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. ; }Q?'KQO @) 1; ympid Marsh eing ? NS el A\l N e T35N CLASS 1—Slopes are generally low, less than 15 percent. They are underlain commonly CLASS I—Slopes are generally less than 15 percent. Slopes are underlain by bedrock
® 2275 - - ‘ by sandy or gravelly deposits or by hard glacial till on gently rolling uplands. Those that ranges from competent, homogeneous rock to less competent, layered rock
3, c}}? e 0 slopes underlain by silty or clayey beds are considered to be class 1 only where that may be weathered, may be locally deformed, or may include numerous weak
; \ = surfaces are nearly flat. Class 1 slopes can be unstable where deeply excavated into layers. Slopes tend to be stable unless oversteepened by deep excavations or
( L ) i (| materials underlying the hard till; in such cases, excavation walls can collapse. encroached upon by headward erosion from adjacent steeper slopes
o p— — & \\\ z Some.class 1 §lopes on tidal flats and river valleys may be susceptible to failure CLASS I[I—Slopes are generally steeper than 15 percent but less than 30 percent.
\ < 2 19§ PR o o oo b _—_— = from liquefaction during strong earthquakes Generally underlain by competent to very competent rocks that range from those
\ o) Wil “/ G M 7 A 77/, a% j 2] {y Clefr Lakg\‘: ; N o N i that have variability in internal structure and composition to those that are nearly
B Q?E e | U\ ) = ; homogeneous
\ %) ,/(< ¢ i CLASS IlI—Slopes are generally steeper than 15 percent but less than 30 percent.
\ ~ ; e Underlain by thin-bedded, incompetent sedimentary rocks. Slopes are susceptible
: to earth slumps or flows from excessive rainfall or soaking
: - Cape St Mary \ Area containing examples ol : CLASS 2—Slopes range from 15 to 30 percent; locally can be steeper than 30 percent CLASS IV—Slopes are generally SLes than 30 percent. Commonly underlain by the
05508 Long Istandt Chartés of dry sand f}'°ws : [ it 2 in the mountains and along sea cliffs. Commonly underlain by nearly impermeable - ssame cor}lpetent rocks th?lt underlie Class Il slopes .
ot : Q CE& » : i ‘ T S ‘ [ till or permeable, granular sandy or gravelly deposits. Steep, normally stable slopes CLA IS V—Slopes are generally steeper than 30 percent and may be nearly vertical
M ) - \ aker Lol JL A1\ alongsea bluffs can fail due to wave erosion during storms or to placement of septic st it cliXe G @l 1B TeVELions an<;l stream. erosion)can truncate
SAN £ JUAN ¢ ISPANDS WA eights SN { N . beddingplanes and make slopes unstable. Underlain by the same thin-bedded and
5 0 \ S @ \ systems or outfalls for surface drainage . " .
. S \ \ 1 incompetent sedimentary rocks that underlie class III slopes
\.\ - CLASS VI—Slopes are steeper than 15 percent. Excavations, erosion, and excessive
e : 3 moisture can cause ground to become unstable and to move. Generally underlain
o : 0 \ by fine-grained or thin-bedded sedimentary rock and by intensely deformed,
N lceberg Point & %) \ foliated and fractured metamorphic rocks containing layers of weak, slippery
S ‘ @) ‘ materials (such as serpentine or micaceous schist) and numerous planes of
« Colville | oo }__ _SRaGrco o - doediiesd CLASS 3—Slopes are commonly steeper than 15 percent, and in places steeper than weakness
° ISLAND CO =~ 8/ 40 percent (in places nearly vertical). Generally underlain by (a) silt, clay, or fine CLASS VII—Slopes are generally steeper than 30 percent, in places nearly vertical,
i > \ 8 A il sand; (b) nearly impermeable till; or (c) loose permeable sand and gravel that is especially along stream gorges and sea cliffs. Instability tends to increase with
l . R ‘E‘PARK A I generally overlain by nearly impermeable deposits. Such permeable sand and steepness; the steepest slopes are extremely unstable and easily disturbed by
' West Point ) @Q\ f { gravel (outwash or sand layers in clay-rich sediments) beneath the hard glacial works of man or by natural events; cliffs are susceptible to undercutting, and rock
) AL deposits can provide channels for ground water, which can lead to internal erosion falls and rock slides can occur. Generally underlain by the same weak rocks that
/ el v / | and slope failure Least stable underlie class VI slopes
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/ Ef X Mg,«,ub;i 4 - AREAS OF POTENTIAL LIQUEFACTION— Slopes potentially susceptible to failure TYPES OF GROUND FAILURES
/ Q‘JI = AN by llqgelfactlon from shal;}ngddttjxrl(glg ealrthquakfes; underlain by wet, fine-grained Earth material that moves as a result of instability is commonly called a landslide. Varnes (1978,
s 4 N * ?oactz;lla zgri)tggilsn:r]r?a?l():r;ni ovzrlz i?]rbayg,lis gs;:tufr ?ti(i ff_’ﬁ‘e' gtral}?ed materials. p. 11) prefers to replace that usage with the term slope movement, and that more precise description
o — _INoEFNITE e 2 Over Sr)int on ma extendsafrom shore rr%ark'epd b rgeaan hi] hrt]i(():lestoogin sgfrggpi is applied in this study of the Port Townsend quadrangle to (1) earth falls, (2) earth flows, (3) shallow
e g]; ————— - do oEits ot meanl:l>ow P L extezds shorev%ard overdegosits that dry-sand flows, (4) earth slumps, (5) dry-sand flows, (6) debris slides and flows, (7) rock slides, (8)
e oils) m; faloarie stabilit‘y classr;fications bEt in turn be underlain buli Eefact' ) rock falls, and (9) soil creep. The first five types are found in the lowland areas, whereas the debris
e %‘czz | suszeptible deposits CatN B IoH slideg and flows anfd }rlocFl: slic_:[l_es and fglls aiie foulndsalnl]ost exclusiveliin thl'e1 mOL;]ntains in tEe
o R1% | . northeastern part of the Port Townsend quadrangle. Soil creep occurs throughout the area in the
g = =t OLD DEI:OlSlITS E l?(g];/[ SLIOPE I\éOVEl\/IlFN;I';lUnderll;e tarteabsﬁlat m?g ehncompe'atsrsi uppermost part of surficial deposits, which include the weathered mantle overlying bedrock. Most of
5\39&’ 0 _- & ! = sevg.? 3 tc?pe~sfa 1? ltth aSSTS' denera Yy stable now, bui stabriity could change wi the potentially least stable ground occurs along the sea bluffs, river and stream channels, and older
opN 1/‘ m) o 1 rf[]_o LIet1 o) (P2 {(Shast el R ay lfse h ) - of tidal abandoned channels related to deglaciation of the Puget Sound lowland.
T N CONTACT—Approximately located; dashes represent BPRIoX fateiporainic: tida Slope failures are distinguished partly on the basis of moisture content and rate of movement.
— olu l WHIDBEY ISLAND *4 ( deposits at mean lov&{ tldg as fierlved from aerial photographs; tidal deposits are Terms in this study follow Varnes (1978, p. 24), who defines moisture content relative to the
/// 5 § : NAVAL AIR STATION T33N exposed between daily high tides materials involved in slope movements as “***(a) dry, contains no visible moisture; (b) moist,
19 l ¢ 5 o contains some water but no free water and may behave as a plastic solid but not as a liquid; (c) wet,
< IE‘-J * N contains enough water to behave in part as a liquid, has water flowing from it, or supports significant
Ol | . bodies of standing water; and (d) very wet, contains enough water to flow as a liquid under low
12 l 3 INTRODUCTION gradients.” Rates of movement used to help describe different types of slope failures are shown in
l : > Qg & This map is one of a series made by the U.S. Geological Survey to assist in land-use planning, figure 2. ] o L
' £> g resource management, and environmental protection in the Puget Sound region. Our study of the Earth falls(fig. 3) characterlst.lcally.occur alongsteep bluffs composed of glacial drift and a.rethe
l Smith Island Port Townsend quadrangle attempts to identify different degrees of slope stability, or instability, asa most z?bundant type of slope fgllure in the }owland part of the quadrangle. The many miles of
I ! / i/ step in the process of making effective policies for land use, sho‘rell.ne ofthe penmsulas and lslan.ds contain nearly continuous sea cliffs and steep bluffs that are
I \\////////// 7 2 As population growth in the Puget Sound region forces greater utilization of less-than-ideal periodically subjected to storm action and seasonal erosion 'by waves.and tides. Such erosion
! ! \\/////j o sites for development, losses due to slope failure will increase. Planningand management decisions WAnlo the base of the steep .SIOPQS’ undercuts the overlymg. mate}‘nals, and thereby creates
| \’\// / v that can minimize future economic losses and hazardous conditions related to slope failure require situations that allow the restraining shear strengths of the overlymg drift to be exceeded and the
! G regional and local geologic studies to determine slope-stability characteristics. This map is intended material to fall freely as large blocks or as many small ones. Such failures commonly extend to the
1 ] o to provide slope-stability information on a regional basis for planners, consultants, developers and top of the bluffs. C'lass 2 and class 3 slopes are susceptible to §uch faih.n‘es.
| others interested in wise use of the land. It is not intended as a detailed delineation of all stable or Rockfallsare like earth falls except that rock fragments are involved in the failure. Such failures
! l potentially unstable slopes. Instead, it is intended to provide a general outline of slope conditions .apparently occur where steep bedding, jointing, or foliation planes are weak, and the shear strength
l X\ that may warrant closer examination prior to changes in land use. is exceeded. The mass falls freely, fragmgnts subsgqugntly can bound a considerable distance
\ ! )l o Slope stability is classified in this report according to the relative susceptibility of land in the downslope over the ground or can evolve into debris slides or flows.
I s s quadrangle to failure by any one of several downslope movements. Slope failures are caused by Earth flows (fig. 4) generqlly consist of clay-rich mixtures of fine 50.‘1- In the Port Townsend
i ' A GonESHIING Sedos oF earih } 8 changes in natural or in artificial conditions, or in both, and result from the complex interaction of quadrangle, earth flows aretypically wet to very wet depending on the moisture content; such flows
9 ! Pkttt ipd il ; S geology, topography, climate and, often, human activities. Ground movements commonly as- exist along bluffs underlain by sxl't and clayey silt, gl{icnal drift, or, rarely, sandy outwash, and .along
S I Qe iiro 30)| N sociated with slope failure may be described as falls, slides, flows, or a combination of these highway and railroad cuts, especially on the shady sides of the cuts during thaws. Earth flows in the
S ! STRAIT O F F50 AU D E FUCA - " movements (Varnes, 1978, p. 12-22). Puget Sound region are most-corr.’nmon in glacial till or sn.lt and clay. .
o | e &u Thetotal financial loss due to slope failures is probably greater than that due to any other single ) Shallow dry-sand leWS (fig. 5; Varnes, 1978, p. 20, fig. 2.25), sheetlike flows of sand, and the
= l l Y r\%?\“ g geologic hazard (Schuster, 1978, p. 2). Although such failures usually are less impressive than are thicker dry-sand f!OWS (fig. 6) occur prlnqlpally along sea bluffs where sand or sandy gravel (a)
S { iyl S major floods, strong earthquakes, or volcanic eruptions, they are widespread and occur relatively con:lpletely underl.les the slopes, (b) undgrlle§the upper parts of bluffs that are supported by har.der
5 ! I gy Utsalady Pt = frequently. Damage costs due to slope failures include direct costs, such as those associated with or flrmer. sand orsilt, or by compact glacial drlf_t atthe base, or (c) underlies a surface deposit of fl.rm
N ’ Pivoto fooalty 3 ks Utsalady 7 — — 732N actual damage to installations and property, and indirect costs, such as reduced real estate values till. The firmer supporting matenal_may be Pa‘ft‘a”y obscured by the shallow sand flow. Wave erosion
ol ‘ i 5 0 e X 300 g 15 and tax revenues for land damaged or threatened by slope movements, loss of productivity from generally causes the uppermost skin of material to flow downward as a shallow flow. The largest dry-
1 = Conn i /(\ \ \% slide-affected lands, and a variety of economic losses due to slide-damaged transportation and sand flows can encompass broad areas along the bluffs, and can form alcoves that encroach
! [ > \ N 7L utility systems. Estimated total costs, both direct and indirect, due to slope failure in the United hundreds of meters backerm the bluff edge. The sand f}ows through channels eroded into the more
| | g |\ NS L\& ! By States exceed $1 billion per year (Schuster, 1978, p. 3). Very few studies of costs of slope-failure compact underlying deposits and acc'umulates as afaplzke apron alongthelower part ofthe§ea bluff
l ” 5 RN g:;,;, Cove \ Q}\@ A ‘ i = dam.age have beeq done fqr limited geographic areas }ike the Port Townsend quadrangle, bu.t two - oF O?tt_he bea.ch. Bfecaltise I‘rlle QTOIOQJC setqu(ejpce Clonm:ﬁes later'allyf?:]ong thbel b}rflfts SUCth slides CIE:H
(2 LA} Cryetlig® San De Fuca Bryant 7\ Trafign studies of damage in Washington for 1972 revealed direct and indirect costs of abput $§.6 million ;‘esclll lna ser:ieso scalloplike alcoves 3" en }:“9{2} Ongl‘ke margin ofthe ?ea d"l . blsgo unusualto
i & Hol & COVE > | | _ for Washington’s state transportation system and about $250,000 from 80 slope failures in western ind manmade structures constructed on the fingerlike projections of undisturbe ground that
G l l g A o : Kennedys oE NN . \ R ) N\ R N5 > Z 45 King County, 56 km south of this quadrangle (Coombs, 1974, p. II-1; Tubbs, 1974). separatesthealcovesintheslide areas. Class 3 slopes can develop suchslides, and class 1 slopes can
L L : e T &\ Lagoon e o -\ be encroached upon as the margins (?f the alcoyes enlarge landward. .
N Es e St ﬁ\,—//\l 7 5@72% | N METHOD OF MAP PREPARATION Earth slumps (fig. 7) fail along internal sl}p surfaces, and thg movement has a rotational
e E‘ \ i ORT EBEY Park Y“—\/'»- : ‘ - —'—T\ \ g p )  thi TR fdl b followed b component. The head of a slump is characterized by a near-vertical scarp; the toe of a slump
e v g \ T Copeville i Area o et “?zfg:\igles of =\ 46 / | rgparatflo}r: of this m?p egtai el E 35511 ication of s c;pes. hasecl el Stee%ngssg Il ly clal commonly contains bulges and transverse ridges that may disintegrate into an earth flow. Slumps
L Te Q M Ko St , B ) F] \ evaluation of the types of underlying geologic materials with respect to their impact on slope are less common than earth flows or shallow dry-sand flows; however, the sea bluffs and river bluffs
T\\ \ Prairi = N ‘ \ : /) 2 stability. ) ) provide slopes suitable for slumps. In a typical slump, the base of the bluff contains fine-grained
S \  Cente — VN /| orman { A\ \ . A map ata scale of 1:1.00,000 showing natural slopes (Frederick, 1979) was used as a base on materials, such assilt or clay, immediately overlain by more coarse-grained and permeable deposits.
: Ur = \ - L which to outline areas having slqpes less than 15, percent, slopes between 15 gnd 30 percent, gnd Firmer deposits of glacial drift generally cap this sequence of materials at the top of the sea or river
L irie N\ “’""g“a“ﬁ SiYana » slopes steeper than 30 percent (fig. 1). The selection of 15 percent for use on this map as the critical bluff. Slumps are most common on class 3 slopes, but can occur on class 2 slopes as well, as a result
S5, \ N\ eac Point » : slope angle between stable and poter_’ntlally unstable slo_pes is based on past experience in nearby e T (R e B e
e N ; ining-examptes(i- : areas (Miller, 1973) and.on the experience 9f others (Nilson, Taylor, and Brabb, 1_976)- We added Debris slides (fig. 8) and flows (figs. 9, 10) underlie most of the landslide areas in the mountains
s b e earth slymps E ‘ detailed slope changes in some areas depicted on the natural slope map as being less than 15 in the northeastern part of the quadrangle. Most of the slide areas shown are old, some probably
e S Point . \ ! percent because the contour interval of 50 m included some steeper slopes within those areas. To dating to the retreat of the lowland ice sheet, and most are currently stable. Many of these areas
_______________ . N > { i make these refinements, the lowland region was reexamined using larger scale topographic maps underlie class 2 slopes. A well-integrated drainage is typical of these slides, and attests to their age;
Teeel 3\\ ,,,,, Onamac Poin i having smallef contour intervals (1:24,000 with IQ-, 20-, or40-ft contour intervals; 1:62,500 }Nlth only locally are there slides without integrated drainage. Recent failures are most common where
o e i = ; 50-ft contour intervals). Areas on .these maps hgvmg slopes steeper t.han 15 percent were outl{n.ed glacial drift underlies uneven terrain containing steep slopes; such failures also are common on class
B, e A on the 1:100,000-scale map, within the constraints of the map scale, in order to produce a modified Il and class V slopes that are underlain by layering or jointing more or less parallel to the slopes and
e s «  Area containing ex- : O Camano ‘ (f slope map. Geologic data were then considered to help determine the relative slope stability of the truncated by human activity or natural erosion. Increased land use in the mountains can entail deep
e N\ amples of shallow oy casey N/, ; land su.rface 1y the.P.ort _Town_send quadr_angle. Other factors. tha.t might be significant, such as roadcuts and accelerated forestry practice, which can reduce root-system slope support and change
S dry sand flows—_MILITARY RES A ) P T31N locally intense precipitation, dip of geologic beds, and slope direction, were not evaluated. the character of the slope hydrology, which in turn could reduce the stability of steep slopes and
. \,70 @ X Dataonthe distributi.on and sequence of depgsits of unconsolidated materials was prov'ided by induce failure following high rainfall or snowmelt periods (Swanston, 1967, 1969, 1970; Gray,
- 2 ‘ ) f Fred Pessl, Jr., D. P Dethier, and J. P. Minard (written commun., 1980-81). S}Jch mformghqn was 1970; Bailey, 1971; Swanson and Dryness, 1975).
\\\ \\ 7 ’9«7 Admira/tyi\ v AR ;Zetpjlgxzir;fr?db:uf;ﬂ?ag;{: cI?ollceacltISdlfrygte};es Saelr;i(g); 3&;22:;;2 (SS;C::]Z: qgﬁ;?awgzgzgl%sé?hng | Glacial drift constitutes most of the debris in the slides; however, large bedrock fragments
\\\J (}j) Hea(f/ \e noky P(Ci and Carroll. 1979 Dethier and Whetten. 1980. Minard, 1980 af. Whetten, 1980) were used fo rc())((::zil.ly are incorporated in them, especially in slides that originated in areas underlain by incompetent
P o —1 ] clarify stratigraphic details of the surficial deposits. Small areas of modern debris slides and flows occur in a few places in the quadrangle. Some are
Area containing examples of earth slumps e i 4 L in the tributary valleys in the mountainous area, and some are along the north bluffs of the
in bluff above shallow dry sand flows . Yoo Cama Beach ! o . . . . Stillaquamish River. In general, these slides cover only limited areas in small ravines or on slopes
e G~ X L e Table 1.—Classification of relative slope stability based on slope and on underlying surficial that were locally saturated by heavy rainfall.
MILITARY RES a e ( : U ) r, ikt N | | materials and bedrock. Stability classes are numbered according to degrees of relative Failures in the mountainous areas, where planes of weakness that are more or less parallel to
b Lt ;é\ A N @ Beach g stability: class 1 and class I are most stable the slope are truncated by works of man or by natural erosion, generally consist of rock-block slides
. // ~—_— e ! i~ ; or rock slides (fig. 11). Such failures account for only a small percentage of slope movementsin the
Violet Pt L STATE PARK Fie ] Slope mountains, but they can occur on class IIl and class V slopes.
7 Fae Eay N Stmion (percent) Soil creep (fig. 12) occurs as widespread but seldom recognized land movement on class 2 and
o P Ortlf’TOW“S@nd Bsis | Underlying material class 3 slopes in the lowland, and on class II-VII slopes in the mountains. Creep is deformation that
Strangefse 3 Point Hudson \\\ £ v \V)/Blutf continues under constant stress (Varnes, 1978, p. 17), and it can occur in bedrock as well as in
»»»»»» K Siicsn g exmplertiatisally . LAKE HANCOCK| ™1y 0-15 15-30 >30 unconsolidated materials (that is, soil, in an engineering sense). Because creep does not leave
standing road cuts in town \ recognizable large scarps or alcoves, field examination is required to locate specific areas of creep.
\ $$0 \ \ Class 2 Tilted tree trunks and slightly uneven turf on tree-free slopes may indicate downslope movement by
\ Cape \ \ N ) ) . creep.
\ i » it sl av) \“ Surficial deposits Class 1 Coarse granular deposits (including till) Failure of saturated deposits beneath nearly flat-lying slopes can occur in parts of the Port
; c \\ \ Sosty Po,:t All surficial deposits Class 3 Townsend quadrangle by liquefaction as a result of shaking during earthquakes. Such failures have,
Dismond At b Fine-grained sand, silt, and clay historically, occurred in loose, wet, clay-free, fine-grained granular materials (Youd and others,
7 &) l \‘ ) 1975, p. A68; Keefer, 1981). Liquefaction is defined as the transformation of such a granular
/ ; o r{ ( J l ! material from a solid state into a liquefied state as a consequence of increased pore pressure (Youd,
/ b > 5 kb B deAvation Class. I Class IV 1973, p. 3). The act of transformation does not necessarily require ground failure, but ground failure
— l l 53 \ 4 | 730N Massive, competent bedrock is a common consequence.
- I R CC, ] ) TSR AN AL ST N VT L = Class | Class Il Class V Large areas underlain by wet to saturated, loose, fine-grained granular materials are shown on
(éecke" Pt ' \! OLD FT TOWNSEND ; : Dines T i Bedrock All bedrock types Thin-bedded sedimentary bedrock the map by a pattern and are considered susceptible to failure as a result of liquefaction. The
7 g ning bxaniplas )/ QSTATE PARK  E< ‘ ; sgeon ) o £ Class VI Class VII susceptible areas are principally the tidal flats and tidal swamps and the lower parts of river valleys.
o Lake \ ‘ o e | r(r/‘\) g . ; These areas contain geologically young, fine-grained alluvial deposits that extend from the surface
! i e N S | T“\ 4 Fine-grained, layered, fractured bedrock downward to beneath the watertable, orsaturated, silt-free sandy deposits within tight, finer grained
\( f~ P 9 Q. ‘ . ' deposits below the water table (Frank, 1980).
O o< N PR y‘ Bg\gclﬁ Failures commonly associated with liquefaction are flowage, lateral spreading(fig. 13), and the
’;’), : HaTwnes \DKala Pt \ ,Iﬁ staTH PARLN i Ten cl f relative sl bilit h ™ Th fth | bi fracturing of ground and ejection of sediment and water as sand boils from saturated and confined
Area containing examples O\ Airg | Area containing A s o er; c.aids.es to r(le Et’_t“'e ts E!T,e's“; ; 1y ari S ?Wn on (1:15 r?a,p'b re? > 1 ester(i: ?:sgzt(:/rl'? rlc sand layers. Flowage can result from liquefaction induced by exceptional rainfall; lateral spreading
fex £t stinllowidy sgmie Hows Keymss N Lo f::&?&':ifrfth & = - A’?:'rg\:‘;";‘i':g ;ﬁ?p‘x ‘r"::tgrie;”h ;‘ll;m:sr?il'sc)a l:mliz fTercetea d“éne st}?e 151(t)yrc; i gr?tf)su(r gr;rt]er?/r::lag} 1:}35‘:;:;“ osr} (S;)rtﬁ;at a”rlz tehicak aepositseoef and sediment ejection, as well as flowage, are most commonly associated with liquefaction during
; Point \Beach \ @ slumps N | P | s torial g 't%}\' J as bedrock on th ) ; hich o earthquakes, corpmonly on very gentle slopes—slopes as low as 1.5 percent, or0.9° (Youd, 1973,
: 2 3 ; Orce TN > O EEEUNENE R OCIERI CHUIETCEE BT e it kel e LTS, (o1 LT (oLt o (el UL cgmpx claiol p. 9). All of the tidal flats, swamps, and river valleys shown on the map by the pattern contain the
P = \ ) $ 5 :; was (rinade. Table 1 summarizes the relative slope-stability classification on which this map is slope and subsurface geologic conditions suitable for potential ground failure during
~ falsar \ i T30 !~L o based T inantlv alacial d its and earthquakes.
4 “\’Z T 2p m R = Surflcl;al r.n?;enals.ltn tgle;lowla;n?]parttofﬂ}e quadrﬁmglfg Gl predogmnant y%naecslsa a;pos:zrzrﬁ Another effect of liquefaction during earthquake shaking is the possible loss of foundation
S \ < Bush Point I youngeraluvialicepositsjnysicalicharactensticsisichasiitmnessancicompactnessjare ge v support of manmade structures. In severe cases of liquefaction, such structures can sink into the
\ %‘n\__} A consistent throughout the quadrangle. These deposits can be subdivided according to the pre- liquefied materials, and buried tanks can float to the surface. Development of susceptible areas
2\ S @ > dominant particle sizes (texture) into coarse-grained deposits (principally sand, gra.vgl,. and till— requires understanding of potential problems and careful investigation of the local ground
Y 02 4 e 3 hardpan) and fine-grained deposits (fine sand, silt, and clay). Combining textural subdivisions of the conditions
) e | By Andersond € \ %\a N \ 3 | |\ Lakg™¥ oty surficial deposits with the selected slope intervals (0-15 percent, 15-30 percent, >30 percent) '
T 29 N|E ) NS '”{;,o;:l,ilmans ’ TP YANE 25 gpLiplip Point Z\Q v ; ke Stelens L(+ Q results in three relative-slope-stability classes (table 1). Slope-stability classifica.tion alqng the bluffs, SELECTED REFERENCES
o9 ; — } R Ao Q Q\ r I s WA ! howgver, was evaluated in terms of.steepness and the presence or absence of fme-gramed deposits Bailey, R. G., 1971, Landslide hazards related to land use planning in Teton National Forest,
/] ‘ @h ’ examples of \‘ g | Feee ) Ab ; : that impede downward flow of moisture and (or) coarser grained granular deposits that transport northwest Wyoming: U.S. Department of Agriculture Forest Service, Intermountain Region,
; N ) 3 7 55 89rth falls 2 & [0 2 - : /; \ moisture; such conditions reduce stability. Ogden, Utah, 131 p.
: ‘ & i 53 \\\ M,,,/nue \% ¥ |l itk Hy The classification of slopes undgrlain predominantly by'bedrock is based on geologic data Brown, E. H., Bradshaw, J. Y., and Mustoe, G. E., 1979, Plagiogranite and keratophyre in ophiolite
48°00" P L L | ey N | ¥ ay N0 A ae / , 48°00" provided by J. T. Whetten, D. P. Dethier, and P. R. Carroll, written commun., 1980). The bedrock on Fidalgo Island, Washington: Geological Society of America Bulletin, v. 90, no. 5, p. 1493-
123°00" R2W R1W 45/ 1550 R1E R2E 30" (SEATTLE) RISIE Ny 3@};85_%3332 122°00' units were subsequently classified according to relative-stability characteristics such as rock type, 1507.
O loies omlLIShGonog Tl im0 u ) P 5 mineral composition, 'bedll"?Ck latth?de,‘ typehof lacylermkg, apd homo}?enellty (l:j .R. Ca;,rroll, u{rlﬁen Coombs, H. A, chm., 1974, Meetingthe geologic hazard challenge: Report to the Washington State
(_\,0\-, i -réd o h_r; o SCALE 1:100000 Fred Possl, 1, D.P. Detfer, and J.P. Minard [witten commun 1 commun,, 1980). Taking this c assi ication, the bedrock units were then placed into three relative- Legislature (1975 session) from the Ad Hoc Committee on Geologic Hazards, p. Il-1.
\-‘"'f” system nmﬁ mn: AR Y = 5 5 10 15 KILOMETERS 1980-81); on the Washington State Department of Ecology, st_ablllty.groupS, Selectesi .510139 intervals (.0—15 percent, 15-30 percent, >30 pgrcent) were com]; Danner, W. R, 1957, A stratigraphic reconnaissance in the northwestern Cascade Mountains and
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Figure 1.—Steepness of slopes in percent and degrees. Percentage is
determined by dividing the vertical distance (v) by the horizontal
distance (h) and then multiplying by 100.
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Figure 2.—Scale showing rate of ground
movement relative to terms used to
describe movement(Varnes, 1978, fig.
2. 1u).

Figure 8.—Debris slide (modified from Varnes, 1978, fig. 2.1k). This
form is predominantly translational in movement, but may have
slump blocks at its head; the mass of the slide typically breaks into
smaller and smaller fragments as it advances downward. The debris
is moist to wet. Movement ranges from slow to rapid.
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Figure 3.—Earth fall along north-facing bluff, \;icinity of Rocky Point, Miller

Penninsula, south shore of Strait of Juan De Fuca. Firm glacial drift detaches
from a nearly vertical slope of cliffand descends principally by falling through
the air. Undercutting by waves or flowing water and removal of coarser
alluvial deposits is the principal cause of this type of instability. There is little
warning, other than raveling of small pieces of debris or stones, of this type of
impending failure. Photo locality 1. Photograph by Fred Pessl, Jr., U.S.
Geological Survey.
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Unconsolidated surficial deposits

Figure 9.—Debris flow (modified from Varnes, 1978, fig. 2.1q1). Such
flows contain a high percentage of coarse fragments. They involve
flowing rather than sliding. They generally move rapidly; extremely
rapid debris flows are called debris avalanches (Varnes, 1978, p. 18,
fig. 2.17). Earth flows are the fine-grained equivalent of debris flows,
and they typically move more slowly. Both types of flows are wet to
very wet, and occur during unusually heavy precipitation or rapid
thaw of snow.

Firm, consolidated

till)

materials (bedrock,

Fine-grained, unconsolidated
materials

Figure 4.—Earth flow (modified from Varnes, 1978, fig. 2.1r3). Earth
flows consist of clay-rich mixtures of unconsolidated material and
are aresult of increased water content from either natural or manmade
causes. Rate of movement ranges from slow to rapid.

Figure 10.—Complex landslide area showing scarps and debris trains on the
south-southwest side of Cultus Mountain. Failures probably occurred as
debris flows as much as 12,000 years ago. Photo locality 4. Photograph by J.
P. Minard, U.S. Geological Survey.
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Barrier
beach

Figure 5.—Shallow dry-sand flow (Varnes, 1978, p. 20, fig. 2.25) on east side of
Admiralty Inlet to Puget Sound, Whidbey Island. This form of earth flow is dry
and consists almost exclusively of sand. It occurs on slopes underlain by loose
sand or gravelly sand, generally glacial outwash, lying at or near the angle of
repose. Wave and water erosion along the seashore causes slopes periodically
to become unstable and allows materials to flow toward the beach. Location
A is underlain by a shallow dry-sand flow stabilized by vegetation as a result
of shore protection by an offshore barrier beach. A change in longshore
currents caused by modification of the shoreline by man could result in
removal of the barrier beach and resumption of erosion of the sandy slope.
Location B is a slope underlain by a shallow dry-sand flow that is not stabilized
and periodically flows as a result of shore erosion. Photo locality 2.

Figure 11.—Rock-block slide and rock slide (modified from Varnes,
1978, figs. 2.1j2; 2.1k3). Rock-block slides move downslope along
planes of weakness and consist of large, unbroken fragments of
bedrock. Rock slides consist of fragmented rock that moves along
the contact of the underlying, sloping bedrock surface. Rate of
movement ranges from slow to extremely rapid.
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Figure 6.—Dry-sand flows (Varnes, 1978, fig. 2.1r4) on bluff about 7 km north-

northeast of Point Partridge, northwestern Whidbey Island. This form of
earth flow occurs along sea bluffs in localities where thick (more than 10m)
loose sand or gravelly sand overlies older, more compact silt, sand, or glacial
drift. Recessional outwash is generally the source of the loose sand. The flow
moves rapidly to very rapidly. After heavy rains or snowmelt, wet-sand flows
canreplace normally dry flows. Sand can flow from beneath firmer drift at the
top of a bluff, which permits soil or earth falls, as well as sand flows, to move
the bluff line landward. Manmade structures near such a bluff line can be
endangered by such slope failures. Note the arcuate head scarp between the
houses at the top of the bluff. Photo locality 3. Photograph by R. F. Keuler,
U.S. Geological Survey.
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Figure 12.—Soil creep (from Miller, 1973, fig. 4). Uppermost soil and
debris material moves very slowly downslope. Movement is generally
imperceptible to the eye, but can be measured by some instruments.

Figure 7.—Earth slump (from Miller, 1973). This form shows downslope
movement with a rotational component. Such movement can develop
into a complex landslide when broken material in the lower part
advances as an earth flow. Movement may start suddenly, or may be
slow and intermittent after causing cracks at the surface.

Silty clayey
deposit

Water-bearing
sand

Firm deposits;
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Figure 13.—Earth lateral spread (modified from Varnes, 1978, fig.
2.10). Liquefaction of sand transforms granular materials from a
solid state to a liquid state that can permit ground failure on all
slopes. Arrows indicate directions of movement typical of individual
blocks involved in lateral-spread failures.
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FACTORS INFLUENCING SLOPE STABILITY

Two general factors influence slope stability—inherent and external. The inherent factors, such
as the general steepness of slopes and the types and interrelation of geologic materials, tend to
determine the location of potentially unstable slopes. External factors, such as erosion, addition of
moisture, and man’s activities tend to determine the timing and frequency of slope failures. In the
Puget Sound lowland, the addition of moisture, most commonly by rainfall, generally is the variable
that most effectively can reduce stability. Next in importance in causing instability is erosion by rivers
and streams whose waters impinge against and undercut the embankments boundingthe channels.
However, along the marine shorelines wave and tidal erosion can be crucial.

The character of geologic materials in this area critically influences the relative stability of slopes
of similar steepness. Most of the geologic materials in the quadrangle are flat-lying to gently inclined
glacial or alluvial deposits. The composition and physical characteristics of such deposits vary
greatly, both laterally and vertically. Of particular importance is the occurrence of relatively
impermeable materials, such as silt or clay, beneath or within more permeable materials, such as
sand or gravel. Water moving through these materials can saturate those which are permeable (sand
or gravel) and beimpeded by beds which areimpermeable silt or clay). The result may cause springs
to flow from a hillside near the contact between the sand and clay, or may saturate the thin, overlying
soil that blankets the slopes, or may saturate the sand above the silt and clay. Such saturation may
cause the materials to lose cohesion and move downslope.

Much of the Puget Sound lowland is underlain by glacial till or glaciomarine drift. The till is firm
at depths below 1-3 m, but the uppermost part'is weathered and loose. Moisture during the rainy
season moves easily through the weathered drift but is impeded by the firmer, underlying un-
weathered material. Consequently, the upper part of the till beneath the slopes can be saturated. In
fact, swamps and wet boggy areas on the drift are common (Minard, 1980a-f).

Geologic relationships involving bedrock are also important to the stability of a slope. Bedrock
forms steep, normally stable slopes along some of the bluffs bounding mainland stream valleys and
along the coast (classes [V-V); it also forms slopes of variable steepness in the mountains in the
eastern part of the quadrangle (classes [-VII). Soil and slope debris overlying the rock may be loose,
permeable, and unstable, but the underlying rock is not. As a result, the soil and debris can move
downward over the surface of the rock along which the flow of water is concentrated. Deep-seated
slides involving large amounts of bedrock are relatively rare. However, in the northeastern part of
the quadrangle, bedrock slides are more abundant than elsewhere. Oneslide, on the southwest side
of Cultus Mountain (fig. 5), is estimated to have displaced about 20 million cubic meters of rock;
another slide, west of Bald Mountain, displaced about 100 million cubic meters of rock (D. P.
Dethier, unpub. data, 1981).

Two other factors affecting slope movement are not evaluated on this map. No attempt is made
to determine or depict the effect of slope-failure debris encroaching upon flat, stable surfaces from
unstable slopes uphill; sites along the base of slopes mapped as class 3 and class V-VII should be

evaluated for this potential condition. Also, no assessment is made of the stability of manmade cuts
and fills.

APPLICATIONS OF SLOPE-STABILITY INFORMATION TO LAND-USE PLANNING
AND RESOURCE MANAGEMENT

Loss-reduction measures concerned with potential slope failure are being increasingly applied
as part of land-use planning and resource management policies. Such measures include a combina-
tion of geologic investigation, engineering practice, and effective enforcement of regulatory
ordinances. An example of one of the few municipalities that enacted some type of loss-reduction
measures is Los Angeles, where relatively weak bedrock and prevalent steep slopes cause widespread
slope instability. The enactment of a municipal grading ordinance in 1952, followed by major
revisions of the ordinance in 1963, resulted in a significant decrease in economic losses associated
with slope failure. Following torrential rains during 1969 that caused much damage in this area,
studies showed that sites developed before 1952 reflected an average damage cost of $330 per
developed hillside lot (10,000 sites) and that slope failure ocurred on 10.4 percent of the lots. Sites
developed after 1963, complying with a comprehensive grading ordinance that requires soils
engineering and engineering geologic evaluation during both design and construction stages,
showed an average damage cost of $7 per lot (11,000 sites) and a slope-failure incidence of 0.15
percent (Slossen, 1969, p. 9, table 1).

In western King County, Wash., 56 km south of the Port Townsend quadrangle, slope move-
ment hazards are included in County Ordinance 4365, which establishes criteria for identifying
lands subject to natural hazards and lands supporting unique, fragile, or valuable natural features.
Ordinance 4365 also establishes a process for regulating development within the designated areas.
Areas having severe slide potential are mapped as part of the technical basis for grading, building,
foundation-design, housing-density, and other land-development regulations (Department of
Planning and Community Development, King County, Wash., 1980).

Potential slope instability has also been recognized as an important consideration in evaluating
plans for pipeline routes in the Puget Sound region. Slope failures are considered natural hazards
that could cause pipeline rupture during construction and subsequent operation of a proposed
crude-oil transportation system in the central Puget Sound region. Mitigating measures, such as
rerouting the pipeline to avoid potentially unstable slopes and using stronger pipe in unavoidable
areas of potential slope failure, are considered to be as much as 85-95 percent effective in reducing
damage to the pipeline because of slope instability (U.S. Bureau of Land Management,
1979, p. 4-1).

Damage associated with slope failure, however, is not limited to dramatic rock-falls, sea-cliff
collapse by earth-falls, or large-scale debris slides; relatively small, inconspicuous downslope
movements can make homes unlivable, structures unsafe, and utility and other forms of transporta-
tion networks expensive to maintain. Such hardship and economic loss can be significantly reduced
by avoiding slide-prone areas. Damage can also be reduced. by identifying and avoiding human
activities that contribute to slope instability. Such activities include unnecessary soaking of the
ground, excavations at the toes of slide deposits, and activities that increase erosion near the base of
slopes, such as removal of vegetation, extensive grading, and excavation. In some situations land
can be stabilized to some extent by specially engineered retaining walls and other structures, by
dewatering, or even by removal of a landslide mass. However, unless the land is especially valuable,
economic considerations may dictate avoiding unstable areas for intensive land uses.

Wise resource management policies, which consider long-range cost effectiveness and health
and safety, are becoming increasingly important in the Puget Sound region as the development of
natural resources steadily expands to include marginally suited land and specialized, sensitive
environments. Geologic data that identify significant geologic conditions, such as potential slope
instability, provide the essential technical foundation upon which realistic, justifiable regulatory
policies and ordinances can be based. Similarly, selected geologic data provide the basic technical
input to the formulation of engineering practices designed to avoid or reduce undesirable effects of
proposed activities and installations. The information provided by this map and text should help to
identify areas of potential regional concern and to guide detailed studies.
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