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The Pacific Northwest has a history of great earth-
quakes—shocks of magnitude 8 or larger—and of tsunamis
generated by them, The most recent of these carthguakes, how-
ever, predates the Lewls and Clark expedition by about a cen-
tury. Only since 1980 have scientists discovered that great
earihguakes repeatedly struck British Columbia, Washington,
Oregon, and California in the past few thousand years.

This booklet illustrates some of the geologic clues that

led 1o this discovery.

GLOSSARY

Intertidal zone. The arca between bow tide and high tide. [ has o
vertical range of about 10 feet at Willapa Bay and Groys Harbor,
Woshington. Tideflals ane comman in the lower par of the imer-
tidal zone, while undal marshes and tidal swanps are Common in
ik upper pant of e invertidal zone (fig, 164,

Magnitude. A numbser used 1o represent the sice of an earthgquake.
Singnituade is nol pecessarily related toe intensity—how drong an
earibganke feels st a given place—bat i is relsted (o the: (odal anmount
of epergy released, A whole-number difference in magminsde | for
exsmple,the difference between magnitede 7 and magnitude Bj cor-
respords b 3 32-fold difference in the amount of energy released.
The numimum magnitude for an eanbquake o/ lermed “great™ is
magnitucle 8, about the size of (e 1906 Sen Fruncisco canbguake.
The largest reconded carthguake— 1960 Chile (fig. W8}-—had a
magmitude of 9.5

Safl. In this meport (he wrm s wsed mech s o fomeer would, 1o
refer b surficial material in which plants are ropted,

Subduction, The descent of one tectonle plite beneath another.
At the Coaseadlin subduction sone, the Jaan de Foca plae descends
exstward beneath the Xorh America plase. along a faul that s
Troan southem British Colunmabia 1o mosthem Califomiz. This plate-
hnu.m].nr}' faubi infersects the seafloor far offehore | rlﬂ. 124, barbed
lime) but exiends exstward beneath the Pacific coast, imto a curn
renly bulging region cariooned in Gigure 1.

Submergence. The inundation of land. Alsng a eoast, il may
resali from lowering of land (subsidence) of from rise of the
LB

“Tectonde plate, A slab tens of miles thick that includes the Eanh's
erust and which moves relative 1o other such plaies. Most earib-
qua._‘p;-:a.' oecisr where plates rub against one TR

Tsunami. Animpulsively generated wave, orimdnof waves, Maomy
psunamis are caused by abnopt mising or lwering of ibe scafloor
during eanhguokes.

COMNVERSIONS
Mileiply Ry Tir oibiraain
1 kiloameeder {km) [Lis miles
1 meder (m) 33 feet
| centimeter icmp 2.5 inches
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COASTAL EVIDENCE FOR GREAT EARTHQUAKES

IN WESTERN WASHINGTON

Bv Brinn F Atwater

SUMMARY

Boried marsh and forest solls in southern coastal YWashing-
ton show that earthquakes of magnltude 8 or larger (great earth-
gquakes) probably oceur at the Cascadia subduoction zone. Similar
solls in Alaska and Chile record lowering of coastal land that ac-
companied great subductlon-zone earthguakes In those reglons.
Fossil plants shiow that many of the solls in Washington stood above
miost or all high tides until the onset of burtal, when the sells were
frequently submerged by tidal water at least ¥ m deep. In some
cases, fossil plants further show that this submergence resulted
T abrupt lowering of the land, oot from gradoal rise of the
s, Somee of the burlbed solls are mantled with sand that was prob-
ably deposited by isunamis, Sequences of buried sofils glve evi-
dence thal hundreds of years commaenly clapse between great

carthguakes in southern coastal Washington,

INTRODUCTION

Gireat subduction eanthguakes pose o hazond 1o the nonh-
wiestern Ulnited States and adjscent Conada. This hazard went
undeteeted until the 19807, when eanth scientists begon to
asscmble whst soon became overwhelming evidence that the
Caseadia subduction zone has produced great eanhgueakes
in the past and is capable of doing so aguin (Hyndman, 1995),

The maost decisive of this evidence came from coastal
geology, Grest earthquakes on subduction zones can leove
lxsting marks in coastal geolegy by making cosstal land sob-
side, by generating tsunamis, and by causing sand to Hguefy.
By 19495, evidenee for subsidence. tsunamis, and (or) shak-
ing had been found at more than o dozen bays and river
mouths along the Pacific coast from northern Califomin ta
sothern British Columbia {Atwater and others, 1995),

Thiz report illustrates coastal evidence for past grest
cnrhguokes in southwestern Washington. The examples, pref-
sced with modem analogs from Alaska and Chile, show

simpbe ways that abrupt subsidence and acoomponying tsu-
namis can be detected centuries after they occurmed. This re-
port does not illustrate evidence that shaking accompanied
the subsidence and tsunamis at the Cascadia subduction zone,
Such evidence, first recopnized by Stephen F Obermcier,
mizinly tokes the form of sand-filled erscks (Atwater, 1994;
Oermaier, 1995).

The report is excerpted from volume | of “Assessing
carthgquake harards and reducing risk in the Pacific Morth-
west”, LS. Geological Survey Professional Paper 1360, This
volume, published in 1996, was edited by Albert M. Rogers,
Timothy 1. Walsh, William J. Kockelman, and George R.
Priest. The chapter excerpled here was mostly written in
1510,

H. Edward Clifton, David K- Yamaguochi. Alan B Melson,
Timothy 1. Walsh, Barbaea C. Hillier, John Synnefakis, and
Jeffrey A, Troll provided comments that improved the chap-
ter. Susan E. Mayfield designed the cover. Mary Ann Beinhan
contributed most of the messurements shown in figure Y2
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L] ASSESSING EARTHQUAKE HAZARDS AND REDUCING RISK 1M THE PACIFIC NORTHWEST

GREAT EARTHQUAKES AT SUBDUCTION ZONES CAN CAUSE SUDDEN
COASTAL SUBMERGENCE . ..

Regional lowering of the land commenly aCCOMpanics . 150 P
great earthquakes a subduction zones. This subsidence can T I N |
be viewed as part of acycle of deformation in the continental
plate (fig. 9). Before an earthquake, the contincntal plate
bulges over and behind a stuck paich on the plate boundary.
During the earthquake, the bulge collapses andd the leading
edge of the continenial plate streiches and thins from lurch-
ing seaward while most of the remainder of the plate stands
still, Such elastic thinning can produce a belt of subsidence,
as illustrated by great subduction-zone eanhquakes in
Almska and Chile (fig. 100

The subsidence in Alaska and Chile dropped
well-vegetated lowlands into the intertidal zone, This sub-
mergence led to the widespresd deposition of tideflat mud on
such lowlands as an Alaskan spruce forest (fig. 114) and a
Chilean pasture (fig. 115). The change from well-vegetated
bewland 1o tideflat began immediately after each earthquake.
First-year casualties in Alaska included Sitka spruce
(Plafker, 1969, figs. 12, 19, 22). Tidal-marsh plants later col-

onized the post-carthgquake ddefats (fig. 11).
Comitinesial
Clcsanic patn JTL
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Figare 9. Deformation of a continental plate before and during 3 ] f gk b ]
subduction-rone corthquake. Black amows show directions afl PALCTENS __3_ ! : 'T E
stress within the plates; colored amows show exaggerated vertical OCEAN § b - =
displacement of the land surface: barbs indicate direction of plate % o [ 5
movement. From models of Plafker (1972, p. 913) and Thatcher o P ‘L E =
and Bundle {1984) g =
DMAETLF & =2
Figure 10 (facing column). Land-devel change sccompanying R o A CHILE
two greal subduction-zone earthquakes. A, Alaska, 13, magni-
tude 9.2 (Plafker, 1969). B, Chile, 1960, magnitude 2.5 (Plafker and B of
Savage. 1970). Magnitudes are from Kanamor [ 17T o e !
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-« AND THE CONSEQUENT BURIAL OF COASTAL LOWLANDS

Figure 11. Geologic records of constal land subsidence from great eanbguakes in Alasks amd Chile. Tadal-marsh plants (p) locally
colonise mud (m) of post-eanhguake tdefats. A, dead Sitka spruce forest near Portage, Alaska (fig. 104, Mud 1-2 m thick accumulated
on the forest floor between 1964, when the fored became tidsflag, and 1973, when the pictre was taken (Ovenshine and others, 1976L
Phaotograph by AT, Overshine. B, former pasture near Maullin, Chile (fig. 1085, mostly covered by mod since subsiding in 1960
Stll-exposed soil {51 of pre-canhquake pasture undergoes erosion along meandering tidal chansel (e). Protograph taken at low fide in 1988




) ASSESSING EARTHOUAKE HAZARLDS ANL REDUCING RISK IN THE PACIFIC NORTHWEST

BURIED LOWLANDS ARE COMMON AND CONSPICUOUS IN
SOUTHERN COASTAL WASHINGTON

Buried lowlands border all four estuaries of southem
coastal  Washington—the lower Copalis  River, Grays
Harbor, Willapa Bay, and the lower Columbia Riverifig. 12)
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The large dots in figure 128 locate examples shown in thi=
chapler,

Many of the buried lowlands refam recog nizahle low-
land features. The soil of the former marsh in figure 13 his
lateral extent comparable 1o that ool ihe maglem marsh. Roooed
in the buried-marsh soil are fossil stems and leaves of the grass
Deschmmpsia coespitosa, which is also the dominant plant of
the modem marsh (see detailed photographs in fig. 19)

The most conspicuous buried lowlands are marked by
standing dead trunks of westerm redeedar (hg, 143 Such
smags impressed a naturnlist on a ninetecnih-century railnead
survey: “On some of the tide meadows ahaut Shoalwater
[Willapa] bay dead trees of this species only are standing
sometimes in groves * * *7 (Cooper, 1860, p. 36}, The red-
cedar snags. mostly rooted below present high tide, arc scat-
tered along nearly 100 km of coast from the Copaliz Hiver o
the Columbia River. The trees died about A.D. 1700
{Yamaguchi and others, 1989; Atwaler and others, 1991}

Figure 12 ifacing colwmnk.  The Cascadin subduction wose and
couthern coastal Washington. A, Cascadia subdduction oone. W

tocth are on overriding Morth America plate. ¥ is the Salnwon River
estuary, B, souatherm cosstal Washington. B s Bay Cenler; C, Che

halis River and Bloe Slough; E. EXiot Slough; J, Johns River; N,
Migwiakum Kiver; and ¥, Willapa River.

umed along the Johns River, Grays Harbos ifig. 12 B). Especially resisiant to

erosion, the soil suppons the bench o which the people (p) are standling. The water i at low tide: the highest modern tides inundate the live
marsh behind the people. Locality 13 of Atwater (1992}
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Figure 14, Dead forest of western redocdar (Fivafa plicana) protrsding through a brackish-water tidal marsh along the Copalis River
(Adwaier, 1992, fige. 2, 21 The Noor of the dead fonest lies beried balow the marsh surface. The live forest in the background occupies the
upland abowe the highest ides
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BURIAL OF LOWLANDS IN COASTAL WASHINGTON
RESULTED FROM SUBMERGENCE

A SUBMERGENCE b

DEAD FOREST
FROTRUDING
THROUGH THE
TiDAL MARSH

B

]

| i .
EALE T =
o 3

High

Tl

Tidal submergence (fig. 154) led to the demise of
ihe redeedar forest shown in figure 14, Deposition alone—
by storm, flood, or tsunami—would ot have promoted
such submergence (fig. 158).

Buried spruce forests in coastal Washington give fur-
ther evidence for submergence. Mud just above the soils
of these forests commonly containg the below-ground
stems (rhizomes) of Triglochin mariting or Carex
Ivmghyei, grass-like plants that in coastal Washington are
rooted mainly ¥ to 1 ¥ m lower in elevation than the low-
est Sitka spruce (figs. 16, 17). The spruce stumps and T.
maritina chizomes thus suggest that the land was low-
ered ot least ¥ 10 1 ¥ m relative 1o the sea. In comparison,
the subsidence from great subduction-zone earthquakes
in Alnsks and Chile covsed as much as 2 mof widespread
coastal submergence (hg. 100,

Figure 15 ifacing column),  Bunal of the 1loor of a coastal low-
land foresi. A, deposition triggered by tidal submergence.  The
result is o dead forest thas progrudes through a tidal marsh, as in
figures |14 and 14, &, deposition by storm, food, or tsunam with-
out lasting tidal submergence. The fosest Mloor builds famher shove
high tides, contiary o the re<ult shown n figure= 114 and 14,

t}ﬁ.ﬂ:_\-i ﬁl :'r' -

Py |-|1' L] T

Figure 16 Dominant plants of coasial marshes and swamps i southern Washingion, A, distribugion of plants relalive o fides and salini-
ty. MHHW is mean higher high water; MLLW is mean lower low watcr From descriptions by Franklin and Dyreess {1973, p. M-205),
Kunze and Comelies {1982, and Weinmann and cibers { 19841, B, Triglechun srarinnr ona miasddy tideflat, Willapa Bay. The shavel han-

dle i 0.5 m lomg
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SUBMERGEMNCE — BURLAL ~ ——p EXHUMATION

Trigiochin

marilirru

Figure 17. Formerly buried sproce stumps exhumed on a beasch at Bay Cender, Willapa Bay |ﬁg 128 The shovel handbe (k) i A and ©
is (L5 mlong, Locality 16 of Atwater (19920 A, overview, showing sprace stumps (a=d) i low tide on the beach. Leaves of celgrass (e,
ivitera recyinurl, 8 salt-water aquatic plant, mantle moch of the beach and mark the bevel of highest summenime ddes (1. B, {aferred s
guence of events beading 1o burkal and exbumation. C, detail of stamp (a) showing peaty soil (s) in which the stump is rooted and bowermost
03 m o the tideflal med (m) that sccumulated on this sail. 13, vertical view of Frigfochin maritima thizomes in mud a8 lower right im
Individual rhizomes, which include sitached leaf bases, are mostly pespendicular to 15-cm scale.
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SUBMERGENCE OF BURIED LOWLANDS IN COASTAL WASHINGTON
HAPPENED ABRUPTLY

Fossil plants and abrupt tops of buried lowland soils in
southern coastal Washington show that submergence of the
lowlands happened so quickly that it is better explained by
abrupt bowering of the land than by gradual rise of the sca.

Someof the spruce stumps rooted inthe youngest baried
bowland soil show little or no thinning of owler annual growth
rings (fig. 18). This lack of thinning suggests spruce deamh
2% sudden as that from earthquake-induced submergense in
Alaska (fig. 11A). Thinning of outer rings would be expected
of trees that suffered slow death from grvdual submergence.

Herbaceous plants rooted in some buried lowland soils
retain stems and leaves that are entombed in overlying

tideflat mud. The most conspicuous of these fossils belong
10 Deschampsia caespitosa, the chiel grass in high parts of
<alt- and brackish-water lowlands in coastal Washingion
(figs. 164, 19A-C). Sudden submergence followed by
rapid burial best explains the preservation of the fossil
grass (fig. 190-F).

The boundary between buried lowland soil and overly-
ing tidefat mud is typically sharp—evidence that the change
from lowland 1o tideflat happened abrupaly (figs. 170, 224,
22¢, 238). Erosion cannot have coused this abrupiness
while sparing fossil grass that stands rooted in buried soils
(Ng- 19).
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Figure 18, Ouiermost rings of a Sitka sprsce stump rooted 1 the youngest bursed lowland sofl s Willapa Bay (fig. 174, sump b). The
outermost ring is dained from decay of the hark, winch Fell off during sampling.
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SUDDEM ’ GRASS
SUBMERGEMNCE ENTOMBED
i TIDEFLAT

MILID

Raagritily BgGracing Lidemar
GRASS
GRADUAL SUBMERGEMNCE
—} DECOMPOSED
WITHOUT AGGRADATION AT SURFACE
;':1":_"':_' u.-.g..-.u marih dustice -I‘-'l'ﬂlpl:fﬂﬂ' Triglochin
b P

- - ‘

E High marh Siorady aggradding high mareh Monaggreding, prograssively lovwer maesh

Figure 19.  Muodern and fossal leaves and stems of the tufied gmss Deschaspair coespiioss ot the Miawiakum River, Willapa Bay ( Atwater
arml Yamzgochi, 1991, fig. 45 A, oMique closeup of fufied steme amd leaves growing low on a modern plant. The scale is 15 cm long. 8,
vertical wiew of stems amd leaves of o fossil grass wafi surrounded by tidefa mad (m). The scale is 13 cm long. The dark soil (s} in which
the tufi is rooded lies 24 cm below most of the susrfsce in view, The probable time of barial was between 1400 and 1,900 vears ago (woil 8,
figs. 24, 15}, . n moddern plast. Stripes on the scale are 10 cm boag. 0, likely seqisence of events that produced the fassil el in 8. E and F.
evems unhkely (o have produoced the il shown in B
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TSUNAMIS FROM GREAT SUBDUCTION ZONE EARTHQUAKES
CAN LEAVE SAND ON COASTAL LOWLANDS . ..

Because a great subduction-zone earthquake wsually
produces a tsunami (Abe, 1977), coastal lowlands in the
region of the carthgquake may receive sediment from the train
of tsunami waves that comes ashore soon after the earth-
quake. Such onland deposition followed the 1960 Chile
carthquike {(Wright and Mella, 1963, p. 1389; Bourgeois and
Reinbart, 1989). Near Maullin, Chile (fig. 108), the
tsunami-laid sand widely blankets the 1960 soil (fig. 200,
The saml, rvostly bess than 10 €m thick, commonly conlmins
thi rooted stems and leaves of herbaceous plants around
which the sand accumulated, Locally, the sand containg silty
layers that may represent lulls between waves (fig. 200).

] . e o e L e B -
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Figure 20, Sand deposited on lowlands near Maullin, Chile (fig. 10 B, by the taanami from the 1960 Chile eanbquake, Phoangraphs taken
in 19ES ﬁ'-'lFf"l o handle in B amd © are 10 cm ||_1|13_ A, v sand beds {lower rIE|I.1_| Of POy of Juan Yera (lelth, who rfpﬂ-rh.'d fangli ng
tsumarni-laid sand in this area in 1960, The upper layer accumsilated in 1960, the lower layer during an earlier sunami. Kio Beallener locality
of Atwater and others (1992). B, 1960 sand hed (%) etched by high tides along an eroding. otherwise peaty bank 1 ki west-soathwest of
bocality shawn in A. €, lamination in the 1960 sand bed (s) near locality shown in B. Resistant laminac are silty, the sand having been etched
by tides. Stringy, larpely vertical feanares are roots. Buried 1960 soil (b) is not as dark as in 4 because tides hove coabed it with maod asd
algae. D, sequence of events that produced sandy tsunami deposits on Chilean lowlands in 1960,
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... AND PROBABLY DID 50 IN WASHINGTON AND OREGON

Some of the buried coastal soils in southern Wash-
ington and northern Oregon are mantled with sandy de-
posits probably left by 1supamis, Such deposits widely
overlie the youngest buried soil (figs. 21, 22} The sand
records an unusual event; relative to other sand above the
soil, it is exceptionally coarse or thick or both, During the
event, the sand moved landward, the direction in which
the sand tapers (fig. 220 (Atwater, 1992, fig, 2). Deposi-
tion of the sand was interrupted by lulls during which mud

settled (Nig. 22A, B). Deposition approximately coincided
with sudden subsidence of the land, for the sandy interval
surrounds rooted tufis of grass that lived on the soil at the
time of subsidence (fig. 228). Extraordinary, londward
directed, interrupted by lulls, and approximately coingi-
dent with coastal subsidence in Washington, deposition
of the sand is not easily credited to a fAeod or storm, or to
a tsunami of remote origin, Bather, the sand implies a tsu-
nami from an earthgquake at the Cascadin subduction zone,

Figure 21.
amalogous with the Chilean sand bed shown in figure 2068,

Samdd bed (5) eichad by high e along the lower Salmon Biver, morthem Oregon (g, 124 )(Gram and Mclaren, 1987 Probably

ar
M

Figure X Sandy mterval overlying the youngest buried lowland
sl akong the Miawiakam River, W’:I!:ru Bay {Abwater and
Yamaguchi. 1991, fig. 5. A, outcrop showing ohrupt comntact be-
tween buried lowland soil (dark) and laminsted samdy imerval (s).
Biade of shovel rests on neodem tids] marsh; handle is 0.5 m long.
B, detail of the left pan of the sandy interval s) shown in A. The
lamina of sand and muad (compare with fig. 20.C) ane intermupited an
cemter left, where they accumulated arcund tufied leaves and siema
of Lrexchampiin caesmirasa (g 1% moded i the baned sall. The
scale Is centimeters. C©, distribution and thickness of samdy interval
shown in A (Remnban and Bourgeois, 1967) Compiled from core
bogs and owterop sketches by M.A. Reinham, KA. Bevis, W.C,
Girant, B.F. Atwater, R.T. Versical, and 5, McMullen,

0 05 OLOVETERS
C e )
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CENTURIES COMMONLY ELAPSE BETWEEN GREAT EARTHQUAKES
IN COASTAL WASHINGTON

Sequences of buried lowland soils give clues about how
much time may elapse between successive greal earthquakes
in coastal Washington, The sequences shown in figures 23-
25 suggest that the elapsad times commonly span hundreds
of years, Earthquakes that incubated longest may be widely
murked by peaty forest soils (Y and § in the figures) beneath
which the buried soils (U and N, respectively) retain linle
organic matter. Prolonged wplift between carthquakes—the
upward bulging in figure 9—may have allowed trees 10 colo-
nize bold so0il ¥ while admitting oxygen ime organic matier
of soil U, which thereby became faint; the same may be true
for bold soil § and faim soil N (fig. 25).

There remain many challenges, however, in reconsinict-
ing the history of great earthquakes at the Cascadin subduc-
tion zone, One basic challenge is w show which bured soils
um'e:wru.md with great ch!hquukﬁ, and vice versa, Buried

-

B . _,..--I i+ *{1" ;".'-f- e I’-:

Figare 23,

soils M some sites may record ronseismic changes in tide
levels, or earthquakes smaller than magnitude & (Nelson and
others, 1996). Conversely, buried soils produced by greal
carthquakes may have disappeared in many places through
decomposition after burial, as probably happened to soil W
(figs, 238, 25).

A further challenge is to place limits on earthoquake size
Such limits have been sought through radiocarbon dating of
carthquake-killed plants rooted in soil ¥ and ils correlatives
{ Atwater and others, 1991; Nelson and others, 1993). The
miost precise of this dating limits the time of plant death to
the same few decades close 10 A.D, 1700 in southern Wash-
ington, northem Oregon, and northern Califomia. This find-
ing can be explained by a swilt series of magnitude-§
earthguakes. However, il also leaves standing the possibility
of a single earthgquaoke of magninde 9.

Low-fide oitcrops showing sucoessive buried lowland soils in scuthern coastal Washington. A. six bunied soils

along the Minwiokum River, Willaga Bay. Soils U and M lack organic mastber resistant to erosion. Soils I amd L descend away
from Pleistocene bedrock (b, probably becanse of differential seitlement, The modemn marsh (m) extends 1o the forest, which
covers an upland, Locality 17 of Atwater {1992), B, four bisrled soils at the moath of Ellioit Slough. Grays Harbor Two of the
woils contain spruce roots (r), The visible pan of the shovel handle is (L3 m long. Locality 9 of Atwater { [992),
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Figure 24. Scguences of buricd lowlamd soils (bodd letters) af Grays Harbor and Willapa Bay. The numbers ane ages in thouzands of
radiocarbon years rounded 10 the nearest hundred, The standard deviation s probably 50-200 radiocarbon years for most ages. The ages were
masisred on woody Foots, sticks, cones, and surficial borzons of soild, Lises betwoen eolwmna link sofls that may record o single earthgquake
of a brief senies of carthquakes, Localities of Arwater (1992 ), from lefi toorighe: 17 14; 15; 10 and 11 combinsd
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Figure 22,  Inferred history of L;nd-n;ap:, soils, and eanbaguakes at the Willapa Bay locality shown in figore 23 A. Bold leters .u,gnii'].- aried
sl homzons, Soill W is h_l,'pntl'hﬂinnl al ihis locality {Atwater, 19825,
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