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Geologic Map of the McMurray 7.5-minute Quadrangle,
Skagit and Snohomish Counties, Washington, with a
Discussion of the Evidence for Holocene Activity on the
Darrington–Devils Mountain Fault Zone

by Joe D. Dragovich and Alex J. DeOme

DESCRIPTION OF MAP UNITS

In for ma tion for the unit de scrip tions was com piled from the
sources listed at the end of each de scrip tion. The clas si fi ca tion
schemes we use are de scribed in Dragovich and oth ers (2002d).
DDMFZ, Darrington–Dev ils Moun tain fault zone. See plate for
age and other site lo ca tions.

Quaternary Sedimentary Deposits

HOLOCENE NONGLACIAL DEPOSITS

Qa Al lu vium of Pilchuck Creek (Ho lo cene)—(Boul der)
gravel and sand; gray; subrounded to rounded clasts;
loose, well strat i fied, and well sorted; plane-bed ded
sands com mon. Grav els are dis tinctly greenstone rich.
Sands con tain abun dant ser pen tin ite (15–20%), green -
stone (~10%), meta mor phic and sed i men tary lithic
clasts, chert, and polycrystalline quartz, with some
monocrystalline quartz, pyroxene, and plagio clase.
The high ser pen tin ite con tent of the al lu vium is the re -
sult of ero sion and flu vial re work ing of the Hel ena–
Hay stack mélange ser pen tin ite. Soft ser pen tin ite (unit
Juh) is eas ily mo bi lized by mass-wast age and deep gla -
cial scour.

Qp Peat (Ho lo cene)—Peat, muck, and or ganic silt and
clay, lo cally with thin beds of Mount Mazama tephra
(~6,900 yr B.P.). Peat oc curs in Pilchuck Creek flood
plains and (or) in marshy up land de pres sions. Many of
these de pres sions de lin eate faults, in clud ing the
DDMFZ. Dendrochronology of the many snags (dead
trees) found in the marshes may re veal sys tem atic
death ages re lated to ac tive fault ing in the area. (this
study; Dethier and Whetten, 1980)

Qoa Older al lu vium of Pilchuck Creek (Ho lo cene to lat -
est Pleis to cene)—Cob ble gravel, gravel, and sand and
mi nor silt; gray; loose; subangular to rounded; well
strat i fied and well sorted. Gravel con tains sig nif i cant
greenstone, ser pen tin ite, and chert clasts. Sands con -
tain abun dant ser pen tin ite (5–20%) and greenstone
(~10%), as well as chert and polycrystalline quartz, and 
have an over all lithic-rich com po si tion sim i lar to unit
Qa. Unit Qoa is sep a rated from the Pilchuck Creek
mod ern chan nel by up to four in set ter races (~5–120 ft
high). We ob tained a 14C age of 1,440 ±50 yr B.P. on
sticks from near the top of a 4- to 6-ft-high scarp ad ja -
cent to Pilchuck Creek (age site 1 on plate). This is the
low est of three older al lu vial ter races and may date me -
ter-scale up lift of the creek in the late Ho lo cene as a re -
sult of ac tive DDMFZ fault ing. Dragovich and oth ers
(2004) also ob tained 14C ages of 5,890 ±60 and 5,600

±120 yr B.P. from twigs in the peat near the top of a 20-
ft-high river ter race along Pilchuck Creek di rectly east
of the study area. This older al lu vium may have been
stranded dur ing Ho lo cene tec tonic up lift within the
DDMFZ (Ta ble 1). Dethier and Whetten (1980) map
most of our unit Qoa as re ces sional outwash. In deed,
age re la tions are am big u ous for some higher-el e va tion
ter races and thus more work re mains. How ever, the up -
per most unit Qoa ter races along the mid-reaches of
Pilchuck Creek (site 1 on plate) are greenstone rich and
thus likely older al lu vium. 

Qls Land slide de pos its (Ho lo cene to lat est Pleis to -
cene)—Diamicton with lesser (boul der) gravel; con -
tains mi nor sand or gravel beds where lo cally mod i fied
by stream pro cesses; loose or soft; typ i cally poorly
sorted and nonstratified. Clasts are an gu lar to sub -
angular and lo cally de rived, but may con tain some
rounded clasts where sourced by Qua ter nary de pos its.
Land slide types are slump-earth flows, de bris slumps or 
flows, and rock av a lanches (ta lus). Also in cludes a few
al lu vial fans and thick col lu vial de pos its. Some land -
slides may be seis mi cally in duced and (or) ini ti ated
dur ing late Pleis to cene deglaciation. (this study;
Dethier and Whetten, 1980)

PLEISTOCENE GLACIAL AND 
NONGLACIAL DEPOSITS

Deposits of the Fraser Glaciation

EVERSON INTERSTADE RECESSIONAL DEPOSITS

Lat eral and ver ti cal fa cies changes be tween flu vial, deltaic,
 lacustrine, and ma rine de pos its are re gion ally com mon in
Everson Interstade sed i ments. As a re sult, con tacts are com -
monly grada tional and interfingering. Polymictic re ces sional
sands are of mixed lo cal and north ern (Ca na dian) meta mor phic-
gra nitic prov e nance. Re ces sional sands in the west ern part of
the study area con tain more Ca na dian de tri tus (for ex am ple,
hornblende and gran ite) than re ces sional sands in the east ern
part of the area where lo cally de rived clast types, such as green -
stone, green schist, phyllite, blue am phi bole, ser pen tin ite (1–
4%), and blue schist, are more abun dant. Everson Interstade
deglaciation com menced ~13,500 yr B.P., and the map area was
prob a bly fully deglaciated by ~11,500 yr B.P. (this study;
Dethier and oth ers, 1995; Dragovich and oth ers, 1998, 1999,
2000a,b, 2002a,b,c, 2003a,b; 2004; 2005)

Qgdme Glaciomarine drift (Pleis to cene)—Silt, clay, and
dropstone-bear ing diamicton, lo cally with lenses of
sand or gravel; soft or loose; typ i cally mas sive or
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crudely strat i fied on a scale of sev eral me ters. Dethier
and oth ers (1995) re ported 14C shell ages of 13,515
±140 and 13,370 ±370 yr B.P. from fossiliferous sand
and gravel along Big Lake north of the study area. The
site was prob a bly a glaciomarine beach at about 13,400 
yr B.P., prior to be ing over lain by lake silt con tain ing
fresh wa ter gas tro pods. In the study area, ex ten sive de -
pos its of silt also flank the south and south east shores
of Big Lake. The silt con tains ma rine mol lusks and gas -
tro pods 14C dated at 13,040 ±65 yrs B.P. (S. Rob in son,
pers. commun., 1980, to Dethier and Whetten, 1980).
(this study; Dragovich and oth ers, 1999, 2002c;
Dethier and Whetten, 1980)

Qgoge Outwash gravel (Pleis to cene)—Grav elly sand and
sandy (cob ble) gravel, lo cally with lenses or beds of
sand and silt and rare beds of poorly sorted grav els and
diamicton; loose or soft; subangular to subrounded
clasts; gen er ally forms subhorizontal beds a few feet
thick that are crudely de fined by vari a tions in grain
size; peb ble imbrication, scour fea tures, and cross-bed -
ding are lo cally com mon. Sand com po si tion in di cates a 
mix ture of east ern and north ern sources with lo cally
de rived greenstone; greenschist and ser pen tin ite lo -
cally sig nif i cant. Well-sorted sand and gravel beds de -
pos ited as flu vial outwash. Some poorly ex posed soft
diamicton beds (melt-out or flow till; site 2 on plate) in
grav els are sug ges tive of near-ice de po si tion as mo -
raines, eskers, kames, or de bris fans. (See units Qgode

and Qgike.) (this study; Dethier and Whetten, 1980;
Drago vich and oth ers, 2003a,b, 2004)

Qgike Ice-con tact kame de pos its (Pleis to cene)—Sandy
gravel, sand, and peb bly sand; loose; thinly to thickly
bed ded; well strat i fied; cross-bed ded with cut-and-fill
struc tures and dis tinc tive ice-con tact fea tures such as
col lapse struc tures dis play ing slumped bed ding. Lat -
eral ice but tress ing is re quired to pro duce these el e -
vated flu vial de pos its with ice con tact struc tures. A
kame de posit is well ex posed in a gravel mine south east 
of Lake McMurray (site 3 on plate). (this study; Dethier 
and Whetten, 1980)

Qgode Deltaic outwash (Pleis to cene)—Sandy cob ble gravel,
gravel, peb bly sand, and sand; loose; mod er ately to
well sorted; thin to very thickly bed ded and well strat i -
fied; con tains high-am pli tude pla nar foreset beds
graded to tem po rary ice-dammed lake lev els. Deltaic
de pos its dis tinctly fine lat er ally to bottomset beds of
glaciolacustrine sand (unit Qgose) and silt (unit Qgle)
in the south-cen tral part of the study area. This deltaic
com plex was fed by flu vial val ley train de pos its (unit
Qgoge) mapped above Pilchuck Creek north east of the
com plex. (this study; Dragovich and oth ers, 2002c,
2004)

Qgose Outwash sand (Pleis to cene)—Sand and peb bly sand,
lo cally with interbeds of silty fine sand or silt; loose or
soft; var ies from nonbedded to weakly strat i fied to lo -
cally plane bed ded, lam i nated, or rarely cross-bed ded.
Al though some sand bod ies are glaciofluvial, fa cies re -
la tions, in clud ing fin ing trends, sug gest de po si tion in
shal low-wa ter glaciolacustrine set tings. Both sur face
and subsurface map ping show that re ces sional sand,
gravel, and lake de pos its are com monly interfingering.

Some sand bod ies are over lain by gravel and un der lain
by finer-grained lake de pos its. The unit cor re lates with
the Stillaguamish Sand Mem ber of the Vashon Drift of
Minard (1985). (this study; Dragovich and oth ers,
2002a,b, 2003a,b, 2004; Dethier and Whetten, 1980)

Qgle Glaciolacustrine de pos its (Pleis to cene)—Clay, silt,
sandy silt, silty sand, sand, and diamict with scat tered
dropstones; light gray to blue-gray, weath ered to
shades of brown; loose, soft, or stiff; nonbedded, lam i -
nated, or very thinly bed ded, with some varve-like
rhythmites; lo cally con tains flame and ball-and-pil low
struc tures and sand dikes. Dropstone clast types com -
monly in clude gran ite and greenstone. Sed i ments were
de pos ited in gla cial lakes im pounded by re ced ing gla -
cial ice, such as gla cial Lake Stillaguamish of Minard
(1985) and gla cial Lake Pilchuck of Dragovich and
oth ers (2004). Lo cally forms dis tinct up ward-coars en -
ing se quences from gla cial lake (units Qgle and Qgose)
to ter res trial en vi ron ments (units Qgode and Qgoge)
due to progradation of flu vial-deltaic com plexes into
proglacial lakes. (this study; Dragovich and oth ers,
2002a,b, 2003a,b, 2004)

VASHON STADE DEPOSITS

Ice-flow in di ca tors, such as gla cial flut ing, show that the Puget
ice lobe ad vanced over the map area from west-north west to
east-south east. Ad vanc ing ice blocked an cient rivers, cre at ing
ex ten sive tem po rary ice-dammed lakes (Dragovich and oth ers,
2002a,b, 2003a,b, 2004). Vashon Stade con ti nen tal ice
 advanced east erly up the North Fork Stillaguamish val ley about
15,000 yr B.P. (Pessl and oth ers, 1989; Por ter and Swanson,
1998). The re sul tant ad vance glaciolacustrine de pos its (unit 
Qglv)  are wide spread and comp lexly interlayered with ad -
vance flu vial and deltaic de pos its (unit  Qgav) (Cross Sec tion
A). Sands show a mix ture of north erly de rived Ca na dian de tri -
tus, such as hornblende and gran ite, and lo cal de tri tus, such as
mi nor greenstone and ser pen tin ite. Ad vance outwash has a more 
lo cal prov e nance along the east ern most part of the study area.
(See Dragovich and oth ers [2000a,b, 2002c, 2004] for fur ther
prov e nance in for ma tion.)

Qgtv Lodg ment till (Pleis to cene)—Nonstratified, un sorted
mix ture of clay, silt, sand, and gravel (diamicton) with
dis sem i nated cob bles and boul ders; gray ish blue to
very dark gray, weath ered to a mot tled yel low ish
brown; com pact or dense. Clast types in clude both Ca -
na dian-prov e nance and lo cally de rived clasts. Basal till 
is ser pen tin ite rich where it over lies the Hel ena–Hay -
stack mélange. Till is gen er ally 10 to 20 ft thick, but
ranges from a dis con tin u ous ve neer to a many tens of
feet thick layer that man tles to pog ra phy. Till un con -
form ably over lies mostly bed rock or ad vance outwash.
Sub glacial ex ca va tion of the val ley ex tend ing south -
east of Lake McMurray is ev i denced by the wide spread 
ex po sure of ‘dy namic till’ in this val ley (for ex am ple,
site 4 on plate). Dy namic till is lodg ment till con tain ing
con spic u ous lay ers and lenses of sand and gravel.
These sorted lay ers in di cate melt wa ter flow along
subglacial paths, such as tun nels. Subglacial ero sion is
also ev i denced by the stra tig ra phy of this val ley (Cross
Sec tion A). Most of the Vashon ad vance flu vial and
lake de pos its, which partly filled this val ley dur ing
Vashon ad vance, ap pear to have been subglacially re -
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moved and over lain by lodg ment till dur ing ice oc cu pa -
tion. (See ‘Subglacial Ero sion’ of Booth and Hallet
[1993].) Weak rocks as so ci ated with the McMurray
fault zone may have con cen trated subglacial ero sion
along this val ley. (this study; Dragovich and oth ers,
2002a,b,c, 2003a,b, 2004) 

Qgav Ad vance outwash de pos its (Pleis to cene)—Sand,
peb bly sand, and sandy gravel with scat tered beds of
cob ble gravel with lo cal silt and clay interbeds; typ i -
cally dense or com pact; mod er ately to well sorted;
dom i nantly mod er ately strat i fied and thinly to thickly
bed ded; dis plays cross-strat i fi ca tion, rip-up clasts,
sand dikes, flame struc tures, and cut-and-fill struc -
tures, with deltaic foreset beds lo cally ob served. Com -
pos ite sec tions of units Qgav and Qglv are up to 250 ft
thick and lo cally crudely coarsen up wards. Ad vance
outwash is pri mar ily flu vial and is over lain by lodg -
ment till along a sharp con tact. Ad vance outwash con -
form ably over lies or is comp lexly interlayered with
unit Qglv (Cross Sec tions A and B).

Qglv Ad vance glaciolacustrine de pos its (Pleis to cene)—
Clay and silt with lo cal scat tered dropstones; dropstone 
diamict com monly con tains beds of lam i nated silt ±
sand; com monly con tains beds of me dium to very thick
bed ded sandy silt, sand, and gravel; lo cally con tains
thick beds of mas sive, clast-rich diamicton that may be
ice berg melt-out till; blue gray or gray, weath ered to
yel low ish brown; stiff or dense; var ies from mas sive
to thinly bed ded, lam i nated, or varved; con torted or
folded bed ding, sand dikes, and flame struc tures lo -
cally ob served. This unit is lo cally un der lain by unit
Qco and is typ i cally over lain by, and (or) interbedded
with, unit Qgav (Cross Sec tions A and B). Site 5 (on
plate) is a well-ex posed ex am ple of thinly to thickly
bed ded glaciolacustrine silt, sand, and diamicton.
Sands at this site are typ i cal of the unit and con tain
polycrystalline and monocrystalline quartz, plagio -
clase, hornblende, and meta mor phic, vol ca nic, and gra -
nitic lithic clasts, with lesser po tas sium feld spar,
epidote, ser pen tin ite, and greenstone. Puget Sound
Power and Light Com pany (Puget Power) (1974) ob -
tained a 14C age of 14,725 ±470 yr B.P. from char coal
and wood frag ments in glaciolacustrine sand (age 1,
Cross Sec tion B). They in ter preted the en vel op ing
strata as pre-Vashon, and thus the sam ple as an oma -
lously young and likely con tam i nated. How ever, an ad -
vance lake de posit age is strongly im plied by the
trench-log stra tig ra phy, our nearby map ping, and the
Vashon ice ad vance chro nol ogy for warded by Por ter
and Swanson (1998). Unit cor re lates with the Pilchuck
Clay Mem ber of the Vashon Drift of New comb (1947).
(this study; Drago vich and oth ers, 2002a,b,c, 2003a,b,
2004)

Deposits of the Olympia Nonglacial Interval

Qco Olym pia beds (Pleis to cene)—Boul der gravel, cobbly
gravel, gravel, sand, and silt, with mi nor clay, peat, and
diamicton; very com pact, well sorted, and very thinly
to thickly bed ded; or ganic ma te rial com mon re gion ally
(for ex am ple, peat, logs, and char coal). Olym pia beds
in the study area are di vided into (1) an cient Pilchuck
Creek al lu vium ex posed along the mod ern Pilchuck

drain age (for ex am ple, site 6 area on plate), or (2) bur -
ied rem nants of an cient al lu vium, swamp de pos its, and
paleosols mapped only in the subsurface or in trenches
in the west ern part of the study area (Cross Sec tions A
and B). An cient Pilchuck Creek al lu vium is dom i nantly 
iron ox ide-stained (boul der) gravel con tain ing abun -
dant Hel ena–Hay stack mélange green stone and ser pen -
tin ite. An cient and mod ern Pilchuck Creek al lu vium
have sim i lar lithic-rich, lo cally de rived sand com po si -
tions. Sands dom i nantly con tain ser pen tin ite (5–20%),
greenstone (5–20%), chert, poly crystalline quartz, and
fo li ate meta mor phic and sed i men tary lithic frag ments.
The Olym pia beds form a dis sected pre-Vashon stra tum 
in the subsurface that we in fer to be lo cally gently
folded and tec toni cally up lifted south of the main
strand of the DDMFZ (Cross Sec tions A and B). The
Olym pia nonglacial in ter val oc curred from ~16,500 to
60,000 yr B.P. Puget Power (1974) ob tained Olym pia
bed ages of 35,030 +3340 –2350 yr B.P. from paleosol
and >37,000 yr B.P. from de cayed wood in sand and silt 
al lu vium di rectly south of the main strand of the
DDMFZ (age sites 2 and 3 and Cross Sec tion B on
plate). (See ‘Darrington–Dev ils Moun tain Fault
Zone’.) Dragovich and oth ers (2004) cor re lated an -
cient Pilchuck al lu vium di rectly east of the study with
the Olym pia beds. Far ther to the east, Dragovich and
oth ers (2003a) ob tained 14C ages of 38,560 ±640 and
35,040 ±450 yr B.P. from de tri tal wood in an cient
Stillaguamish River al lu vium di rectly north of the
DDMFZ main strand. Minard (1985) also re ports 14C
ages of 23,700 ±210 yr B.P. (peat) and 24,700 ±160 yr
B.P. (flat tened sticks) from Olym pia beds ex posed in
the low er most por tion of ero sional ter races at el e va -
tions slightly above mod ern river lev els di rectly south
of the quad ran gle. These Olym pia sed i ments rep re sent
an cient Pilchuck and Stillaguamish River flood plain
sed i ments laid down in these ma jor river val leys prior
the last gla ci ation. (this study; Puget Power (1974);
Dragovich and Grisamer, 1998; Dragovich and oth ers,
2002a,b,c, 2004; 2005)

Deposits of the Possession Glaciation

ot Older till (Pleis to cene)—Diamicton. A well ex posed
ex am ple of a very com pact older till un der Vashon ad -
vance outwash oc curs at site 7 (on plate). We did not as -
sign a for mal geo logic sym bol to this unit in or der to
em pha size the ten ta tive na ture of this cor re la tion with
Pos ses sion Gla ci ation.

oo Older outwash (Pleis to cene) (Cross Sec tion B
only)—Silty sand, lo cally with scat tered gravel and oc -
ca sional gravel interbeds, oc cur ring be low Olym pia
beds and above older till in Cross Sec tion B. We did not 
as sign a for mal geo logic sym bol to this unit in or der to
em pha size the ten ta tive na ture of this cor re la tion with
Pos ses sion Gla ci ation.

Tertiary Volcanic, Intrusive, and 
Sedimentary Rocks

VOLCANIC AND HYPABYSSAL INTRUSIVE ROCKS

We cor re late the vol ca nic rocks in the study area with the
Barlow Pass Volcanics of Vance (1957) and Ta bor and oth ers
(2002). Re gion ally, Barlow Pass Volcanics con sist of rhy o lite,
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an de site, dacite, and ba salt with lo cal nonmarine sed i men tary
interbeds. Vol ca nic rocks in the map area are a bi modal suite of
rhy o lite–an de site pre served in fault-bounded blocks of the
DDMFZ. Vol ca nic rocks over lie the early Eocene Coal Moun -
tain unit of the Chuckanut For ma tion (unit Ecc). The Coal
Moun tain unit is vol ca nic-lithic-poor. This dif fers from youn ger 
Chuckanut units east of the study area that com monly con tain
sig nif i cant amounts of vol ca nic lithic clasts, bentonites, and
other in di ca tors of con tem po ra ne ous vol ca nism. Hypa bys sal in -
tru sive rocks, in clud ing dikes, are in tru sive into the Chuckanut.
It seems likely that in tru sive em place ment of these vol ca nic
rock feeder bod ies was strongly con trolled by pre-ex ist ing
strands of the DDMFZ; later con tin ued fault ing along the
DDMFZ lo cally imbricated these bod ies, lead ing to in tru sive
and (or) faulted con tacts with the Chuckanut. (Lovseth, 1975;
Whetten and oth ers, 1988; Ev ans and Ristow, 1994; Mustoe and 
oth ers, 1996; Ta bor and oth ers, 2002; Dragovich and oth ers,
2002b,c, 2003a,b, 2004)

Eib Diabase (Eocene)—Ho mo ge neous, me dium-grained,
subophitic ba saltic diabase dikes and sills; con tains
euhedral, ran domly ori ented blocky plagioclase,
subhedral augite, bladed opaque min er als, and in ter sti -
tial quartz in an al tered ma trix of brown chlorite and
rare car bon ate; dark green ish gray. Diabase dikes in -
trude the Chuckanut For ma tion. Bechtel, Inc., (1979)
ob tained whole-rock K-Ar ages of 41.2 ±1.8, 46.4
±2.2, and 49.9 ±2.2 Ma di rectly east of the study area.
The petrographic sim i lar ity of the diabase dikes with
ba salt flows near Lake Cavanaugh east of the study
area sug gests that the dikes may have been feed ers for
the ba salt flows. (this study; Dethier and Whetten,
1980; Dethier and oth ers, 1980; Dragovich and oth ers,
2002a, 2004)

Evr Rhy o lite (Eocene)—Rhy o lite, an de site, and mi nor
volcanolithic sand stone, con glom er ate, and brec cia;
rhyolites typ i cally com posed of quartz ± plagioclase ±
sanidine pheno crysts in a glassy ma trix; (smokey)
quartz pheno crysts vary from euhedral to anhedral and
are lo cally resorbed; plagioclase pheno crysts are
euhedral to subhedral and lo cally microlitic; glass is
spherulitic and highly al tered; sec ond ary min er als are
vari able but mostly in clude car bon ate min er als,
chlorite, seri cite, propylite, po tas sium feld spar,
zeolites, and chal ce dony; rhy o lite is blu ish to green ish
gray, weath ered to shades of yel low, red, or white, par -
tic u larly in ar eas of strong al ter ation; lo cally con tains
por phy ritic and trachytic tex tures; stretched ves i cles,
flow band ing, flat tened and (or) stretched pum ice
fiamme de fine a strong pri mary fo li a tion, par tic u larly
in welded tuffs. Min eral-filled ves i cles are com mon
and force ful con duit-neck em place ment is sug gested
by strong lo cal ves i cle flat ten ing. Clasts in pyroclastic
de pos its are mostly rhyolitic pum ice lapilli, rarely with
xe no liths and xeno crysts of Chuckanut af fin ity.
Rhyolites are mostly pyroclastic ash flow (vitric, crys -
tal-vitric, or crys tal-lithic tuff ±lapilli) tuffs, but also
in clude flows, domes, and dikes. Flow, in tru sive, or
hydrofractured brec cias are lo cally ev i dent.

New log ging roadcuts have ex posed me dium to
thickly bed ded vol ca nic sand stones, siltstones, and
con glom er ates (lahars) interbedded with rhyolitic
tuffs, brec cias, and very thin coal beds (sites 8–9 on
plate). These volcaniclastic rocks are compositionally

and tex tur ally vari able, but most con tain subangular to
an gu lar grains of vol ca nic quartz, plagioclase, and po -
tas sium feld spar, with rhy o lite and an de site vol ca nic
clasts and mi nor sed i men tary lithic clasts. We spec u late 
that the rhyolitic pyroclastic flow and dome rocks in
the fault-bounded blocks en com pass ing sites 8 and 9
(on plate) may have been a cal dera formed in a re leas -
ing bend of the DDMFZ.

In the Walker Val ley area (site 10 on plate), an de site 
dikes, sills, and flows are con spic u ous. Com pared to
the rhy o lite, an de site in this area is rel a tively tex tur ally
ho mog e nous and typ i cally con tains inter gra nu lar
pyroxene micro phenocrysts in a glassy ma trix con tain -
ing abun dant plagioclase microlites ± in ter sti tial
quartz. Cal cite- or opal-filled ves i cles are typ i cal. Geo -
chem i cal, field, and minera logic re la tions dem on -
strated to Mustoe and oth ers (1996) that the shal low in -
tru sion of an de site into an ac tive fault zone was re spon -
si ble for the ex ten sive shal low Ter tiary al ter ation and
min er al iza tion, some of which is gem qual ity, ev i dent
in the Walker Val ley area. See Dragovich and oth ers
(2003a,b, 2002c) and Mustoe and oth ers (1996) for an -
de site geo chem is try and pe trol ogy.

Whetten and oth ers (1988) ob tained zir con fis sion-
track ages of 38.1 ±1.8 and 43.5 ±2.2 Ma from rhy o lite
di rectly east of the study area. Also, Lovseth (1975)
dated zir con from rhy o lite from the Hendricks quarry
near Big Lake, di rectly north of the study area, at 41.5 ± 
3.4 Ma by the same method. In the study area, Whetten
and oth ers (1988) re ported a zir con fis sion-track ages
from rhy o lite of 39.9 ±2.4 Ma (age site 2 on plate) and
44.1 ±2.4 Ma (age site 3 on plate). Sev eral other zir con
fis sion track ages around the study area in di cate that
rhyolitic vol ca nism oc curred in the mid dle to lat est
Eocene (~35–45 Ma). An de site dikes typ i cally in trude
rhy o lite or in trude faults that cut rhy o lite (Lov seth,
1975; Dragovich and oth ers, 2002b,c, 2003a,b). Age
and field re la tions in di cate that andesites are Late
Eocene or ear li est Oligocene and con tem po ra ne ous
with the Bulson Creek vol ca nic lithic-rich sand stone
fa cies (unit …Ecbs). (this study; Lovseth, 1975; Dethier 
and Whetten, 1980; Ta bor and oth ers, 2002; Dragovich
and oth ers, 2002a,b, 2003a,b, 2004)

SEDIMENTARY ROCKS

Rocks of Bulson Creek

The rocks of Bulson Creek of Lovseth (1975) oc cur south of the
DDMFZ main strand. Marcus (1981) con cluded that the con -
glom er ate fa cies was de pos ited in al lu vial fan to braided river
en vi ron ments. Clast size vari a tions, paleocurrents, and fa cies
trends in rocks of the Bulson Creek in di cate a west- to south -
west-di rected flu vial sys tem subparallel to the DDMFZ. It
seems likely that Ter tiary ver ti cal or oblique off set along the
DDMFZ pro duced the re lief nec es sary to cre ate this fan-flu vial
en vi ron ment. The sand stone fa cies was de pos ited in a nearshore 
shal low ma rine set ting (beach, deltaic, lit to ral, neritic) as in di -
cated by stra tig ra phy and megafossil con tent. The pres ence of
shal low ma rine fos sils and ter res trial plant fos sils re quires a
tran si tion from a flu vial to an estuarine or nearshore ma rine en -
vi ron ment in the up per por tion of the sand stone fa cies. Marcus
(1981) con tended that the con glom er ate fa cies was folded along
an east–west axis prior to the de po si tion of the youn ger sand -
stone fa cies, and there fore the two fa cies are sep a rated by an an -
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gu lar un con formity. Con versely, this study and Whetten and
oth ers (1988) sug gest that the con tact be tween the fa cies is
largely faulted or lo cally interfingering. It seems likely to us that 
the tighter fold ing of the con glom er ate fa cies is the re sult of its
prox im ity to the main strand of the DDMFZ. Al though fur ther
study is war ranted, we also dif fer from Marcus (1981) in that we 
con tend that the ma rine fa cies is gen er ally older than the con -
glom er atic fa cies and con tem po ra ne ous with mid dle to late
Eocene or per haps ear li est Oligocene (andesitic) vol ca nism in
the area.

…Ecbcg Rocks of Bulson Creek, con glom er ate fa cies
(Oligocene to Eocene)—Con glom er ate with lo cal
interbeds and lenses of peb bly sand stone, feldspathic
litharenitic sand stone, lesser coal and siltstone, and
rare paleosols and diamictite; rare Eocene(?) ba salt
dikes (sites 11–13 on plate). Con glom er ate is green ish
gray, weath ered to yel low ish brown; typ i cally poorly
indurated and crum bly; clasts are subangular to
subrounded and subspherical to elon gate; mod er ately
to well sorted; typ i cally dis plays very thick mul ti story
bod ies of mas sive imbricated con glom er ate with thin to 
thick interbeds of sand stone; lo cally crudely nor mally
graded and lo cally con tains log casts; max i mum clast
di am e ter is 28 cm (11 in.), but com monly ranges from 1 
to 9 in. (2–22 cm); clasts dom i nantly chert with lesser
greenstone, sed i men tary and meta mor phic lithic clasts
(phyllite and gneiss), and lo cally sparse ser pen tin ite
and gran ite; vol ca nic-clast poor (typ i cally 0–5%;
rarely up to 20%) with an de site and rhy o lite clast types. 
Sand stones are mas sive to graded with chan nel ing and
cross-bed ding lo cally ob served; car bon ized leaves and
branches oc cur in the fine sand and silt interbeds. Sand -
stones are com posed of chert, sed i men tary and vol ca -
nic lithic frag ments, polycrystalline and mono crys -
talline quartz, and plagioclase, with mi nor pyroxene,
am phi bole, gar net, and rare ser pen tin ite and ol iv ine.
Some sand stone beds con tain sig nif i cant po tas sium
feld spar (up to 15%), sug gest ing ei ther a more dis tant
source for some of the sand stone de tri tus or re cy cled
Chuckanut (unit Ecc) de tri tus. The con glom er ate fa cies 
is compositionally more ma ture than the sand stone fa -
cies and con tains more chert, quartz, and feld spar and
fewer lithic clasts. Paleosols and basal beds of very
coarse con glom er ate un con form ably over lie Trafton
se quence base ment, such as unit ‡I (for ex am ple, site
14 on plate) and metachert. Else where, the rocks of
Bulson Creek are faulted over the Trafton along low-
an gle faults. (this study; Jenkins, 1924; Danner, 1957;
Lov seth, 1975; Marcus, 1981; Frizzell, 1979; Dethier
and Whetten, 1980; Whetten and oth ers, 1988;
Dragovich and oth ers, 2002c, 2004)

…Ecbs Rocks of Bulson Creek, sand stone fa cies (Oligocene
to Eocene)—Sand stone with interbeds of siltstone,
peb bly sand stone, coal, shale, and rare lenses of con -
glom er ate; weath ered to a yel low brown; mod er ately to 
well sorted with an gu lar to subrounded clasts. Sand -
stones are mas sive, but lo cally dis play well-de vel oped
cross-beds and rare chan nel fill struc tures. Siltstone
and shale are lam i nated, lo cally with flaser beds and
cur rent rip ple marks. Siltstones and sand stones are
feldspatholithic or lithofeldspathic arenites or wackes
that are vol ca nic rich and mostly tex tur ally im ma ture.
Vol ca nic lithic sand stones at sites 15–17 (on plate) con -

tain vol ca nic frag ments and crys tals to tal ing 90 to 98
per cent of the rock, with few ex otic clasts. The vol ca -
nic clasts ap pear to be pre dom i nantly augite-bear ing
an de site with some rhy o lite. Crys tals in clude an gu lar
to subangular plagioclase, quartz, and mi nor augite.
Site 18 (on plate) is an iron-ox ide-stained tuff or
tuffaceous siltstone con sist ing of an gu lar microlitic
vol ca nic frag ments, plagio clase, quartz, and highly
weath ered grains of vol ca nic glass. Marcus (1981) also
re ported tuffaceous siltstones from the sand stone fa -
cies. Di rectly west of the study area, vol ca nic sand -
stones are lo cally com posed of over 90 per cent vol ca -
nic de tri tus, in clud ing sub stan tial augite-bear ing vol -
ca nic frag ments of prob a ble andesitic com po si tion
(Dragovich and oth ers, 2002c). This is sim i lar to
Marcus (1981) who re ported ap pre cia ble vol ca nic de -
tri tus in sand stones (20–66% vol ca nic clasts). These
volcaniclastic sands were likely orig i nally de pos ited as 
sandy lahars or hyper con centrated flood de pos its in a
flu vial-deltaic set ting. Sub se quent flu vial or nearshore
re work ing of the volcaniclastic de pos its re sulted in the
range of vol ca nic frag ment abun dances we now ob -
serve. Marcus (1981) and Lovseth (1975) re ported
scat tered rhy o lite clasts in the con glom er ate fa cies;
how ever, the con glom er ate fa cies does not have the
dis tinct vol ca nic prov e nance of the sand stone fa cies. It
ap pears that the con glom er ate fa cies: (1) is gen er ally
youn ger than the sand stone fa cies and con tains min i -
mal andesitic clasts due to its age, or (2) is partly con -
tem po ra ne ous with vol ca nism, but lacks a strong vol ca -
nic prov e nance as a re sult of the low preservability of
laharic ter races in flu vial en vi ron ments. The ob ser va -
tion that much of the ma rine fa cies has been up lifted
along faults within the broad DDMFZ sug gests an age
dif fer ence be tween the fa cies. For the most part, this
tec tonic ex hu ma tion placed older shal low ma rine rocks 
against or over the youn ger flu vial rocks with some
con tacts be ing low-an gle faults. Al though more work
re mains on the na ture of the con tact be tween the fa cies,
the struc tural block west of the McMurray fault zone
and south of the prom i nent re verse fault near sites 11–
13 (on plate) con tains dis tinctly volcanolithic sand -
stone fa cies rocks. This block is likely older than most
of the Bulson rocks north and east of this struc tural
wedge. This struc tural ar range ment also sug gests that
DDMFZ transpression has tec toni cally jux ta posed dif -
fer ent parts of an orig i nally much wider Bulson ba sin.
Danner (1957), Lovseth (1975), and Marcus (1981) re -
port mid dle Eocene to ear li est Oligocene shal low-wa -
ter ma rine fos sils of late Narizian or early Refugian age 
(~37–45 Ma) from the sand stone fa cies. This is sim i lar
to the Eocene age (~35–45 Ma) of rhyolites and as so ci -
ated (but prob a bly some what youn ger) andesites.
There fore, the de po si tion of the ma rine fa cies and vol -
ca nism were roughly con tem po ra ne ous as in di cated by
the sim i lar ity of the ra dio met ric ages and sand stone fa -
cies fos sil ages. (this study; Danner, 1957; Lovseth,
1975; Dethier and Whetten, 1980)

Chuckanut Formation

The Chuckanut For ma tion was de pos ited in a flu vial sed i men -
tary en vi ron ment. John son (1982) di vided the Chuckanut into
the Bellingham Bay, Slide, and sev eral youn ger mem bers.
Mustoe and Gannaway (1997) and Dragovich and oth ers (1997)
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in clude the Bellingham Bay and Slide mem bers in their in for -
mally named lower Chuckanut For ma tion. The lower Chucka -
nut was named the Coal Moun tain unit east of the study area by
Ev ans and Ristow (1994) and con tains con spic u ous po tas sium-
feld spar (sparse po tas sium feld spar oc curs in over ly ing mem -
bers) de rived from the Omineca Crys tal line Com plex base ment
in north-cen tral Wash ing ton (John son, 1982). Chuckanut feld -
spathic arenite (ar kose) in the study area con tains 5 to 15 per cent 
po tas sium feld spar (this study; Marcus, 1981; Lovseth, 1975;
Frizzell, 1979). This con tent, com bined with the prov e nance
and strati graphic style, in di cates that the Chuckanut in and
around the study area is the Coal Moun tain unit. (this study;
Dragovich and oth ers 2002b,c, 2003a,b, 2004) 

Ecc Coal Moun tain unit (Eocene)—Feldspathic sand -
stone, lo cally with peb bly sand stone, siltstone,
mudstone, and coal; light gray, weath ered to yel low ish
brown; micaceous; coarser grained beds (chan nel de -
pos its) vary from mas sive to very thickly bed ded sand -
stone and peb bly sand stone to thickly bed ded to lam i -
nated sand stone and siltstone, lo cally with trough
cross-bed ding and rip ple or plane lami na tions; fine-
grained beds (overbank de pos its) con tain rip ples,
flutes, load casts, and plant fos sils. Peb bles are mostly
chert and polycrystalline quartz. The Chuckanut For -
ma tion is in fault con tact with the rocks of Bulson
Creek and in fault, in tru sive, or depositional con tact
with Eocene vol ca nic rocks. Al though fur ther work is
war ranted, lithofeldspathic sand stones rich in an gu lar
quartz frag ments that lo cally un der lie unit Evr (site 19
on plate) are pos si ble tuffaceous sand stones. This sug -
gests that youn ger Chuckanut units may lo cally un der -
lie or interfinger with the base of the Eocene vol ca nic
rocks. The Chuckanut For ma tion un con form ably over -
lies and may lo cally be thrust over the Hel ena–Hay -
stack mélange base ment as in di cated by the ge om e try
of over turned folds and in ferred map pat terns. DDMFZ 
de for ma tion has re sulted in over turned fold ing of the
Chuckanut and protomylonitic to cataclastic tex ture
along the main strand of the DDMFZ. Chuckanut fold
ge om e try is com plex and may lo cally con tain some
refolding as a re sult of shift ing deformational re gimes
(transpression, transtension, and pure re verse fault ing)
within the DDMFZ. Eocene dikes and sills ap pear to
have in truded fault strands of the DDMFZ, re sult ing in
lo cally in tense hy dro ther mal al ter ation of the nearby
Chuckanut. Re gional plant-fos sil ages, as well as the
ages of vol ca nic rocks that are in tru sive into (for ex am -
ple, unit Eib) or over lie (unit Evr) the Coal Moun tain
unit, in di cate an early Eocene age (49–55 Ma) for the
lower Chuckanut For ma tion. John son (1982) ob tained
a zir con fis sion-track age of 49.9 ±1.2 Ma from a tuff
bed near the top of the Bellingham Bay Mem ber north -
west of the study area. Also, the Coal Moun tain unit
near Mount Vernon con tains a tuff bed with a zir con fis -
sion track age of 52.6 ±4.8 Ma (R. W. Ta bor, pers.
commun., 1993, to Ev ans and Ristow, 1994). This is
sim i lar to the zir con fis sion-track age of 52.7 ± 2.5 Ma
ob tained by Whetten and oth ers (1988) from a tuff bed
interbedded with sand stone on the east ern edge of the
study area (age site 4 on plate). We were un able to lo -
cate this out crop, but pro pose that the bed is one of the
rare tuff beds found in the lower Chuckanut and thus
not a Barlow Pass equiv a lent tuff. This cor re la tion is

sup ported by (1) the age of the other rare tuff beds in
the lower Chuckanut, and (2) the re stric tion of Eocene
volcanics lack ing ma ture feldspathic arenite (unit Evr)
to a youn ger age range (~35–45 Ma) in and around the
study area. (this study; Jenkins, 1924; Hopkins, 1931;
Lovseth, 1975; Frizzell, 1979; Dethier and Whetten,
1980; Marcus, 1981; Whetten and oth ers, 1988;
Dragovich and oth ers, 2002b,c, 2003a,b, 2004)

Mesozoic to Paleozoic Low-Grade 
Metamorphic and Intrusive Rocks

HELENA–HAYSTACK MÉLANGE

The Hel ena–Hay stack mélange of Ta bor (1994) has a ser pen tin -
ite ma trix. Re sis tant blocks of greenstone erode out of mélange
ma trix as steep hill ocks. Re gional greenstone geo chem is try in -
di cates a mid-oce anic-ridge to oce anic-is land-arc ophiolitic or i -
gin. Whetten and oth ers (1980, 1988) ob tained U-Pb zir con ages 
of 160 to 170 Ma (Ju ras sic) from greenstone near the map area.
Blueschist fa cies meta mor phism of the mélange likely ac com -
pa nied subduction of these oce anic rocks dur ing the Cre ta ceous. 
Com plex mélange struc tural re la tions are the re sult of struc tural
dis mem ber ment dur ing subduction, late-meta mor phic thrust ing
and ex hu ma tion, and de for ma tion within the broad DDMFZ.
The mélange is faulted against the Chuckanut in the north east -
ern part of the study area, and prob a bly is base ment to the
Chuckanut For ma tion in the north ern part of the study area as
sug gested by geomagnetics, struc tural re la tions, and nearby
map ping. The con tact be tween the mélange base ment and the
Chuckanut is in ferred to be a low-an gle fault con tact lo cally.
Most intraformational con tacts in the mélange are faulted. (Ta -
bor, 1994; Whetten and oth ers, 1988; Dragovich and oth ers,
1999, 2000a, 2002b,c,d, 2003a,b, 2004)

Jmvh Greenstone (Ju ras sic)—Metabasaltic greenstone
with mi nor metagabbro, metadacite, metarhyolite, and
mi nor slate, phyllite, and metasandstone (site 20 on
plate); rel ict pheno crysts in greenstone in clude augite,
sau sur itized plagioclase, and rare hornblende; meta -
mor phic min er als in clude al bite, chlorite, acicular
actinolite, pumpellyite, prehnite, stilpnomelane, ar -
agon ite, and cal cite; gray ish green metabasalt flows lo -
cally con tain amygdules, brec cia, and rel ict pil lows.
Green stones are non- to weakly fo li ated. Meta sedi -
mentary rocks are sub sumed into this unit and are char -
ac ter ized by strong first-gen er a tion phyllitic to slaty
cleav age with lo cal sec ond- and third-gen er a tion folds, 
kinks, and cren u lations. Rocks are frac tured, veined, or 
mylonitized near faults. Rocks were lo cally hy dro ther -
mally al tered un der static post-meta mor phic con di -
tions, re sult ing in the growth of sec ond ary po tas sium
feld spar, white mica, and car bon ate, par tic u larly near
faults and Eocene vol ca nic bod ies. (this study; Dethier
and Whetten, 1980; Dragovich and oth ers, 2002c,
2004)

Juh Ultramafite (Ju ras sic)—Ser pen tin ite with mi nor par -
tially serpentinized du nite, peridotite, and pyroxenite;
ser pen tin ite is lo cally al tered to talc-tremolite rock or
sil ica-car bon ate rock, par tic u larly near faults; ser pen -
tin ite is com posed of ser pen tine min er als such as
antigorite or chryso tile, lo cally with rel ict pyroxene
and (or) ol iv ine and ac ces sory picotite, magnesite,
mag ne tite, and chro mite; ser pen tin ite is green ish gray
to green ish black and weath ered to a dark yel low ish or -
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ange. Ultramafite ranges from mas sive to lo cally in -
tensely frac tured or strongly fo li ated. (this study;
Dragovich and oth ers 2002c, 2003a,b, 2004; Dethier
and Whetten, 1980)

TRAFTON SEQUENCE

The Trafton se quence of Danner (1966) is a tec tonic mix ture
com posed of tec tonic blocks of mostly chert and greenstone in
an argillite-phyllite mélange ma trix. The mélange ma trix is only 
rarely ob served in the study area. This is due to poor ex po sure or 
maybe to less mélange-style in ter nal dis rup tion than ob served
else where in the Trafton se quence. The Trafton se quence is
likely cor re la tive with the East ern mélange belt (Ta bor and oth -
ers, 2002). Both belts un der went prehnite-pumpellyite fa cies
meta mor phism. How ever, the prob a ble lack of meta mor phic
lawsonite sug gests that the Trafton se quence and the East ern
mélange belt have not un der gone the high-pres sure blueschist
fa cies meta mor phism typ i cal of the North west Cas cades Sys tem 
north of the DDMFZ (for ex am ple, Hel ena–Hay stack mélange).
Even though the mélange belts may have been thrust over rocks
of the North west Cas cades Sys tem in the Cre ta ceous (Ta bor,
1994), Ter tiary DDMFZ dis place ment has mod i fied any pri -
mary thrust-fault con tacts. The East ern mélange belt and
Trafton se quence are sub ma rine-fan to deep-oce anic de pos its.
Vol ca nic sand stone prov e nance and the oc cur rence of tuff and
flows are sug ges tive of de po si tion near a vol ca nic ed i fice. This
is con sis tent with the ba salt geo chem is try (Dragovich and oth -
ers, 2004; Ta bor, 1994), which in di cates an intraplate seamount
(hotspot) vol ca nic set ting. (Dethier and Whetten, 1980; Ta bor,
1994; Ta bor and oth ers, 2002; Dragovich and oth ers, 2004)

JŠmct Metachert (Ju ras sic to Tri as sic)—Meta mor phosed
chert and cherty argillite; lo cally in cludes mi nor
argillite, siltstone, feldspatholithic sand stone or wacke, 
greenstone, tuff, and lime stone; chert con tains mi cro-
and polycrystalline quartz (88–95%), with mi nor
chlorite, dis sem i nated or ganic ma te rial, and white
mica, with veins of quartz com mon; chert is banded
red, black, and gray and is very thinly bed ded to rib -
boned with thin laminae of argillite, less com monly oc -
cur ring as thin laminae in meta-argillite. Meta -
sedimentary rocks are nonfoliated to weakly fo li ated
and lo cally comp lexly boudinaged and folded;
protomylonitic, cataclastic, and brecciated near faults.
The rocks of Bulson Creek un con form ably over lie the
Trafton se quence. Else where the Trafton se quence is
faulted over the rocks of Bulson Creek. This re la tion is
par tic u larly well-ex posed along Pilchuck Creek (site
21 on plate) where a thick re verse-fault cataclasite zone 
sep a rates the Trafton and Bulson. Fos sil ages in the
study area in clude Mid dle Ju ras sic radio lar ians from
metachert (age site 5 on plate; D. L. Jones, writ ten
commun., 1977, to Whetten and oth ers, 1988), Early
Tri as sic cono donts from a tec tonic block or bed of
lime stone (age site 6 on plate; A. S. Har ris, writ ten
commun., 1980, to Whetten and oth ers, 1988), and
Early and Mid dle Penn syl va nian cono donts from a tec -
tonic block or bed of lime stone (age site 7 on plate; A.
S. Har ris, writ ten commun., 1980, to Whetten and oth -
ers, 1988). These ages are con sis tent with fos sil ages
(Mis sis sip pian–Early Ju ras sic) else where in the
Trafton se quence. For ex am ple, Danner (1966) has
iden ti fied Perm ian Tethyan fusu linids in lime stone
pods south of the study area. Re gion ally, most Trafton

metachert yields radiolarian ages rang ing mostly from
Tri as sic to Ju ras sic. Al though the crit i cal con tact re la -
tions are typ i cally con cealed, the gen er ally Me so zoic
age of the Trafton metacherts con trasts with the mostly
Pa leo zoic age of Trafton lime stones and sug gests that
at least some of the lime stones are olistostromal (that
is, an cient sub ma rine land slide de pos its that have cha -
ot i cally jux ta posed blocks of var i ous ages as a re sult of
slid ing). Al ter na tively, lime stones are ex otic sed i men -
tary blocks of dis pa rate age that have been tec toni cally
mixed with metachert dur ing mélange for ma tion. (this
study; Danner, 1957; Dethier and Whetten, 1980;
Marcus, 1981; Ta bor and oth ers, 2002; Dragovich and
oth ers, 2004)

JŠmvt Greenstone (Ju ras sic to Tri as sic)—Metabasalt and
green metatuff with mi nor thin interbeds of metachert
lo cally; green stones con tain pheno crysts of plagio clase 
and clinopyroxene; meta mor phic min er als in clude
chlorite, pumpellyite, epidote, prehnite, and cal cite;
con tains amygdules and forms pil lows or mas sive
flows. (this study; Dethier and Whetten, 1980; Dethier
and oth ers, 1980)

‡I Meta-in tru sive (Pa leo zoic)—Me dium to coarse-
grained hornblende metaquartz diorite, metadiorite
with mi nor pyroxene metagabbro, and rare horn -
blendite; (quartz) diorite typ i cally con tains hornblende
(lo cally actinolized), blocky plagioclase ± pyroxene
and mi nor quartz; meta mor phic min er als in clude well-
formed actinolite, epidote, chlorite, and pumpellyite
(in veins); mas sive to weakly fo li ated, com monly with
zones of vein ing, (proto)myloniti zation, or cataclasis,
par tic u larly near faults. Discrim inant di a gram anal y ses 
of two coarse-grained diorites (SiO2 51–52%; sites 22–
23 on plate) in di cate a subalkaline vol ca nic (is land) arc
in tru sive set ting. This dif fers from the intraplate oce -
anic is land ba salt geo chem is try of the East ern mélange
belt (Dragovich and oth ers, 2004; Ta bor, 1994) and im -
plies that these meta-intrusives are fault-bounded tec -
tonic blocks un re lated to most or all of the vol ca nic
rocks in the East ern mélange belt or Trafton Se quence.
A nearly con cor dant U-Th-Pb zir con age of 315 to 320
Ma in di cates a Penn syl va nian in tru sive age for this
body (age site 8 on plate; R. E. Zartman, writ ten
commun., 1980, to Whetten and oth ers, 1988). Sim i lar
quartz diorite as so ci ated with the Trafton se quence
(Danner, 1966) south east of the study area has been
dated as mid dle Pa leo zoic (R. E. Zartman, writ ten
commun., 1978, to Whetten and oth ers, 1988).

Tertiary to Recent Tectonic Zones

tz Tec tonic zones (Ter tiary to Re cent)—Protomylonite,
my lon ite, cataclasite, fault brec cia, and slickensided
and frac tured rocks in fault zones. Con tains ex otic tec -
tonic blocks of protomylonitized and al tered quartz
diorite in the DDMFZ near Dev ils Lake (sites 24–25
plate). These ex otic blocks are petro graphi cally vari -
able but typ i cally con tain plagioclase ± hornblende,
and meta mor phic or sec ond ary xenomorphic epidote,
po tas sium feld spar, chlorite, and quartz. On the ba sis of 
geo chem is try and pe trog ra phy, we sug gest that these
 bodies are fault slices of the Hel ena–Hay stack meta-
intrusives and (or) al tered Ter tiary hypa bys sal in tru -
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sive bod ies re lated to unit Evr. These quartz diorites are 
not likely unit ‡I as sug gested by Dethier and Whetten
(1980). Site 26 is one of the no ta ble ar eas of mylo -
nitization and sili ci fi ca tion (76% SiO2) found along the 
in for mally named McMurray fault zone. Prob a ble
sheared Qua ter nary sed i ment in the DDMFZ main
strand is in cluded in unit tz. (See ‘Darrington–Dev ils
Moun tain Fault Zone’.) (this study; Lovseth, 1975)

DARRINGTON–DEVILS MOUNTAIN 
FAULT ZONE

Introduction

The Darrington–Dev ils Moun tain fault zone (DDMFZ) has
likely been ac tive in the Ho lo cene. We first de scribe the gen eral
age and struc tural at trib utes of the DDMFZ and then of fer some
in di rect and di rect ev i dence for Ho lo cene fault off set in the
DDMFZ. See plate for age and other site lo ca tions.

Tertiary Bedrock Structures

The DDMFZ ex tends from south west of Darrington to west of
Whidbey Is land where it may be come the Leach River fault on
Van cou ver Is land, B.C. The fault zone di vides the North west
Cas cades Sys tem on the north from the East ern and West ern
mélange belts on the south (Dragovich and oth ers, 2002b,c,d,
2003a,b, 2004; Ta bor, 1994) and has a com plex dis place ment
his tory be gin ning in the mid-Eocene (or per haps the mid-Cre ta -
ceous) and con tin u ing to the Re cent (Ta bor, 1994; John son and
oth ers, 2001). Ter tiary left-lat eral strike-slip off set is well dem -
on strated for the DDMFZ by the ge om e try of boudins,
extensional veins, stretched clasts, slickenlines, and S-C in ter -
sec tions in gouge and sheared rocks along the main strand
(Dragovich and oth ers 2002c, 2003a,b, 2004; Lovseth, 1975;
Ta bor, 1994). The Ter tiary DDMFZ is up to 8 mi wide and con -
tains many an ti thetic and syn thetic faults and en ech e lon fold
axes. The cur va ture of the DDMFZ an ti thetic faults and en ech e -
lon fold axes, where they merge with the main strand, also in di -
cates left-lat eral Ter tiary off set (plate; Dragovich and oth ers,
2002c, 2003a,b, 2004). Left-lat eral mas ter faults such as the
Rock Creek, Pilchuck Creek, and Day Lake fault zones par al lel
the main strand of the DDMFZ (this study; Dragovich and oth -
ers, 2004). These an ti thetic and syn thetic faults par ti tion the
DDMFZ into nu mer ous im bri cate tec tonic blocks with var i ous
struc tural at trib utes. For ex am ple, some blocks ap pear to be
dom i nated by flower or strike-slip thrust du plex struc tures (this
study; Dragovich and oth ers, 2000b, 2002, 2003a,b, 2004,
2005). Some up right to over turned fold axes in blocks near the
main strand have ge om e tries con sis tent with oblique to pure re -
verse fault ing or thrust ing. How ever, the over all style of most
faults and folds is con sis tent with a left-lat eral transpressional
fault zone in the Ter tiary.

Right-lat eral an ti thetic faults, such as the Mount Wash ing -
ton and McMurray fault zones in the McMurray quad ran gle, are
subparallel to the gen er ally north west-trending en ech e lon fold
axes (Fig. 1). The McMurray fault zone (named herein) fol lows
the val ley south east of Lake McMurray and is lo cally char ac ter -
ized by zones of mylonitization and cataclasis. This struc tural
zone ap pears to be a fam ily of ma jor and mi nor right lat eral-re -
verse slip faults that sep a rate older and youn ger rocks of Bulson
Creek. The McMurray fault zone ter mi nates into a zone of re -
verse fault ing; this re verse fault is part of a fam ily of east–west
trending re verse faults that up lifted pre-Ter tiary bed rock and
older ma rine Bulson Creek rocks (see plate). (See unit …Ecbs.)

We sus pect that the north west-trending Lake McMurray fault is
a ma jor Cas cade Moun tains bound ing fault that may ex tend con -
sid er ably south of the study area; per haps as far as the
Skykomish River where the struc ture may cor re late with the
Lake Chap lain fault (for ex am ple, Cheney, 1987).

The Eocene and Oligocene strati graphic re cord in di cates
that the broad DDMFZ has a com plex Ter tiary strike-slip his -
tory. The strati graphic re la tions around the main strand of the
DDMFZ sug gests that this mas ter fault has been dom i nantly
both a compressional and extensional struc ture in this area. For
ex am ple, there was no ob vi ous ac tive Ter tiary DDMFZ off set
dur ing the Early Eocene de po si tion of the east erly de rived Coal
Moun tain unit into an open me an der ing-river ba sin. The lack of
Chuckanut strata be tween the pre-Ter tiary bed rock and the
rocks of the Bulson Creek south of the main strand in the study
area is ten ta tively as cribed to early Mid dle Eocene ero sion of
the Chuckanut as a re sult of the up lift and emer gence of mélange 
belt high lands south of the main strand; these up-thrust blocks
be came sed i ment sources. Emer gence was con tem po ra ne ous
with the de po si tion of the up per (Mid dle Eocene) Chuckanut
units, which have a lo cal prov e nance and paleocurrent in di ca -
tors con sis tent with ini ti a tion of ba sin-bound ing par ti tion faults
along the DDMFZ (Ev ans and Ristow, 1994; Dragovich and
oth ers, 1997, 2004, 2003a,b). This im plies strike-slip trans -
pressional fault ing with an oblique south-side-up com po nent.
Mid dle Eocene to ear li est Oligocene vol ca nic rocks are pre -
served in lo cal strike-slip bas ins formed at this time. De po si tion
of the Bulson Creek con glom er ate fa cies only south of the main
strand sug gests oblique south-side-down transtensional strike-
slip fault ing along the main strand in the later Eocene to Early
Oligocene. Sub se quent DDMFZ re verse fault ing, ev i dent in the
McMurray quad ran gle (see plate), up lifted older volcanolithic
ma rine fa cies of the Bulson Creek unit as well as pre-Ter tiary
bed rock of the Trafton se quence. This fault ing post-dates de po -
si tion of the youn ger con glom er ate fa cies of the Bulson Creek
and is in ter preted to be the re sult of re newed transpression in the 
DDMFZ in post-Eocene time. Sev eral un knowns re main in this
model for Ter tiary move ment. For ex am ple, what are the ages
and ki ne matic roles of the many syn thetic and an ti thetic fault
strands in the broad DDMFZ? Was there a stress change on the
DDMFZ in the mid dle Eocene? Al ter na tively, per haps the ev i -
dence for a change in vergence in the Ter tiary re cord a more lo -
cal re sponse of var i ous blocks in this broad strike-slip sys tem to
lo cal stress-strain con di tions such as trans pressional step-overs
and sim i lar types of trans fer struc tures along the length of the
fault.

Evidence for Holocene Offset

MISCELLANEOUS EVIDENCE

Al though fur ther work is re quired, we of fer some in di rect and
di rect strati graphic, struc tural, geo phys i cal, and geomor phic ev -
i dence for Ho lo cene off set in the DDMFZ. (Also see Ta ble 1.)
Re cent ac tiv ity along the DDMFZ has been con cen trated along
the main strand of the fault, with per haps some ad di tional off -
sets along nearby an ti thetic and syn thetic seg ments (this study;
Dragovich and oth ers, 2003a,b, 2004, 2005). Avail able strati -
graphic and geo phys i cal ev i dence is most con sis tent with re -
verse fault off set of the main strand, with per haps some
transpressional left-lat eral strike-slip or oblique move ment. For
ex am ple, the map dis tri bu tion of Ho lo cene and Pleis to cene de -
pos its sug gests that lower strati graphic lev els have been up lifted 
along and south of the main strand and in di rectly im plies over all 
south-side-up re verse fault ing (Ta ble 1). In the pres ent study
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Fig ure 1. Stereonet plots of bed ding ori en ta tion for Ter tiary rocks and 
Qua ter nary gla cial de pos its in the study area. Data is con toured us ing
the Gaussi an (k=100) method with con tour in ter vals of 0, 2, 6, 8…12
per cent/1 per cent area. Ter tiary rock bed ding at ti tudes are de rived
from this study, Marcus (1981), Dethier and Whetten (1980), Jenkins
(1924), and Hopkins (1931). We plot ted bed ding for the Chuckanut For -
ma tion, rocks of Bulson Creek, and Qua ter nary de pos its. The “All Ter -
tiary” net com bines bed ding at ti tudes for the Chuckanut For ma tion and
rocks of Bulson Creek, as well as the Eocene volcanics (unit Evr). “Qua -
ter nary” in cludes bed ding from Fra ser gla cial and Olym pia nonglacial
de pos its (see plate). Ter tiary rocks are folded along north west- to west-
north west-trending fold axes (see plate). Ter tiary bed ding ad ja cent to
the main strand of the DDMFZ par al lels this east–west struc ture as a
 result of strike-slip dis place ment and (or) later re verse-fault com -
pressional fold ing. The rocks of Bulson Creek mostly dip gently or mod -
er ately to the south west but are more tightly folded near the main strand 
of the DDMFZ. North west-trending, steeply dip ping bed ding also oc -
curs in rocks and tec tonic zones (unit tz) ad ja cent to faults that are an ti -
thetic to the DDMFZ, such as the McMurray fault zone.



area, we re gard the oc cur rence of both an cient Pilchuck Creek
al lu vium (unit Qco) and older al lu vium (unit Qoa) as ev i dence
for ep i sodic, south-side-up DDMFZ fault ing. These de pos its
oc cur in ter races as ero sional rem nants of old Pilchuck Creek al -
lu vium (site 6 area on plate). Anom a lous el e vated ad vance lake
de pos its di rectly south of the main strand (for ex am ple, site 27
on plate) are also con sis tent with re gional map data im ply ing
Ho lo cene re verse fault ing and up lift (Ta ble 1). This up lift is as -
so ci ated with tilt ing of Pleis to cene strata on Whidbey Is land;
Dragovich and oth ers (2005) re lated this de for ma tion to Ho lo -
cene growth fold ing within the DDMFZ.  (See tilted Qua ter nary
bed ding on plate and Fig ure 1.) Sim i lar up lift and an ti cli nal
fold ing of Olym pia beds di rectly south of the main strand are in -
ferred by Dragovich and oth ers (2004) di rectly east of the cur -
rent study area. Ho lo cene off set is also con sis tent with the sub -
tle but ap par ent trun ca tion of lidar-de fined gla cial flut ing in the
study area (Fig. 2). Al though flutes are not as de fin i tively off set
as doc u mented for some other ac tive faults in the Puget Low -
land, the ob ser va tion that gla cial flutes or drum lins do not cross
the DDMFZ main strand in di rectly im plies ac tive fault ing.
Other prob a ble in di rect ev i dence for Ho lo cene move ment along 
the main strand in cludes an anom aly along the Pilchuck Creek
river pro file where the main strand crosses the river (Fig. 3). 

Re gional earth quake fo cal mech a nisms in di cate that the
DDMFZ is likely cur rently un der al most pure north–south com -
pres sion (Ma and oth ers, 1996; Van Wag oner and oth ers, 2002).
Zollweg and John son (1989) de fined the ac tive Darrington seis -
mic zone east of the study area us ing a lo cal por ta ble seis mom e -
ter ar ray (Ta ble 1). Their hypocenter and fo cal-mech a nism data
im ply an ac tive south-side-up thrust fault for the main strand.

Dragovich and oth ers (2003a) cor re lated the Darrington seis mic 
zone and Pa cific North west Seis mic Net work (PNSN) data with
the main strand and in ferred that the main strand shal lows south -
ward into a gently south-dip ping re gional décollement. Us ing
rel a tively poor qual ity PNSN hypocenter data, we also in fer that 
the main strand shal lows into a re gional décollement in the cur -
rent study area (Fig. 4). The high-an gle Mount Wash ing ton seis -
mic zone of Dragovich and oth ers (2004) in cludes a tight clus ter 
of re cent shal low earth quakes di rectly east of the cur rent study
area. The Mount Wash ing ton fault in ter sects the DDMFZ main
strand in the study area (see plate). We spec u late that trans -
lational Mount Wash ing ton fault zone mo tion has re sulted in
some ac tive trans fer of off set to the DDMFZ. This ac tiv ity ap -
pears to have re sulted in the shallowing of the DDMFZ into
thrust ge om e try; note the shallowing of the main strand on plate
from a re verse struc ture east of the Mount Wash ing ton fault to a
thrust west of the fault. We note here that some hypocenters may 
also clus ter around the sim i larly ori ented, high-an gle
McMurray fault zone.

TRENCH EVIDENCE

Di rect ev i dence for Ho lo cene off set of the main strand is ob -
tained from our re in ter pre ta tion of the trench data ac quired by
Puget Power (1974). (See Crosby and oth ers [1986] and Adair
and oth ers [1989] for an al ter na tive in ter pre ta tion.) Puget Power 
ex ca vated ten trenches (to tal ing 2137 lin ear ft) to a depth of 13
to 22 ft. Trenches are lo cated at sites 28, 29, and 30 (see plate),
as well as around Cross Sec tion B. The “cell tower trench” (site
29 on plate) tra versed the main strand and ex posed 15 ft of mas -
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Stratigraphic, geophysical, or geomorphic evidence Reference

A. Uplifted(?) older alluvium (unit Qoa) in the Stimson Hill quadrangle north of the DDMFZ main strand may indicate
overall uplift across parts of the DDMFZ. Older alluvium in the Pilchuck Creek drainage may be related to overall uplift
of the basin south of the DDMZ main strand. Radiocarbon-dated unit Qoa peat from an inset Holocene terrace in the
Stimson Hill quadrangle suggests mid-Holocene or younger uplift north of the DDMFZ main strand. More widespread
unit Qoa south of the DDMFZ in the Oso and Mount Higgins quadrangles may also be due to uplift and incision of the
valley south of the DDMFZ. Latest Pleistocene laharic valley-fills thin abruptly where the DDMFZ crosses the North
Fork Stillaguamish River area, indicating south-side-up Holocene uplift and erosion after about 5 ka. (Compare the
Darrington, Fortson, Oso, Mount Higgins, and Stimson Hill quadrangles.) Holocene uplift and erosion are implied by the
absence of laharic valley fills where the DDMFZ crosses the North Fork Stillaguamish River, despite occurrences of
latest Pleistocene lahar deposits on both sides of the fault zone. 

Dragovich and others,
2002a,b, 2003a,b, 2004

(site 21); this study 

B. Direct observation of outcrop-scale sheared Pleistocene strata along the DDMFZ main strand in the Oso, Stimson Hill,
and McMurray quadrangles. Moderate to poor outcrop exposure at these sites typically precludes a definitive assignment
of the deformation with Holocene DDMFZ displacement.

Dragovich and others, 2003b 
(site 8), 2004 (site 29);

this study (sites 29 and 31)

C. A high-resolution seismic survey by previous workers imaged about 10 to 16 ft of vertical offset of Holocene and late-
glacial recessional lake sediments across the DDMFZ main strand at the bottom of Lake Cavanaugh in the Stimson Hill
quadrangle. The study suggested that a significant amount of strike-slip offset accompanied Holocene DDMFZ
deformation.

Naugler and others, 1996; 
cross sections B and C of

Dragovich and others, 2004

D. Hypocenter and focal-mechanism geometry in the Darrington seismic zone implies an active south-side-up thrust-fault
zone striking N80°W ±20°, dipping south at 40° ±15°, with a strike length of at least 6 to 12 mi. The dip of the main
strand probably shallows at depth (Fig. 4).

Zollweg and Johnson, 1989;
cross section C of 

Dragovich and others, 2003a

E. The occurrence of sand dikes in glacial deposits indirectly implies liquefaction in the study area. Liquefaction features 
in Vashon and Everson glacial deposits are also observed in the Stimson Hill, Oso, and Mount Higgins quadrangles.
Differential erosion of Everson Interstade recessional deposits south of the DDMFZ main strand and resultant exposure
of older Pleistocene deposits may hypothetically have been aided by earthquake-generated liquefaction and landsliding,
including laterally spreading. Resultant low-density deposits would be highly susceptible to accelerated surface erosion
and removing by a variety of mass-wasting agents, including rilling.

this study
(critical sites 5, 32–35);
Dragovich and others,

2003a,b, 2004

Ta ble 1. Some of the ev i dence for Ho lo cene off set along the Darrington–Dev ils Moun tain fault zone (DDMFZ) ob served re gion ally. The Oak Har -
bor, Cres cent Har bor, McMurray, Stimson Hill, Conway, Oso, and Mount Hig gins quad ran gles are the 7.5-min ute scale geo logic maps cited in the
ref er ences col umn (see map in dex on plate). Most ev i dence is con sis tent with an over all south-side-up off set for the DDMFZ main strand (for ex am -
ple A, B, and D). Some ev i dence im plies gen eral ver ti cal tectonism with sig nif i cant strike-slip move ment (for ex am ple, C). Other ev i dence is am big -
u ous or im plies gen eral up lift (dom ing) of the broad DDMFZ and (or) an over all north-side-up off set for the DDMFZ main strand (for ex am ple, up lift
ter races north of the main strand cited in A).
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Fig ure 2. Lidar im age of the McMurray quad ran gle (ver ti cal ex ag ger a tion 6x). The main strand of the DDMFZ forms a dis tinct geomorphic lin ea -
ment in the study area. Note the oc cur rence of Pilchuck Creek flu vial ter races di rectly south of the DDMFZ along the east ern edge of the study area.
We sug gest that some of stranded al lu vium is the re sult of up lift south of the DDMFZ as a re sult of Ho lo cene re verse fault ing. Lidar was not avail able 
for the en tire quad ran gle—rect an gles with lower res o lu tion in the lower right and up per left cor ners are ar eas filled in with a dig i tal el e va tion model
(DEM) el e va tion data. Lidar is a bare-earth dig i tal el e va tion model (DEM) avail able from the Puget Sound Lidar Con sor tium (http://
pugetsoundlidar.ess.wash ing ton.edu/).



sive bouldery grav elly silty clay (diamicton) with sand stone,
greenstone,  mottled clay, gran ite, phyllite, con glom er ate, and
siltstone clasts. The trench site is lo cated on a bed rock ridge
with thin patches of Vashon till. Ex cel lent bed rock ex po sures
around the ridge in di cate that main strand is a south-dip ping re -
verse or oblique-slip fault that sep a rates rocks of Bulson Creek
from the Chuckanut For ma tion. Puget Power re cov ered three
or ganic sam ples from the trench. One sam ple was in suf fi cient
for dat ing. How ever, the other two sam ples were dated at 22,610 
±800 and 31,500 +2400/–1800 14C yr B.P., from depths of 8 and
10 ft, re spec tively. The trench diamicton is not a gla cial de posit
as in di cated by (1) the soft ness of the diamicton, in clud ing the
re port of void spaces; (2) the oc cur rence of organics; and (3) the
trench po si tion on a bed rock ridge. That is, the lack of com pac -
tion in di cates that the diamicton is post-Vashon in age and not
lodg ment till. A re ces sional gla cial or i gin for the diamicton (for
ex am ple, flow till) is also un likely given the or ganic-rich na ture
of the diamicton as well as the lack of field ev i dence for Everson 
re ces sional de pos its, such as a flow till, on this steep bed rock
ridge. (Or ganic ma te ri als are rare in gla cial de pos its, but com -
mon in nonglacial se quences due to the rel a tively high or ganic
pro duc tiv ity dur ing nonglacial in ter vals.) Also, the de posit is
not a land slide, due to the lack of Olym pia-age source ma te ri als
near or above the trench; that is, there is no nearby source for the 
an cient organics in the de posit. The trench diamicton is sim i lar
to soft silty clay diamicton that we ex ca vated with hand tools
from a roadcut on the main strand di rectly east of the cell tower
trench (site 31 on plate). Site 31 con tains sim i lar subrounded
gravel clasts of gran ite, quartz ite, and greenstone, with an gu lar
sand stone and con glom er ate frag ments. The oc cur rence of ex -
otic clasts sug gests a gla cial de posit source, such as Vashon gla -
cial till. We in ter preted this soft diamicton as tec toni cally mixed 
fault gouge and Vashon till. The in ter pre ta tion that the nearby
trench diamicton is like wise fault-re lated ex plains both the
anom a lous “oc cur rence of two sam ples 9,000 yrs apart in age at
the same el e va tion, and only 5 ft apart” as noted by Puget Power
(1974). It also ex plains the spa tial cor re spon dence of this un -
usual diamicton with the main strand. The trench diamicton is

sim i larly in ter preted to be a tec tonic mix ture of sheared gla cial
till, or ganic-rich fault col lu vium or paleosol of Olym pia
nonglacial age, and Ter tiary sed i men tary-rock fault gouge. This 
in ter pre ta tion pro vides di rect ev i dence for post-Pleis to cene off -
set along the main strand of the DDMFZ sim i lar to our di rect ob -
ser va tion of de formed Fra ser gla cial de pos its in mod er ately to
poorly ex posed ar eas along the main strand (Ta ble 1).

Puget Power (1974) also dug seven trenches and bored eight
ex plor atory drill holes (55–89 ft depth) across the DDMFZ main 
strand in the north-cen tral part of the study area. Cross Sec tion
B is our in ter pre ta tion of this in for ma tion. The main strand is
well con strained in this area by the trench, drill hole, and lidar
(LIght Dis tance And Rang ing) in for ma tion as well as our lo cal
map ping. Re cent lidar im ages of the area show two east–west-
trending scarps along the main strand that we in ter pret to be
fault scarps (Fig. 5). The trench logs show a prom i nent off set of
the gla cial and nonglacial de pos its where the most prom i nent
scarp meets the trenches. This off set was in ter preted as a Ho lo -
cene slump by Puget Power (1974). How ever, a land slide or i gin
is un likely given the lin ear ity of the scarps, com bined with the
near co in ci dence of the lin ea ments with the main strand. Also,
the scarps are oblique to, and far re moved from, the clos est steep 
slopes and thus are not eas ily re lated to downslope move ment.
We re in ter pret these fea tures as Ho lo cene fault (graben) scarps.
Al though un rec og nized by Puget Power (1974), Vashon ad -
vance lake de pos its widely oc cur in this area (see unit Qglv and
plate). We cor re late dense, mas sive to thinly bed ded silt, clayey
silt, fine sand, and sandy silt with scat tered gravel, de scribed in
the trench and drill ing logs, with ad vance lake de pos its, in clud -
ing the dis tinc tive dropstone diamictons of this fa cies. Puget
Power (1974) ob tained a 14C age of 14,725 ±470 yr B.P. from
faintly bed ded silty sand with oc ca sional (dropstone) peb bles
(age 1, Cross Sec tion B). The age likely di rectly dates the ad -
vance lake sed i ments and is not an “anom a lous” age as for -
warded by the orig i nal in ves ti ga tors. The age also im plies that
unfaulted Olym pia de pos its do not over lie the main strand of the 
DDMFZ as un dis turbed, onlap ping strata as sug gested by
Crosby and oth ers (1986) and Adair and oth ers (1989). Puget
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Power (1974) also di rectly dated Olym pia beds in the trenches.
They ob tained 14C ages of 35,030 +3340/–2350 yr B.P. from a
paleosol and >37,000 yr B.P. from a de cayed wood frag ment in
dense sand and silt (ages 2 and 3, Cross Sec tion B). The wide
zone of bed rock fault gouge found along the main strand in the
trenches (unit tz on Cross Sec tion B) is com mon along the main
strand else where (this study; Dragovich and oth ers, 2002c).
Strati graphic re la tions in the trenches, such as the V-shaped

con tacts in the pre-Vashon geo logic units, in di cate that the main
strand here was a paleovalley formed as a re sult of ero sion into
the soft fault gouge prior to the last gla ci ation (Cross Sec tion B). 
The Olym pia beds that were dated are an cient stream sed i ments
and paleosols de pos ited in this paleovalley. Vashon Stade gla -
cial de pos its sub se quently bur ied this an cient ba sin. Our in ter -
pre ta tion of the strati graphic re la tions across the main strand
here sug gests an over all south-side-up re verse off set along the
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DDMFZ main strand; some strike-slip off set is sug gested by the
strati graphic thick ness vari a tions ev i dent in Cross Sec tion B.
Re verse fault com pres sion re sulted in the for ma tion of a graben
struc ture in the hang ing wall. Such sec ond ary extensional faults
in the hang ing wall of ac tive thrusts and re verse fault sys tems
are mapped else where in Wash ing ton State (West and oth ers,
1996). When all the data are con sid ered, our con clu sion is that
the DDMFZ is an ac tive and long-lived fault zone.
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