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ABSTRACT estuarySratigraphy at three sites along the lower
The Sixes Riveestuary, south coastal Oegon, sits above the locked ption of the Cascadia Sixes River (Fig. 1) records changes consistent
subduction zone, which intermittently releases in subduction-zone eidfuiquakes. One such Cas with this model.
cadia earthquake ~300 years ago caused subsidence and a tsunami at the Sixes esTuagub-
sidence raised the rivers base level, esulting in an ~3 km upsteam shift of the head of tide of SEDIMENTARY SEQUENCES AND
the estuary At the upper end of the expanded estuat more than 4 m of overbank sediment was DIATOM BIOSTRATIGRAPHY AT THE
deposited in the first decades arentury after subsidence. Subsequent incision through the over- SIXES RIVER MOUTH
bank deposits accompanied the gradual emergence of the estyand attendant downsteam The mouth of the Sixes River is flanked by a
shift of the head of tide, aselative sea level fell inesponse to interseismic uplift. low terrace underlain by nested sedimentary
sequences (Fig. Z)he cut and fill cycles recorded
INTRODUCTION should shift gradually downstream during interin this terrace are the result of abrupt sulgermrce
Three hundred years ago, probably on Januasgismic emerence. Because the Sixes estuary &f subaerially exposed former estuarine sediments,
26, 1700, the coast Washington, Oregon, and not saline for most of the 3.2 km distancéollowed by gradual re-emgence over the past
northern California underwent a gr¢ht , >8)  between the river mouth and head of tide (Fig. 1everal centuries.
earthquake associated with rupture of the Cascadisubsidence-induced upvalley shift of the head Strata underlying the low terrace consist of six
subduction zone (Nelson et al., 1995; Satakaf tide may not be accompanied by a notablsedimentary sequences, bounded by unconformi
etal., 1996; Jacoby et al., 19%&maguchi et al., increase in salinityalthough watetable levels ties (Fig. 2)The terrace has 2 m of relief; the relief
1997). The earthquake was accompanied bwould rise. Howevetthe base level of the Sixesis a consequence of erosion and deposition as
coastal subsidence, liquefaction, and tsunarfiver would shift upstream, influencing the locisequences were added to the area. Deposition of
inundation (Atwater et al., 1995). On the basis dff fluvial deposition in the upper reaches of thdluvial gravels that constitute the oldest sequence
analogy to other subduction zones (Plafk869,
1972; Brown et al., 1977 hatcher 1984) and
geodetic survey results from Cascadia (Sava
and Lisowski, 1991; Savage et al., 1991), ti
coastline of the Cascadia subduction zoi

NGVD

0-480 buried
150-293 spruce forest

NGVD

responds to pIaFe congance through an egfth 2.59 NGVD
quake deformation cycle whereby coseismic st o 7w o L 7.3 mi.
sidence is followed by postseismic rebound a T 0-330— 20mi

interseismic uplift as stress again builds up on t
subduction-zone interface. If this earthqual
cycle operates in the southern portion of tt
Cascadia mgin, sedimentary sequences in rive
estuaries should record a predictable success
of relative sea-level changes occurring over t|
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effects of a subduction zone earthquake, proba
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Following the definition of Dalrymple et al.
(1992), we consider the upvalley extent of tt
Sixes estuary to be the upvalley extent of tl
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freshwater tidal zone, or head of tidlee head of
tide is the upvalley limit of tidally induced daily
rise and fall of river stage. In the winter month
the Sixes River remains freshwater below tl
head of tide because high winter disgearflush
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directly to the ocean. In the summer months, t...

estuary is freshwater (<5%. salinity) except for Figure 1. Lower 8 km of Six es River v alley, showing stratigraphic data at cutbank sites 1.2, 3.6,
1-3-m-thick saline (~25%o) wedge that extendand 6.2 km abo ve river mouth. Fluvial terrace ele vations in meter s are sur veyed to National Geo-

~1500 m up from the mouth.

0.5m, 1.3 m, and 3.2 m at three cutbank sites.

detic Vertical Datum (NGVD); mean higher high water is 1.0 m. Low-water river sta ge is about
Age ranges are years before A.p. 2000 (Table 1).

.The head of tide.sho.uld Shiﬁ_ upstream iMMEy jthologic patterns are e xplained in Figure 3. Diagonall y lined area is late Pleistocene marine
diately after coseismic subsidence and theterrace deposits (K elsey, 1990).

Data Repository item 9826 contains additional materialelated to this article.
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Figure 2. Top: Geologic
map of low terrace in
lower Six es River v alley
showing six stratigraphic
sequences that underlie
terrace , deposited during
progressive relative sea-
level changes. Bottom:
Cross section thr ough six
stratigraphic sequences;
solid line is sur veyed
surface topograph y and
dashed lines are appr oxi-
mately located subsur-
face contacts.
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in species typical of fresh-brackish wetlands
(Fig. 3). The same fresh-brackish species
(species that can tolerate salinites up to
5%0—10%o0) are found before as after this event
(e.g.,Cosmioneis pusilldantzschia amphioxys
Pinnularia lagerstedtii Tables A2, A3)there-
fore, no abrupt rise in salinity is evident. How
ever relatively higher numbers of better
preserved specimens show that the depositional
regime shifted from a drier to wetter environment
more conducive to diatom productivity

In the past ~400 ythe sediment that makes up
the buried soil at sité (Fig. 3) has undgone at
least two reversals in direction of vertical move
ment relative to sea level. First, the sediment
emeped (relative sea-level fall) and weathered to
a soil, and then was subrged by an abrupt rela-
tive sea-level rise, which raised ground-water
level, converting the dry meadow to a freshwater
to fresh-brackish marshAfter submegence, site
Y was more prone to overbank deposition by the
Sixes Riverand 0.7 m of silt loam and loam
accumulated above the buried soil. Gradutily
site again emged above the water table coinci
dent with relative sea-level fall, bringing the soil
to its present position above MHHWig. 3).

SEDIMENTARY RESPONSE 1O THE
SEISMIC CYCLE
The sequence of sedimentation in the lewer

g 4 z Former marsh suace Alluvial plain  Modern storm berm \ YA 4 most Sixes River valley is consistent with pro
2 3] y / 3 \ \ \ L3  gressive vertical displacements occurring in the
2 2 N 4 : 6 2 course of a subduction-zone earthquake cycle
—— N - !
% 14 \_/_*__24_____21222:,\5 R r1  (Fig. 4).The emegence of sequences 1 and 2
0 T T 0 . . .
u@J b d 100 15 200 5 250 o  Sometime after 600420 yr ago (YFig. 3) coin

cided with a period of strain accumulation on the
subduction zone. Next, an abrupt rise in relative
sea level accompanied coseismic subsidence

infer the sand was deposited in at least two, atmought on by a subduction-zone earthquake.

on the basis dfC dates near the top of sequence fierhaps three, separate pulses (FiglgJod The sand immediately above the sequence 2 soil
(Fig. 3, Table 1).The next-to-oldest sequence (2)detritus deposited with the last pulse has a maxias deposited by a multiple-wave tsunami-gen

is a coarsening-upward sequence from silt loam toum age of 330 yr agan.p. 1670 ) (Fig. 3, erated by the earthquake, which occurred some-
loamy sand; a soil is developed on top (¥ite Tablel).
Figs.1 and 3); the soil is bioturbated by roots and Diatom analyses (Fig. 3; more comprehensivEBuropean settlement imp. 1870 (Masterson,

time aftera.n. 1670 (Fig. 3Table 1), but before

burrows, showing that the top of sequence 2 waslata are iTablesA2 andA3; see footnote 1) help 1994). Subsidence shifted the head of tide upval
subaerially exposed surface long enough testablish the depositional environments of sdey and coverted the dry meadowab a fresh-
develop arh horizon characteristic of an uplandquences 2 and $hese sequences are presentligrackish wetland. Fresh and fresh-brackish-sedi
soil (soil profile descriptiorTable 1AY. above mean higher high water (MHHW) (Fig. 2)ment of sequence 3 accreted in the wetland, and
The basal unit of sequence 3 is a well-sortdohsed on elevation surveys tied to the tidal datumind-driven waves in the expanded lower
fine sand that is overlain by silt loam and loanat the Port Orford tide gage (National Ocean Suestuary built a west-trending sand beach berm
(Fig. 3).A surface soil, similar in character to thevey, 1997) 12 km south of the Sixes RivEine (sequence 4, Fig. 2) adjacent to sequence 3 de
buried soil of sequence 2dfile 1A; see foet environment of deposition of sequence 2 sedposits at the southern estuary giar Detrital
notel), is developed on top of sequence ®&entis estuarine, on the basis of the presencersérine fossils in the berm support the contention
(Fig. 3). The sand was deposited as a 20-50-mrbrackish-marine diatom$he buried soil at the that it consists of sand brought into the estuary
thick sheet over the entire flood-plain area-cortop of sequence 2 has a mix of in situ fresirom the beach zone.
taining sequence 3 deposits (Fig. 2), and is torackish diatoms and remnant, dissolution- The subsequent gradual egence of, and soil
abrupt (<1 mm) contact over the buried soil. In @&esistant brackish-marine diatoms, consisteevelopment on, sequence 3 deposits mark the
former tidal channel near site X (Figs. 2 and 3)yith development of a freshwater meadow omception of uplift of the upper plate in response
sand thickness reaches a maximum of 35 crameged tidal-flat depositd-he sand at the baseto strain accumulation on the subduction-zone in
From fining-upward sand beds at this site, wef sequence 3 contains brackish-marine diatoterface; this uplift has been on the order of
mRepository item 9826, soil and diatomspecies consistgnt with deposition fro_m a marinémm/yr fl’0mA..D. 1950 to 1990 (Mitchell et al.,
analyses, is available on request from DocumenfPUrCe (HemphnII-HaIe_)l996).The segllmentary_ 1994).As relative sea level fell, the sequ_ence4_
SecretaryGSA, PO. Box 9140, BouldeiCO 80301.  Units that buried the soil show a relative reductioheach berm was abandoned and alluvial-sedi
E-mail: editing@geosocietyy. in remnant brackish-marine species and increasgent (sequence 5, Fig. 2) prograded over this and
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Loam 25— 4 shows deposits atf ormer tidal slough; column Y is cut-
bank e xposure . Thin sand la yer above buried soil at Y
is correlative to thic ker sand deposited at X, which is
composed of tw o fining-upwar d units (blac k arrows),
with discontin uous la yer of pebb les at base of ne xt
overlying unit. Each fining-upwar d unit represents a
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L05E of thir d pulse . Ages are y ears before A.p. 2000 (Table 1).
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TABLE 1. RADIOCARBON AGES, LOWER SIXES RIVER VALLEY

Lab 313C  Ageand Calibrated Sample
number* reported  age, yr before material
error A.D. 2000
(ACyrB.P)  (yrago)
Lower cutbank at river km 1.2
1.0 AA 19422 251  120+50 0-330 piece of tree bark
B 45877 nm* 800+70 600-980 6 mm diameter twig
B 45878 nm. 99060  750-1120 4 mm diameter twig
Middle cutbank at river km 3.6
B 40002 n.m. 190 + 50 0-480 spruce root
QL-4910 =242 183+ 13 150-222, spruce root
274-293
B 47082 nm. 2450+80 2200-2820 6 mm diameter roots
GX 19892 -268 2499166 2390-2830  herbaceous roots
Upper cutbank at river km 6.2
B 45875 am. 100+ 60 0-330 one 20 g stick
GX 22342 -263 160£60 0-470 leaf parts and small
base of sequence 2 branches with bark

2700 top of sequence 1 <—MHHW *B, Beta Analytic, proportional gas counting method, n.m. = §!3C not
[5000 o measured, adjusted ages are normalized to '25=613.C(Pg?dee belemnite)’ GX,
o0 Geochron, accelerator mass spectrometry; AA, University of Arizona,
Q20 600-980 accelerator mass spectrometry; QL, Quatemaryilsotope' Lab, University of
b % 750-1120 Washington, high precision *C age determination on ring numbers 38-42
oV 0 in from bark.

@%‘?9’:@1 tCalibration data of Stuiver and Reimer (1993), using 95% confidence
'f@ interval and an error multiplier of 1.5. For sample QL-4910, 40 years was
HORA added to calibrated age to account for sampling site relative to bark.
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older sequences. Sequence 5 alluvium is thgame time period following subsidence. If th&ull, 1979). In the Sixes River estuamhe
nested into the beach berm as well as into-fineearthquake occurred mp. 1700, then the mid hypothesized 3—4 km upstream shift of the
grained sequence 3 deposits (Fig.A2%torm dle cutbank trees survived for several years aftbead of tide caused suspended sediment to
berm (sequence 6, Fig. 2), parallel to but north dfie earthquake. accumulate rapidly (decades to less than a
the berm that marked the short-lived expanded At the upper cutbank site ~6.2 km upstreamentury) at the upper cutbank site. Deposition
estuaryhas built up at the southern giarof the  of the mouth, and exending along the cutbankccurred as the sediment-laden winter flood

modern small estuary at the mouth. for ~1km, more than 4 m of overbank sedimenflows of the Sixes River decelerated on reach-
was deposited after.n. 1530-1670 (Fig. 1, ing the tide-induced backwater
EXPANSION AND CONTRACTION OF Table 1). Because the sediment does not con Although rapid relative sea-level rise initiated
THE ESTUARY AND OVERBANK tain soil horizons, it appears to have been deverbank deposition at all three sites, the thick-
DEPOSITION posited over a short interval without periods ohess of deposits was greatest at the upper cut
The abrupt relative sea-level rise documentddnd surface stability bank.The abrupt decrease in hydraulic gradient

at the Sixes River mouth initiated an episode of On the basis of tH€C data, overbank depesi induced by the head of tide at the upper cutbank
overbank deposition within the lower 6.2 km oftion at the upper site could have occurred concupromoted suspended sediment deposition at the
the river valleyAt the lower site (river km 1.2), rently with the lower two sites or as much as apstream most site. Compared to the upper cut-
as much as 0.7 m of overbank deposition ocentury earlierThe first alternative implies that bank, less overbank sediment could be deposited
curred shortly after the burial of the soil betweedeposition at the upper site occurred shortly aftett the middle cutbank because it supported a
A.D. 1670 and 1870 (Fig. Iyhe middle cutbank subsidence and soil burial at the lower site, atfarest and was higher relative to the charifte.

site is similar to the lower cutbank in that a burietime when relative sea level was at its highest. lmpper cutbank site, being relatively lowssuld

soil (upper buried soil, middle column, Fig. 1) ighis favored alternative, upper cutbank overbankccommodate a greater thickness of sediment
overlain by 0.5 m of overbank deposif§ie deposition took place after an upstream shift dfefore the surface aggraded to an elevation less
buried soil, exposed along 250 m of cutbank, wake head of tide &fctively raised the base levelprone to overbank deposition.

an upland soil supporting a spruce forest. On tlaf the Sixes River In the decades following subsidence and-rela
basis of a high precisidfiC age for a spruce root The base level created by an upstream shifte sea-level rise, the head of tide has moved
(Table 1), the forest died befosep. 1850 but of the head of tide is analogous to the base levébwnstream as relative sea level graduallyAsl.
aftera.n. 1707. Our favored interpretation, eon created at the upper end of a dam impoundtresult, the Sixes River incised; incision probably
sistent with thé“C age data, is that the buriedment. River response to raised base level aboigeongoing because the area has a geodetically
soils at the middle and lower cutbanks are correflams is aggradation over a period of years toderived uplift rate of about 4 mm/yr (Mitchell
ative (Fig. 1), and that the overbank sedimeriéw decades in the reach immediately upstreaatal., 1994)All three cutbank sites are currently
above the buried soils was deposited within th€25—-300 m) of the new base level (Leopold antbo high to be regularly inundated by the river
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i : it Soil forms on
Figure 4. Schematic depiction fiood plain:

of vertical displacement of 3.0 restricted estuary Coseismic
buried soil at site Y in response behind sand spit
to seismic c ycle. Vertical S e 2\
displacements br ought about
successivel y by gradual strain
accum ulation ( A.D. 1600-1700),
coseismic subsidence ( A.D.
1700), and postseismic re-
bound and rene wed gradual
strain accum ulation ( A.D. 1700
to 2000). Trend of mean higher
high water (MHHW) based on
Port Orford tide data (http:/ IR B
www .olld.nos.noaa.go v), and Trend of MHHW= |
rate of sea-le vel rise in preced- 0.0~ 18mmiyr il ;
ing four centuries (taken to be % Subaerial
1.8 + 1 mmlyr, the global mean = Short term of %Y)%%thgiw%oil interseismic strain
sea-level rise o ver past 80 uplift rate P accumulation

years [Douglas, 1991]). Surface 10 | | | |
elevation of pre-ear thquake 1600 1700 1800 1900 2000
soil constrained to be not
higher than present soil (2.6 m; Years A.D.

based both on soil data and

diatom biostratigraph y for modern ver sus b uried soil [T ables Al and A2, see textfootnote 1]) and notlo wer than 1.70 m (based o n ~50 yr of historic
uplift at 4 mm/yr [Mitchell etal., 1994] plus obser ved postsubsidence sediment accretion of 0.7 m). Minim um coseismic subsidence is0.7 m (if0.7 m
of accretion abo ve buried soil was br oughtonb y minim um relative sea-le velrise of 0.7 m). Because sedimento verlying soildoes not have brac kish-
marine diatoms, soil could not ha ve subsided belo w MHHW of 300 yr a go (0.4 m), theref ore maxim um coseismic subsidenceis2.2m (2 .6 m-0.4 m).
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