at times
when soils were buried (Nelson and Kashima,
1993; Hemphill-Haley, 1995). In one core, we
undertook a qualitative biostratigraphic anal-
ysis of diatom-assemblage changes immedi-
ately above and below buried soil contacts in
order to estimate the magnitude of relative
sea-level rise that brought on the burial of the
wetland soils. The analysis relies on the ob-
servation that, in tidal marshes, specific dia-
tom associations are limited to defined eleva-
tion ranges relative to mean tidal level
(Hemphill-Haley, 1995) (see footnote 1 con-
cerning Data Repository materials). Therefore,
diatoms are used to estimate the magnitude of
elevation shift of mean tide level associated
with burial of individual wetland soils. We
constructed a relative sea-level curve for the
lower Sixes River valley from the diatom-
derived estimates of paleo–mean tide level in
conjunction with depth of buried soils and 14C
age data.

ABANDONED-MEANDER WETLAND

Buried Soils

Buried soils II through XII could be corre-
lated throughout the lower-meander wetland
on the basis of depth, lithostratigraphy, and
stratigraphic separation (Fig. 3). Not all buried
soils are present in each of the 20 lower-me-
ander cores, but six cores (D, V, W, BB, LL,
MM) contain nearly complete sequences of 7–
9 buried soils. Buried soils VI through X are
preserved in the upper meander and can be
correlated, on the basis of depth and lithostra-
tigraphy, among most of the eight upper-
meander cores (Fig. 3). Buried soil I is not
observed in the abandoned-meander wetland;
it occurs at the Sixes River mouth area (Kel-
sey et al., 1998) (Fig. 1C).

Contact abruptness at the top of buried soils
is a qualitative indicator of the suddenness of
submergence of a soil (Nelson et al., 1996a).
In the majority of instances, 59 out of 91 ob-
servations (Tables 1 and 2), upper soil con-
tacts in the abandoned-meander wetland are
abrupt (,1 mm to 3 mm).

Distinct attributes of individual or sets of
buried soils in the lower meander aided in
identification and subsequent correlation. For
instance, buried soil V occurred at ;130 cm
depth in almost every core in the lower me-
ander (Table 1). In addition, two couplets of
buried soils (III and IV, and VI and VII) typ-
ically occur closer together than the other bur-
ied soils. Stratigraphic separation (vertical dis-
tance from top of one soil to top of the next)
for each couplet was, on average, 13–14 cm,
whereas the other buried soils were separated
from adjacent buried soils by 25–70 cm (Table
3).

Although two buried soil couplets occur in
the lower meander, neither couplet occurs in
the upper meander (Table 3). Soil couplet III/
IV is too young to be preserved in the upper
meander, where the youngest buried soil is VI.
Soils VI and VII are not unusually close to-
gether in the upper meander (Fig. 3, Table 3).
In the section Folding of Cape Blanco Anti-
cline During Plate-Boundary Earthquakes and
Origin of Soil Couplets, we discuss a possible
tectonic implication of the observed difference
in stratigraphic separation between soils VI
and VII in the upper- and lower-meander sites.

The deepest buried soils (XI and XII, Fig.
3) were identified in fewer cores in the lower
meander because not all cores could be pushed
beyond 4 m. Buried soil XI was found at four
core sites in the lower meander in the 390–
470-cm-depth range (Table 1). Only seven
cores in the lower meander penetrated deep
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TABLE 4. RADIOCARBON AGES, ABANDONED MEANDER, SIXES RIVER VALLEY

Sample I.D.* Laboratory I.D.† Date§ d13C 14C age# Dated material

Sixes levee-cutbank site (river km 3.6)
90 A 90 B 40002 10/90 –25.0§ 190 6 50 In situ spruce root
96 A 90 QL 4910 05/97 –24.2 183 6 13 In situ spruce root, ring numbers 38–42
91 A 375 B 47082 9/91 –25.0§ 2450 6 80 In situ ;6-mm-diameter woody roots
93 A 355 GX 19892 3/94 –26.8 2499 6 66 In situ woody roots
Lower meander site, cores GG, JJ, and MM
96 GG 76 GX 22923 4/97 –26.2 2065 6 45 8-mm-long twig
96 GG 111 GX 22924 4/97 –24.9 2305 6 45 6 cm long herb stem base or rhizome
96 GG 153.5 GX 22925 4/97 –27.6 2885 6 45 ;170 Carex sp. seeds
96 JJ 252.5 GX 22946 7/97 –26.8 3840 6 50 Spruce needles, spruce cone parts, seeds
98 MM 66 GX 25680 07/99 –28.7 modern Spruce needle fragments, 2 seeds
98 MM 91 GX 25681 07/99 –25.2 1250 6 40 Spruce cone part, seeds, 3 husks
98 MM 158.5 GX 25682 07/99 –28.7 3240 6 40 Spruce needle fragments
98 MM 224.5 GX 25683 07/99 –26.2 3780 6 50 Spruce needles, spruce cone parts, seeds
Lower meander site, cores D, C/T, and S
93 D 123 GX 19888 3/94 –28.2 1644 6 68 In situ herbaceous root or stem
93 C/T 360 GX 19887 3/94 –28.7 4398 6 70 3 small twigs; 11 bark fragments
93 C/T 135.1 AA 17182 8/95 –30.7 565 6 50 Herbaceous fragments
93 S 164 GX 19891 3/94 –28.3 1864 6 69 In situ herbaceous root or stem
93 S 291 GX 20200 10/94 –27.6 3732 6 89 Herb stems flattened on contact
Lower-meander site, core V
94 V 78–84 AA 17183 8/95 –27.4 2070 6 45 Wood fragments, 1 seed
94 V 125–126 AA 17184 8/95 –28.5 2820 6 65 Twig with bark
94 V 155A AA 17185 8/95 –28.6 2200 6 80 Herb stems and/or roots
94 V 155B AA 17186 8/95 –29.1 3175 6 65 Spruce needles
94 V 209 GX 20201 10/94 –27.5 3546 6 64 3 twig fragments, 2 with bark
94 V 256 GX 20202 10/94 –28.3 3864 6 63 6 spruce needles, 1 twig, 1 seed
Lower-meander site, core BB
95 BB 132.5 GX 24243 7/98 –26.3 2520 6 40 Seeds
95 BB 158.5 GX 23048 7/97 –28.0 2880 6 50 Paper-like husks, one seed
95 BB 189 GX 23049 7/97 –26.2 3240 6 50 Seeds
94 BB 271.7 AA 17178 9/95 –27.4 5170 6 60 Unidentified wood fragments
95 BB 276– AA 19420 6/96 –27.1 3875 6 55 One 1.5-mm-diameter twig with bark
94 BB 404.4 AA 17179 8/95 –24.1 4630 6 65 1 wood twig
Upper-meander site
95 J 71 ** AA 19337 6/96 –23.3 1545 6 50 18 seeds
95 J 141 ** AA 19338 6/96 –27.0 1905 6 55 7 twigs with bark; 10–32 mm long.
95 J 198 ** AA 19339 6/96 –23.4 2300 6 50 35 seeds; .20 paper-like bud husks
95 J 232 AA 19340 6/96 –28.3 2710 6 55 Bulk peat: 40% herb roots, 60% humified
93 J 295 GX 19889 3/94 –28.0 2678 6 73 Herb stems entombed in very fine sand
95 J 300 GX 24243 7/98 –29.4 3250 6 40 Seeds
95 J 301 GX 23045 7/97 –29.6 3340 6 50 Spruce needles, seeds, leaf parts, moss
93 J 335 AA 17180 8/95 –28.5 3045 6 65 Herb stem
93 J 391 GX 19890 3/94 –27.4 3419 6 67 Spruce needles, twigs, cone part
95 J 435 GX 23046 7/97 –26.8 3900 6 40 Seeds, one red husk
93 J 441 AA 17181 8/95 –27.9 2665 6 80 Herb fragments
93 J 537 GX 20199 10/94 –15.2 4319 6 76 3 herb stems flattened on contact
95 J 657.5 AA 19421 6/96 –25.5 5205 6 65 40-mm-long, 2-mm-diameter twig

*Sample code includes: year sampled; site designation (see Fig. 2); depth (cm) to top of sample.
†Laboratory prefixes and measurement methods: B, Beta Analytic, measurement by liquid scintillation, age

calculated for an assumed fractionation (d13C) of 225.0‰; QL, Quaternary Isotope Lab, University of Washington,
high-precision proportional gas method; GX, Geochron Laboratories, accelerator mass spectrometry; AA,
University of Arizona, accelerator mass spectrometry.

§Laboratory run date: month/year.
#Laboratory reported 14C age (one standard deviation).
**Dated material from a massive peat section that is not associated with a specific buried soil.

enough (460–500 cm) potentially to reach
buried soil XII; soil XII occurs at two of these
sites (Fig. 3, Table 1).

Buried soils in the upper meander (Table 2)
were correlated to soils in the lower meander
on the basis of age because the ;500 m of
uncored distance between the two sites (Fig.
2) precluded the use of depth and stratigraphic
separation as a basis for correlation. Correla-
tion was based mainly on two 14C ages on the
second buried soil in the upper meander (3250
6 40 14C yr B.P., sample number 95 J 300;
3340 6 50 14C yr B.P., 95 J 301; Table 4),

which were an excellent match with three 14C
ages on buried soil VII in the lower meander
(3175 6 65 14C yr B.P., 94 V 155B; 3240 6
50 14C yr B.P., 95 BB 189; 3240 6 40 14C yr
B.P., 98 MM 158.5; Table 4), On this basis,
we interpreted the second buried soil in the
upper meander to be soil VII. This correlation
was confirmed by 14C ages for two other bur-
ied soils (VIII and X) in core J from the upper
meander that matched well with 14C ages for
correlative buried soils in cores V and C/T in
the lower meander (Table 5). The interval of
buried soils VI to X is ;120 cm deeper in the

upper meander compared to the lower mean-
der (Fig. 3) because buried soil VI in the up-
per meander is overlain by 245 cm of massive
peat, whereas only ;140–160 cm of sediment
bury soil VI in the lower meander (Fig. 3).
On the basis of maps showing the lateral ex-
tent of preservation of each buried soil (Fig.
4), buried soils are extensively preserved in
the abandoned-meander wetland, over an area
at least as large as 200 000–420 000 m2 (Table
5).

Sandy Deposits Overlying Buried Soils

Sand or muddy sand deposits commonly
overlie buried wetland soils on abrupt con-
tacts (Tables 1 and 2). With the exception of
buried soils III and IV, 50% or more of the
buried soils in cores have an overlying sand
deposit. Texture of the sand deposit ranges
from medium-fine sand to sandy loam with
up to 50% silt and clay.

Thicknesses of the sand deposits vary from
,1 mm (several sand grains thick) to 42 cm.
In general, the deeper-buried soils at both the
upper- and lower-meander sites have thicker
sand deposits (Tables 1 and 2). In the lower
meander, sand deposits on soils II through VII
are typically 0.5–3.0 cm thick, whereas those
on soils VIII through XII are 7.5–16.5 cm
thick on average. Because intermediate-depth
buried soils (V, VI, and VII) are more likely
to have sandy deposits overlying them than
are the uppermost buried soils and because
deeper buried soils (VIII and deeper) are more
likely to be associated with thicker overlying
sandy deposits (Tables 1 and 2), we infer that
sand was more likely to enter the abandoned-
meander wetland prior to the time of burial of
soil V, ;2500 yr ago (Table 5).

Some cores penetrate a sand deposit at the
expected stratigraphic level of deep soils (VIII
and deeper), but the soil is absent (column 6,
Table 1). For instance, buried soil IX occurs
with an overlying sand deposit in four cores
in the lower meander, but a sand deposit with-
out accompanying buried soil IX is present in
an additional 13 cores (Fig. 3, Table 1). In 11
out of 13 instances, the sand has an abrupt
lower contact. The lower contact is erosional
because the sand truncates laminations in the
underlying mud substrate. In a few instances,
the sand incorporates rip-up clasts derived
from underlying strata.

Although most sandy deposits overlying
buried soils are a single massive layer of sand
or consist of one fining-upward bed, some of
the thicker sand deposits have multiple fining-
upward cycles (Tables 1 and 2; Fig. 5, core J,
395–402 and 652–694 cm depth). At 395–402
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TABLE 5. AREAL EXTENT AND CALIBRATED 14C AGES FOR BURIED SOILS,
UPPER- AND LOWER-MEANDER SITES

Buried soil number Extent of 14C ages grouped by Weighted Calibrated
buried soil associated buried soil† mean 14C age

(m2)* (site designation) (14C age)# range**
[sample composition]§

II 160 000
III (upper part of upper couplet) 210 000 2065 6 45 (GG) [DWD] 2068 6 32 1940–2130

2070 6 45 (V) [DWD]
IV (lower part of upper couplet) 210 000
V 300 000 2450 6 80 (A) [DWD] 2505 6 31 2460–2750

2499 6 66 (A) [DWD]
2520 6 40 (BB) [S]

VI (upper part of lower couplet) 420 000 2880 6 50 (BB) [S] 2883 6 33 2880–3160
2885 6 45 (GG) [S]

VII (lower part of lower couplet) 420 000 3175 6 65 (V) [DWD] 3254 6 22 3390–3560
3240 6 50 (BB) [S]
3240 6 40 (MM) [DWD]
3250 6 50 (J) [S]
3340 6 50 (J) [DWD]

VIII 420 000 3419 6 67 (J) [DWD] 3486 6 46 3630–3870
3546 6 64 (V) [DWD]

IX 420 000 3732 6 89 (S) [HRS] 3849 6 22 4150–4410
3780 6 50 (MM) [DWD]
3864 6 63 (V) [DWD]
3840 6 50 (JJ) [DWD]
3875 6 55 (BB) [DWD]
3900 6 40 (J) [S]

X 400 000 4362 6 51 (J) [HRS] N.C.†† 4830–5220
4398 6 70 (C/T) [DWD]

XI 220 000 4630 6 65 (BB) [ DWD] N.C.†† 5050–5600
XII 220 000§§ 5205 6 65 (J) [DWD] N.C.†† 5750–6180

*Areal extent of buried soil horizon (m2) in abandoned meander, as revealed in core and cutbank.
†14C ages after removal of suspect ages (see text and see footnote 1 regarding Data Repository).
§DWD—delicate woody detritus; HRS—herbaceous roots and/or stems; S—seeds; stratigraphic position of

samples is either in top of buried soil or in directly overlying sand deposit (see text).
#Weighted means are calculated for samples that, on the basis of chi square test, are statistically equivalent

at the 95% level (Ward and Wilson, 1978); weighted means computed with 14C age calibration program (Calib
version 4.3) of Stuiver et al. (1998).

**Calibrated years before A.D. 1950, using calibration program (Calib version 4.3) of Stuiver et al. (1998).
Calibration incorporates two standard deviations and an error multiplier of one.

††N.C.—not calculated. No weighted mean is calculated because sample size is one.
§§Radiocarbon age 5205 6 65 yr B.P. comes from the deepest buried soil at core J in the upper-meander site.

We infer that this age is associated with buried soil XII in the lower-meander site; therefore, the lateral extent of
soil XII is 220 000 m2.

cm, two fining-upward sequences overlie bur-
ied soil VIII. The contact at the base of both
fining-upward sequences is abrupt, whereas
the top of the upper sequence is gradual. At
652–694 cm, five fining-upward sandy se-
quences overlie a peaty mud correlated to bur-
ied soil XII, and the texture of the individual
fining-upward sequences varies (Fig. 5).

On the basis of the distribution and char-
acter of sandy deposits associated with buried
soils, we infer that deposition of sand imme-
diately followed the event responsible for
burying the soil. Because sand abruptly over-
lies each buried soil but coverage of the soil
by the sand is patchy, we infer that sand de-
posits are discontinuous sheets. The sand tex-
ture is clean and well sorted in most cases,
and therefore we infer that the source was the
beach or nearshore. Sand deposits also contain
marine diatoms (see following section). If the
sand comes from the beach, then the greatest
inferred transport distance, from the river-
mouth to upper-meander core sites, is ;3600 m.

Because (1) the base of the sandy deposits usu-
ally is abrupt, (2) the bases of individual fining-
upward sequences in a multiple fining-upward
sediment sequence are abrupt, and (3) no soil
occurs on top of any of the individual pulses,
we conclude that single massive or fining-
upward sand beds and multiple fining-upward
sequences both are deposited rapidly, proba-
bly in minutes to hours. Finally, because at
some sites within the abandoned meander,
sandy deposits occur at levels of buried soils
even though the buried soils are not preserved,
we infer that sand was delivered both to those
parts of the paleowetland with wetland soils
and to those parts of the paleowetland either
without a vegetated surface or where the veg-
etated surface had been eroded just prior to
sand deposition.

Diatom Biostratigraphy

On the basis of the number of freshwater
diatom species versus the number of brackish

and/or marine diatom species at different
depths in one core each from the upper me-
ander and lower meander (Fig. 6), we infer
that, over an ;3000 yr transition period, site
conditions changed at both core sites from
permanently brackish and/or marine condi-
tions to permanently fresh water (Fig. 6).

During the 3000-yr transition period, dia-
tom populations fluctuated back and forth
from brackish and/or marine species to fresh-
water species. This fluctuation in relative sea
level was associated with the burial of wetland
soils (Fig. 6). Core J shows that three major
paleoecologic changes occurred in the period
when the marsh was predominantly brackish
and/or marine, each involving a change to
freshwater conditions and then an abrupt shift
back to brackish and/or marine conditions
(Fig. 6). The change to fresh water (emer-
gence) corresponds with the development of
soils X, IX, and VII. Each abrupt shift back
to brackish and/or marine conditions (abrupt
submergence) corresponds to the abrupt burial
of a soil by mud (Fig. 6). The mud immedi-
ately above buried soil VI records a brief, final
shift to more brackish and/or marine condi-
tions before core site J became a permanently
freshwater marsh.

In core V, there are also four major paleo-
ecologic changes from brackish and/or marine
to freshwater conditions followed by abrupt
shifts back to brackish and/or marine condi-
tions. These changes correspond to the depo-
sition of, and the subsequent burial of, soils
VIII, VII, VI, and V (Fig. 6). Because sandy
sediment that overlies buried soils contains
brackish and/or marine diatoms (Fig. 6), we
interpret that the same sediment-laden flows
that transport sand also transport brackish and/
or marine diatoms onto freshwater marsh soils
at the outset of several of the instances of soil
burial.

Combining observations from cores V and
J, a shift to more freshwater conditions fol-
lowed by an abrupt return to brackish and/or
marine conditions characterizes soils X, IX,
VIII, VII, VI, and V. For buried soil VIII,
there is no evidence for paleoecologic change
in core J, but there is for core V (Fig. 6).

The general history of relative sea level,
constructed from calibrated age data for bur-
ied soils (Table 5) and from diatom-derived
estimates of paleo–mean tide level (see foot-
note 1 for information on Data Repository
items), is a rise from ca. 5.5 ka to 3.0 ka and
a slight fall from ca. 3.0 ka to present (Fig.
7). The marsh at the core J site accreted to
keep up with sea-level rise from 6.0 ka to ca.
3.0 ka (dashed line, Fig. 7). The marsh be-
came emergent after ca. 3.0 ka because it con-
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Figure 4. Maps of the abandoned-meander
wetland showing cores in which a specified
buried soil (roman numerals) is preserved.
Also shown are cores that sample a sand
deposit at the stratigraphic level of the bur-
ied soil but the buried soil is not present.
Preservation of buried soils III and IV, and
of buried soils VI and VII, is shown on the
same map because at some core sites, only
one of two soils is preserved and it is not
possible to identify which of the two buried
soils is missing.

Figure 5. Sketch of two intervals in core J
showing repeated fining-upward sequences
within a sandy deposit. (A) Two fining-up-
ward sequences overlying buried soil VIII.
(B) Five fining-upward sequences overlying
an organic-rich silty-clay loam that we infer
is correlative to buried soil XII in the lower
meander. The coarse base of the highest se-
quence (fining-upward sequence 5) consists
of medium sand, pebbles up to 6 mm
across, and clay rip-up clasts up to 50 mm
across. Depths are depth below ground sur-
face. Calibrated radiocarbon age range in
years before A.D. 1950 has 2s uncertainty.
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Figure 6. Diatom bio-
stratigraphy of cores V
and J. Graphs show
percent freshwater di-
atoms vs. percent
brackish and/or ma-
rine diatoms as a func-
tion of depth in each
core. Tie lines delineate
correlative buried soils.
In general, a transition
upward from mud to
peat is occasioned by a
gradual change to
more freshwater con-
ditions, and an abrupt
transition from peat
stratigraphically up-
ward to mud is accom-
panied by an abrupt
transition to brackish
and/or marine condi-
tions. Calibrated radio-
carbon age ranges in
years before A.D. 1950
(2s uncertainty) are
based on 14C ages in
Table 5.

TABLE 6. ESTIMATES OF PALEO–MEAN TIDE LEVEL (MTL) BEFORE AND AFTER SUBMERGENCE OF SOILS, CORE J, UPPER MEANDER

Buried Elevation Elevation Paleoenvironment of Vertical position Elevation Median Maximum/
soil (NGVD) (NGVD), diatom sample of diatom sample (NGVD), submergence minimum

soil/mud diatom (bs)—before submergence relative to paleo- paleo-MTL (m)# submergence
contact sample (as)—after submergence MTL (m)§ (m)**

(m)* (m) (m)†

VI 1.82 1.84 Tidal flat (bs) –0.2 to 0.8 2.04 to 1.04 1.4 2.4/0.4
1.81 Fresh-water marsh (as) 1.2 to 2.2 0.61 to 20.39

VII 1.12 1.14 Tidal flat (bs) –0.2 to 0.8 1.34 to 0.34 1.4 2.4/0.4
1.11 Fresh-water marsh (as) 1.2 to 2.2 –0.09 to 21.09

VIIa 0.83 0.85 High marsh (bs) 0.8 to 1.4 –0.05 to 20.55 0.0 0.6/NA
0.82 High marsh (as) 0.8 to 1.4 –0.02 to 20.58

VIII 0.14 0.15 Tidal flat (bs) –0.2 to 0.8 0.35 to 20.65 0.5 1.4/ NA
0.13 Low marsh (as) 0.4 to 1.2 –0.27 to 21.07

IX –0.20 –0.19 Tidal flat (bs) –0.2 to 0.8 0.01 to 20.99 1.4 2.4/0.4
–0.25 Fresh-water marsh (as) 1.2 to 2.2 –1.45 to 22.45

X –1.05 –1.06 Tidal flat (bs) –0.2 to 0.8 –0.86 to 21.86 1.4 2.4/0.4
–1.09 Fresh-water marsh (as) 1.2 to 2.2 –2.29 to 23.29

*Soil/mud contact elevations depicted in Figure 3, core J.
†Elevation ranges for marsh and tide flat environments, relative to tidal datum, are depicted in Data Repository (see footnote 1) and Hemphill-Haley (1995). In order to

avoid unnecessarily large upper bound to maximum submergence, we assign an upper elevation limit to the fresh-water marsh ecological zone and a lower elevation limit
to the tidal-flat ecological zone such that the elevation range of these zones are both 1.0 m.

§Paleo–mean tide level elevations in this column are depicted in relative sea-level curve in Figure 7.
#Median elevation of MTL before submergence minus median elevation of MTL after submergence.
**See Figure 7. Minimum submergence is not applicable (NA) for soils VIIa and VIII because minimum submergence would be negative (indicating emergence), which

is not possible for a stratigraphic transition upward from soil to mud.

tinued to accrete while relative sea level start-
ed to fall (Fig. 7).

Superimposed on the trend of relative sea-
level rise followed by relative sea-level fall
are five instances of abrupt relative sea-level

rise (Fig. 7). The magnitude of submergence
for soils X, IX, VIII, VII, and VI, reflected
by diatom-assemblage changes across
abrupt buried soil contacts, ranged from 0.5
to 2.4 m (median and maximum submer-

gence, Table 6). We infer that submergence
exceeded minimum estimates (Table 6; Fig.
7). In the case of soil VIII, minimum sub-
mergence is negative, indicating emergence
(Fig. 7), and emergence is impossible given
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Figure 7. Elevation of mean tidal
level (MTL) over time (‘‘relative
sea-level curve’’) for core J, up-
per-meander site. Range of mean
tidal level for buried soils VI
through X is denoted by rectan-
gles. Width of rectangles delin-
eates estimated age range for the
time of soil burial on the basis of
radiocarbon age data (Table 5).
Height of rectangles shows extent
of abrupt rises in MTL associat-
ed with coseismic subsidence dur-
ing subduction-zone–related earth-
quakes. Estimates of MTL
paleoelevations (Table 6) were
determined from fossil diatom
assemblages (Hemphill-Haley,
1995) (see footnote 1 for material
in Data Repository), and the en-
velope to the sea-level curve in-
corporates error related to esti-
mating MTL from diatoms. Bold
solid and dashed lines delineate
best estimate of relative sea-level
curve; curve is dashed from 3000 yr to present because of lack of buried soil record at core J in this time interval. Triangles mark
elevations of top of individual buried soils in core J, and slope of dashed line depicts marsh-accretion rate (‘‘accretion of marsh
surface’’). The lack of sensitivity of the site to relative sea-level change in the 3000 yr B.P. to present range (dashed bold line) is
indicated by the observation that the marsh surface aggraded ;2.5 m from 3000 yr to the present at the same time that relative sea
level dropped ;1.5 m.

Figure 8. Calibrated 14C age ranges for Sixes River valley buried soils. The horizontal
bars are graphical depictions of the calibrated age ranges in Table 5. Calibration (Calib
version 4.3 of Stuiver et al., 1998) incorporates two standard deviations and an error
multiplier of one.

the biostratigraphic transition from soil to
tidal mud.

Age Assignments for Buried Soils

On the basis of the correlation of buried
soils throughout the abandoned meander, 14C

age determinations for soils in individual
cores (Table 4) were sorted into 1 of 11 buried
soils (soils II–XII, Table 5). Radiocarbon ages
from bulk peats (one age), unidentified wood
fragments (two ages), and herb roots that were
not flattened on a contact (nine ages) were
eliminated prior to sorting ages (see footnote

1 for information concerning the Data
Repository).

A best estimated age range for a particular
buried soil depends on the number of 14C ages
available. Two buried soils, II and IV, have no
14C age. Therefore, the best age estimate for
these buried soils was made from bracketing
ages from the next higher and the next lower
buried soil (Table 5). Another two buried
soils, XI and XII, which are the two oldest
and deepest buried soils, have only one 14C
age each. This 14C age, when calibrated to a
calendar age range, is the best estimated age
range for the buried soil (Table 5). Seven bur-
ied soils (II, V, VI, VII, VIII, IX, and X) have
two or more 14C ages. For these seven soils,
we performed a chi square test of whether the
14C ages are statistically equivalent at the 95%
level. Because all seven groups of 14C ages
met the criteria of statistical equivalence, a
weighted mean 14C age was calculated (Ward
and Wilson, 1978), and the weighted mean 14C
age was converted to a calibrated age range
by using procedures of Stuiver et al. (1998)
(Table 5).

Calibrated ages for buried soils VI and old-
er do not overlap except for soils X and XI
(Fig. 8; Table 5). The age assignments are
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Figure 9. Sketch of a part of the exposure at the cutbank site at river km 3.6. The sketch shows two instances of liquefaction within
the estuarine deposits of late Holocene age in the lower Sixes River valley. About 2500 yr ago (approximate age of buried soil V, Table
5), liquefied sand vented onto a vegetated surface, forming a sand volcano. About 300 yr ago, liquefied sand intruded the first liquefaction
feature and then intruded up into a silty clay unit that overlies the first liquefied sand unit. See text and Figure 10 for more details.
Tree roots in buried soil I were killed after A.D. 1707 but before A.D. 1850; see Kelsey et al. (1998). MLLW—mean lower low water.

Figure 10. Photograph showing detailed view of the lique-
faction features depicted in Figure 9. Intervals on wooden
staff are 0.1 m. The smooth-textured silty clay at the top
of the photograph is the base of the middle sedimentary
sequence. Most of the rest of the photograph shows two
sand units representing two liquefaction events. The coars-
er grained sand, which includes both the three horizontal
layers in the lower left and the two veins that rise from
them, is sand of the second liquefaction event. This sand
intrudes the sand of the older liquefaction event, which oc-
curs in the middle part of the photograph. The older sand,
which is not as well sorted as the younger sand, is part of
a sand volcano that vented onto a paleo–ground surface
(Fig. 9).
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Figure 11. Comparison of the stratigraphic separation of buried soils in the lower- and
upper-meander sites. Figure also shows comparative rates of marsh surface accretion, on
the basis of average depths to buried soils (Table 3) and 14C ages of soils (Table 5).
Comparative accretion rates and vertical separations support the hypothesis, discussed in
text, that during at least two plate-boundary earthquakes (one of which occurred ;3500
yr ago), folding in the upper plate resulted in more subsidence in the upper than in the
lower meander. Calibrated radiocarbon ages (2s uncertainty) are from weighted mean
14C ages (see Table 5).

maximum ages, meaning the age of the buried
soil may be younger but is no older than the
assigned calibrated age. There is no age for
soils II and IV; however, their ages must over-
lap the ages of underlying and overlying soils
(Fig. 8).

LEVEE-CUTBANK SITE

Alluvial and overbank sediment exposed at
the Sixes River levee-cutbank site (Fig. 2)
provides stratigraphic data that complement
the data collected from cores in the upper- and
lower-meander sites. Cutbank stratigraphy
consists of three sedimentary sequences.
These sequences were documented by logging
a 5 m 3 32 m cutbank exposure, a portion of

which is shown in Figure 9. The lower two
sequences are each capped by a buried soil.

Buried Soils

The lowest sequence consists of an alluvial
sand and sandy gravel at least 1 m thick that
fines upward to a massive silt loam to silty-
clay loam. A weak buried soil characterized
by in situ roots of woody plants is developed
on the upper part of the sequence. On the basis
of two 14C ages on the roots (samples 91 A
375 and 93 A 355, Table 4), woody plants
grew in this horizon ;2500 yr ago (Fig. 9).
On the basis of 14C age, we infer that this low-
er buried soil at the levee-cutbank site corre-
lates with buried soil V, the most extensively

preserved buried soil in the lower meander
(Table 5, Fig. 4). The next sequence is in clear
(3–10 mm) contact above the buried soil of
the lowest sequence.

The 2.5-m-thick middle sequence is a mas-
sive and homogeneous silty-clay loam to silty
clay with root mottles throughout. A paleosol
(buried soil I, Fig. 9) with distinctive suban-
gular blocky structure and pedogenetically in-
duced texture changes has formed in the upper
1.2 m. In situ spruce tree roots are preserved
at the top of the paleosol. A high-precision 14C
age (sample 96 A 90, Table 4) on one root
indicates that the roots died either 100–172 yr
or 224–243 yr before A.D. 1950 (discussion
of this age summarized in Kelsey et al., 1998).
Kelsey et al. (1998) correlated the buried soil
on top of the middle sequence to the buried
soil at the Sixes River mouth (buried soil I),
which they inferred coseismically subsided
and became inundated by a tsunami at the
time of the A.D. 1700 Cascadia earthquake.

The highest sequence at the Cutbank site
(Fig. 9) abruptly overlies the middle sequence.
It consists of alluvial overbank deposits that
buried the middle sequence after coastal sub-
sidence in A.D. 1700 (Kelsey et al., 1998).

Liquefaction Features at the Levee-
Cutbank Site

Two sand bodies intrude strata at the levee-
cutbank site. The older sand intrudes through
the lowest sedimentary sequence and is depos-
ited as a lensoid body on top of the lower bur-
ied soil (Fig. 9). The sand lens is thickest near
the sand dikes that feed the lens and thins away
from the feeder dikes (Fig. 9). The stratigraphic
configuration of this liquefaction feature, in
which a sand lens, fed by dikes, is extruded
onto a soil, is similar to liquefaction sand blows
described by Clague et al. (1997) that were ex-
truded ;1700 yr ago onto a vegetated wetland
surface on the Fraser River delta in southern
British Columbia.

Because the lens of sand that spreads hori-
zontally over the lower buried soil has the
mounded appearance of a vented sand volcano
and is thickest nearest the source dike (Fig. 9),
we infer that it was extruded onto the surface
rather than intruded as a sill. Extrusion of liq-
uefied sand onto the lower buried soil was fol-
lowed by soil burial. Had significant time
elapsed (years) between venting of the sand and
soil burial, roots and a paleosol probably would
be preserved at the top of the lensoid sand. Be-
cause no soil is preserved, the sand body likely
was buried by sediment deposited out of stand-
ing water shortly after the sand was extruded.

The second instance of sand fluidization in-
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TABLE 7. CANDIDATE PALEOSEISMIC EVENTS AT THE SIXES RIVER: CALIBRATED AGE RANGE AND EVIDENCE FOR COSEISMIC SUBSIDENCE

Candidate Calibrated Evidence for coseismic subsidence†

Paleo–seismic
event (same
number as
correlative buried
soil)

age range* (yr
before A.D. 1950) Abrupt soil/mud

contact (Tables 1
and 2)

Permanence of
relative sea-level rise
(.10 cm of tidal mud
overlies buried soil)

(Table 3)

Is lateral extent of
soil/mud contact
.150 000 m2?

(Table 5)

Diatom data allow
for, on average,

.0.5 m of sudden
relative sea-level

rise (Table 6)

Tsunami concurrent
with submergence§

Shaking-induced
liquefaction

concurrent with soil
burial#

I** 250** X** X** X** X** X** X
II NA†† X X X X
III 1940–2130 X X X X
IV NA†† X X X X
V 2460–2750 X X X X X X
VI 2880–3160 X X X X X
VII 3390–3560 X X X X X
VIIa NA†† X X
VIII 3630–3870 X X X X X
IX 4150–4410 X X X X X
X 4830–5220 X X X X X
XI 5050–5600§§ X X X X X
XII 5750–6180§§ X X X? X?

*See Table 5. All ages based on multiple radiocarbon dates unless noted in table footnotes.
†Evidence for coseismic subsidence includes abruptness of buried soil contact (Nelson et al., 1996a); lasting nature of transition from soil to mud (Hemphill-Haley, 1995;

Nelson et al., 1996a); laterally extensive buried soil/mud contacts (Nelson et al., 1996a); a significant magnitude of sudden relative sea-level rise, as determined by changes
in diatom assemblage across buried soil contact (Nelson et al., 1996a); tsunami concurrent with submergence (Nelson et al., 1996a); and shaking-induced liquefaction
concurrent with soil burial (Atwater, 1992).

§Evidence for tsunami is sandy units abruptly deposited above soil units that were buried as a consequence of tectonic subsidence (see text).
#Evidence for liquefaction induced by strong shaking is presented for the Sixes River levee-cutbank site (see text).
**Event I is the A.D. 1700 Cascadia plate-boundary earthquake. Kelsey et al. (1998) discussed evidence of this event in the Sixes River valley.
††No 14C age available for buried soils II, IV, and VIIa.
§§Based on one radiocarbon date.

volved intrusion of sand into the middle sedi-
mentary sequence (Figs. 9 and 10). The second
sand intrusion postdates weathering of the mid-
dle sedimentary sequence because the intrusive
sand dikes follow vertical columnar ped faces
in the buried soil at the top of the middle se-
quence. The second set of sand dikes intrudes
through the older liquefied sand unit (Fig. 10).
The second sand does not intrude into the
youngest, upper sedimentary sequence (Fig. 9).

DISCUSSION

Evidence for Plate-Boundary Earthquakes

A 6000-yr-long stratigraphic record in the
lower Sixes River valley reveals a suite of at
least 11 buried marsh soils. Most all of the
buried soils developed in high tidal marshes
or freshwater marshes and were buried by tid-
al mud when instances of abrupt sea-level rise
caused a change to a tidal-marsh or tidal-flat
environment. The 11 wetland soils were
abruptly submerged, on the basis of the abrupt
nature of their contacts with overlying tidal
mud (Tables 1 and 2). Individual buried soil
horizons could be correlated over laterally ex-
tensive areas, ranging from 150 000 m3 to
220 000 m3 (Fig. 4; Table 5), from which we
infer that successive individual relative sea-
level rise events affected the entire lowland.
Each relative sea-level rise was long lasting
($70 yr) because the mud interval separating
buried soils is .10 cm thick (Fig. 3; Table 3).

On the basis of marsh-accretion rates (Fig.
11), 10 cm represents 70–140 yr. In addition,
diatom paleoecologic data indicate that the
lower-elevation diatom ecologic assemblage
that formed following submergence was also
long lasting (hundreds of years in the case of
soils X, IX, VIII, VII, and VI, Fig. 7).

Abrupt relative sea-level rise was caused by
abrupt tectonic subsidence rather than abrupt
rise in ocean level. The combined abruptness
and permanence of the rise, and the extensive
area affected by the rise, are not characteristic
effects of processes that change ocean level,
which include tides, storm surge, eustatic
(gradual, long term) sea-level changes, or lo-
cal changes in tidal regime brought on by
changes in location and geometry of beach
barrier bars (Nelson et al., 1996a).

On the basis of those soils with diatom bio-
stratigraphic data, each episode of subsidence
was ;0.5 m or greater (Table 6; Fig. 7). The
magnitude of subsidence for buried soils VI,
VII, IX, and X could have been as much as
2.4 m. For buried soil VIII, abrupt subsidence
could have been as large as 1.4 m (Fig. 7). In
all instances of subsidence, relative sea-level
rise was, at the least, significant enough to
cause deposition of tidal mud on surfaces that
formerly could support marsh vegetation.

All buried soil horizons are overlain by a
sand unit, which we infer was deposited by a
tsunami. Because each sand unit occurs
abruptly above the buried soil and grades up-
ward gradually to tidal mud, we infer that the

deposition of sand immediately followed the
abrupt subsidence. Tsunamis transported sand
from the beach and nearshore marine environ-
ment onto the vegetated marsh surface. Tsu-
nami sands on top of older, deeper buried soils
are thicker and more extensive (Tables 1 and
2), indicating that tsunamis more easily invad-
ed the lower Sixes Valley prior to ;2500 yr
ago. This finding is consistent with the infer-
ence from diatom data of more brackish con-
ditions prior to 2500 yr ago (Fig. 6). The var-
iation in sand texture (Fig. 5) reflects
differences in source area of the sediment en-
trained in tsunami pulses and differences in
transport velocity at the site of deposition.
Multiple fining-upward pulses of sand (Fig. 5)
indicate successive deposition of sand from
several distinct tsunami waves. Deposition of
sand from storm surge or other processes that
result in extreme ocean levels are not reason-
able alternative modes of deposition because
only tsunami satisfy the condition that each
sand was deposited immediately following
abrupt tectonic subsidence.

We infer that all buried soils, except buried
soils VIIa and XII, are stratigraphic indicators
of plate-boundary earthquakes because these
soils have multiple lines of evidence impli-
cating tectonic subsidence as the cause of soil
burial (Table 7). Buried soil VIIa is an excep-
tion because it was only observed in one core
(Core J in the upper meander, Fig. 3), and it
has no biostratigraphic evidence for subsi-
dence (Table 6). Buried soil VIIa could have
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Figure 12. Comparison of calibrated age ranges for Cascadia subduction-zone–related
earthquakes at four paleoseismic sites: Sixes River (earthquake I from Kelsey et al., 1998),
Coquille estuary (Witter, 1999), Coos Bay (Nelson et al., 1996b; A.R. Nelson, 2001, per-
sonal commun.), and southwest Washington (Atwater and Hemphill-Haley, 1997; B.F.
Atwater, 2001, personal commun.). It is unlikely that all Cascadia subduction-zone–related
earthquakes rupture the entire plate boundary from southwest Washington to southern
Oregon; see text. Tree-death date for youngest earthquake from Yamaguchi et al. (1997)
and Jacoby et al. (1997). All calibrated 14C ages have an error multiplier of 1.0 except
Washington data where the error multiplier is 1.6.

been caused by any one of several candidate
nontectonic processes, as outlined in Nelson
et al. (1996a), the most probable being a mod-
ification of the river-mouth barrier bar that af-
fected tidal levels. Buried soil XII, which is
documented in the fewest cores (Fig. 4), may
record a plate-boundary earthquake; but ob-
servations are too few to convincingly argue
it was formed by tectonic subsidence.

Shaking-Induced Liquefaction

Liquefaction features in the Sixes River cut-
bank meet criteria proposed by Obermeier et
al. (1990) for assigning a seismic origin to the

liquefaction. The fluidized sand bodies show
evidence of upward-directed intrusion into
host sediment, and the sand bodies are not in
an area where artesian discharge could create
similar features. The sand bodies resemble liq-
uefaction features documented from historical
earthquakes (Sims and Garvin, 1995; Clague
et al., 1997). Especially striking similarities
include the geometry of a vertical sand dike
attached to a sand lens deposited at the surface
and the presence of the later sand intrusion
cutting across the earlier extrusion of sand
onto the land surface (Figs. 9 and 10).

The liquefaction features formed in discrete
episodes separated by a lengthy period of time

in which liquefaction features did not form.
The first instance of liquefaction occurred
;2500 yr ago during subsidence of soil V.
During or immediately after soil subsidence,
shaking-induced liquefaction and venting of
sand at the cutbank site produced the sand vol-
cano that overlies buried soil V (Fig. 9). We
infer that the second instance of liquefaction
was triggered by the 1700 Cascadia earth-
quake. Sand liquefied by the shaking intruded
into and crosscut the sand volcano (Fig. 10)
and intruded the upper buried soil (soil I) at
the cutbank site (Fig. 9).

Recurrence Interval of Earthquakes

Accuracy of a mean recurrence interval for
plate-boundary earthquakes at the Sixes Riv-
er depends on completeness of the record.
Because of uninterrupted deposition in the
lower meander throughout the late Holocene,
it is unlikely that there is a missing soil and
thus an incomplete record. Soil II is pre-
served within ,0.5 m of the surface in sev-
eral cores (V, DD, EE, Fig. 4), leaving little
room for an overlying, missing buried soil.
When comparing the past 2000 yr of buried
soil record at the Sixes River with a closely
adjacent paleoseismic site, the Coquille es-
tuary (Fig. 1) that is 30 km to the north (Wit-
ter, 1999), both sites have the same number
of buried soils (three) in the time interval
2000 yr ago to present (Fig. 12). The Sixes
record for the past 3500 yr, when compared
to three other Cascadia paleoseismic records
for the same time period (Fig. 12), has the
same number of earthquakes or more earth-
quakes than the other sites. These compara-
tive observations support the inference of no
missing earthquakes.

Assuming a complete record of 11 earth-
quakes (I through XI), we calculate a mean
recurrence interval by using the age of the
youngest earthquake (A.D. 1700) and the age-
range estimate for the oldest earthquake
(5050–5600 cal. yr B.P., Table 5). The maxi-
mum interval of time separating earthquakes
I and XI is 5350 yr, and the minimum interval
of time separating them is 4800 yr; dividing
each by 10 (the number of earthquakes that
have occurred since earthquake XI [Table 7])
yields an average recurrence interval for 11
earthquakes of 480–535 yr.

Folding of Cape Blanco Anticline During
Plate-Boundary Earthquakes and Origin
of Soil Couplets

The Cape Blanco anticline is an upper-plate
structure above the Cascadia plate boundary
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that deforms surfaces and sediments of late
Quaternary age (Kelsey, 1990; Kelsey et al.,
1996). Deformation during the 1964 Alaska
earthquake (Plafker, 1969) demonstrates that
structures in the upper plate of a subduction
zone can grow coseismically during an earth-
quake on the megathrust. Is there a blind, upper-
plate fault under the Cape Blanco anticline
that coseismically ruptures during some of
the plate-boundary earthquakes, thereby
tightening the anticline? If so, then areas
closest to the axis should, over the period of
several subduction-zone–related earthquake
cycles (thousands of years), show less sub-
sidence than areas farther away. We compare
the thickness of tidal mud and peat on top of
buried marsh soils at the lower-meander site
and the upper-meander site, which are 0.9–1.6
km and 2.3 km, respectively, south of the an-
ticline axis (Figs. 1 and 2).

In the 2000 yr period between ;5000 and
3000 yr ago, more tidal mud and peat accreted
in the upper meander than in the lower me-
ander (2.91 m vs. 1.62 m) (Fig. 11). More than
half of the difference in the amount of tidal
mud that accreted at the upper meander versus
at the lower meander is attributable to the
earthquake that resulted in the tectonic subsi-
dence of soil VII at ca. 3390–3560 cal. yr B.P.
(Fig. 11).

A mechanism that could account for the dif-
ference in the amount of tidal mud that ac-
creted at the upper meander versus at the low-
er meander is coseismic slip on a blind reverse
fault in the upper plate that contracted the
overlying Cape Blanco anticline coincident
with a plate-boundary earthquake. Local co-
seismic uplift at the anticline axis would ne-
gate in part the regional tectonic subsidence
caused by slip on the underlying megathrust,
resulting in less net subsidence nearer to the
anticline axis. This pattern is what the mud-
accretion data show for the time after the
3390–3560 cal. yr B.P. earthquake (Fig. 11).

The two buried soil couplets in the lower
meander may owe their origin to coseismic
folding of the Cape Blanco anticline. Soil cou-
plets VI and VII are separated by an average
of only 14 cm, but in the upper meander, these
same soils are not unusually close together
(Table 3, Fig. 11). We infer that the lower-
meander VII/VI soil couplet formed as a result
of minimal coseismic subsidence at the time
of burial of the older soil of the couplet. By
implication, the upper buried soil couplet in
the lower meander (soils III and IV) also may
have been a product of coseismic folding of
the anticline during a subduction-zone–related
earthquake. Since ;3000 yr ago (time of buri-
al of soil VI), an average of 240 cm of sedi-

ment has accumulated in the upper meander,
whereas only ;180 cm of sediment has ac-
cumulated in the lower meander (Fig. 11, Ta-
ble 3). We infer that the greater thickness of
sediment in the upper meander was caused by
;0.6 m more subsidence in the upper mean-
der than in the lower meander during a plate-
boundary earthquake at the time of burial of
soil IV. The minimal subsidence in the lower
meander during the earthquake, induced by
folding of the Cape Blanco anticline, caused
the development of soil couplet IV/III.

Lower Sixes Valley Plate-Boundary
Earthquake Record: Comparison with
Other Cascadia Sites

We compare the Sixes River valley record
of plate-boundary earthquakes to the record of
plate-boundary earthquakes at three other
sites, southwest Washington (Atwater and
Hemphill-Haley, 1997; B.F. Atwater, 2001,
personal commun.), Coos Bay, Oregon (Nel-
son et al., 1996b; A.R. Nelson, 2001, personal
commun.), and Coquille River, Oregon (Wit-
ter, 1999). Although records are of different
lengths, all four sites have in common a 3500-
yr-long stratigraphic record of earthquakes
(Fig. 12).

The Sixes River valley stratigraphic record
is not entirely correlative with the other three
records. In the past 3500 yr, stratigraphic ev-
idence of up to seven plate-boundary earth-
quakes is found at each site (seven at south-
west Washington, six at Coos Bay, six at
Coquille estuary, and seven at Sixes River;
Fig. 12). Even when accounting for the undated
nature of earthquakes II and IV at the Sixes
sites, it is still evident that Sixes earthquake III
lacks a likely correlative in southwest Wash-
ington, Coos Bay, or Coquille River (Fig. 12).
Furthermore, the third-to-youngest Sixes earth-
quake (III) is ;600 yr too old to be correlative
to the third-to-youngest earthquake in south-
west Washington (earthquake U, Atwater and
Hemphill-Haley, 1997). How likely is it that
earthquake III is 600 yr younger than the age
assigned by the two 14C dates? Of the 14C
dates in the abandoned meander on 25 sam-
ples of material similar to that used to date
earthquake III (identifiable, delicate woody
debris or seeds; Table 4), all ages were strat-
igraphically in order in the respective cores,
and all ages could be grouped with similar
ages from correlative buried soils, with one
exception. For the exception, the sample was
300–450 yr too old when compared to strati-
graphically bracketing 14C ages. Therefore, it
is possible but unlikely that the two 14C ages
that date earthquake III both are 600 yr too

old. Consequently, we infer that the third-to-
oldest earthquake at the Sixes River valley
sites is not the same as the third-to-oldest
earthquake at southwest Washington and that
the third-to-oldest earthquake at the Sixes Riv-
er valley sites does not a have a likely time
correlative to the north along the Cascadia
subduction zone. If so, then unlike the A.D.
1700 Cascadia earthquake, some Cascadia
plate-boundary earthquakes do not rupture the
entire subduction zone from southern Wash-
ington to southern Oregon.

CONCLUSION

In the past 5500 yr, 11 plate-boundary
earthquakes have affected the southern
Oregon coast. Ten of these earthquakes are
represented by a laterally extensive buried soil
within the wetland part of the lower Sixes
River valley. Each earthquake buried a marsh
soil and changed a high marsh or freshwater
marsh to a low marsh or tide flat. The 0.5 m
to as much as 2.4 m of abrupt coseismic sub-
sidence during each earthquake is consistent
with reported changes elsewhere during his-
toric plate-boundary earthquakes (Plafker,
1969, 1972). Each of the 11 earthquakes was
accompanied by a tsunami that spread sand
from the beach and/or nearshore onto marsh
surfaces as much as 3000 m inland from the
coast. Liquefaction features formed during at
least two of the earthquakes.

The Sixes wetland site lies on the south
limb of an actively deforming anticline. Dif-
ferential subsidence of wetland sites at differ-
ent distances from the anticline axis during
two plate-boundary earthquakes indicates that
the anticline tightens during some earth-
quakes. The anticline probably is a surface
fold above a blind thrust that roots in the sub-
duction megathrust. This thrust fault may
move intermittently during earthquakes on the
megathrust. The two sets of buried soil cou-
plets in the lower meander are explained by
plate-boundary earthquakes that trigger local-
ized upper-plate folding; localized folding in-
duces differential subsidence that produces
closely spaced buried soils near the fold axis.

The average recurrence interval for plate-
boundary earthquakes at the lower Sixes River
valley is ;480–535 yr. Comparison of the
Sixes River valley earthquake record with
earthquake records in south coastal Oregon
and southwest Washington indicate that, un-
like the A.D. 1700 Cascadia earthquake that
affected the entire coast from southern British
Columbia to California, some plate-boundary
earthquakes do not extend into both southern
Oregon and southern Washington.
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