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ABSTRACT trend for reset samples from the Olympic sub- used to construct a contour map of long-term
duction complex. Microprobe data suggest that exhumation rates for the Olympic Peninsula.

The apatite fission-track method is used to the apatites that make up the minimum-age The average rate for the entire peninsula is
determine the exhumation history of the fraction are mostly fluorapatite, which has the ~0.28 km/m.y., which is comparable with mod-

Olympic subduction complex, an uplifted part lowest thermal stability for fission tracks ern erosion rates (0.18 to 0.32 km/m.y.) esti-

of the modern Cascadia accretionary wedge. among the common apatites. mated from sediment yield data for two major

Fission-track ages are reported for 35 sand- Reset minimum ages are all younger than rivers of the Olympic Mountains.

stones from the Olympic subduction complex, 15 Ma, and show a concentric age pattern; the  We show that exhumation of this part of the

and 7 sandstones and 1 diabase from the Coastyoungest ages are centered on the central Cascadia forearc high has been dominated by

Range terrane, which structurally overlies the massif of the Olympic Mountains and progres- erosion and not by extensional faulting.

Olympic subduction complex. Most sandstone sively older ages in the surrounding lowlands. Topography and erosion appear to have been

samples give discordant results, which means Unreset localities are generally found in coastal sustained by continued accretion and thicken-

that the variance in grains ages is much greater areas, indicating relatively little exhumation ing within the underlying Cascadia accre-
than would be expected for radioactive decay there. Using a stratigraphically coordinated tionary wedge. The rivers that drain the
alone. Discordance in an unreset sample is suite of apatite fission-track ages, we estimate modern Olympic Mountains indicate that
caused by a mix of detrital ages, and in a reset that prior to the start of exhumation, the base most of the eroded sediment is transported
sample is caused by a mix of annealing proper- of the fluorapatite partial annealing zone was into the Pacific Ocean, where it is recycled
ties among the detrital apatites and perhaps by located at ~100 °C and ~4.7 km depth. The tem- back into the accretionary wedge, either by
U loss from some apatites. Discordant grain- perature gradient at that time was 19.6 + tectonic accretion or by sedimentary accumu-
age distributions can be successfully inter- 4.4 °C/km, similar to the modern gradient in  lation in shelf and slope basins. The influx of
preted by using the minimum age, which is the adjacent parts of the Cascadia forearc high. accreted sediments is shown to be similar to
pooled age of the youngest group of concordant ~ Apatite and previously published zircon the outflux of eroded sediment, indicating that
fission-track grain ages in a dated sample. The fission-track data are used to determine the the Olympic segment of the Cascadia margin
inference is that this fraction of apatites has the exhumation history of the central massif. Sedi- is currently close to a topographic steady
lowest thermal stability, and will be the firstto  mentary rocks exposed there were initially state. The record provided by our fission-
reset on heating and the last to close on cooling. accreted during late Oligocene and early Mio- track data, of a steady exhumation rate for the

Comparison of the minimum age with deposi- cene time at depths of 12.1-14.5 km and tem- central massif area since 14 Ma, suggests that

tional age provides a simple distinction between peratures of ~242—289 °C. Exhumation began this topographic steady state developed within

reset samples (minimum age younger than at ca. 18 Ma. A rock currently at the local several million years after initial emergence of
deposition) and unreset samples (minimum age mean elevation of the central massif (1204 m) the forearc high.

older than deposition). The success of the would have moved through thea-damaged

minimum-age approach is demonstrated by its zircon closure temperature at about 13.7 Ma INTRODUCTION

ability to resolve a well-defined age-elevation and ~10.0 km depth, and through the fluorap-

- atite closure temperature at about 6.7 Maand  Much of the forearc region of the Cascadia
*E-mail: mark.brandon@yale.edu. ~4.4 km depth. On the basis of age-elevation margin is subaerially exposed; the highest topog-
'Present address: Center for Earth and Envirogrends and paired cooling ages, we find that the raphy coincides with a coastal mountain range

gzﬂtsagusrg;]e’nsgst‘t’sibaéeh}Jﬁgﬁrf(g?kolfz';gvl\’; Z‘_’;faﬁ:&xhu_mation_ rate in the central massif _has (Fig. 1A) extenc_iing from the Klamath Mountains

rodentmk@splava.cc.plattsburgh.edu. remained fairly constant, ~0.75 km/m.y., since of northern California and southwestern Oregon,
SE-mail: garverj@idol.union.edu. at least 14 Ma. Apatite fission-track data are the Coast Range of western Oregon and Wash-
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ington, and the Insular Range of Vancouveassuming continued uplift beneath the forearance of 750 km, from southwest Oregon to the
Island. This high separates a relatively continthigh. Thus, our local results provide important ineontinental shelf west of central Vancouver Island
ous forearc depression to the east (Willamettsights for how exhumation might occur at emerfWells et al., 1984; Clowes et al., 1987). It con-
Puget and Georgia lowlands in Fig. 1A) from th@ent forearc highs at other convergent marginsists of a thick fault-bounded slab of lower
accretionary wedge offshore to the west. The In a previous study, Brandon and Vance (199Focene oceanic crust and an overlying marine
Cascadia forearc high is similar to uplifted foreidentified a small area within the central anclastic sequence, informally known as the Periph-
arc highs found at other mature continental comnost elevated part of the Olympic Mountaingral sequence. The ophiolitic basement of the
vergent margins, such as Kodiak Island of thehere detrital zircons in sandstones of th€oast Range terrane may have originated by colli-
east Aleutian margin, Shikoku of the southeasdlympic subduction complex were reset to a fission of an intra-Pacific seamount province or by
Japan margin, the Island of Crete of the Hellenision-track age of about 14 Ma. They estimatedtzackarc or forearc rifting at the North American
margin, southern Iraq and western Pakistan of tmeaximum depth of exhumation of ~12 km andnargin (Wells et al., 1984; Clowes et al., 1987;
Makran margin, and northeast New Zealand an average exhumation rate of ~1 km/m.y. HowBabcock et al., 1992). The suture boundary along
the Hikurangi margin. Dickinson and Seelyever, zircon fission-track ages provide only @he inboard side of the Coast Range terrane is not
(1979) referred to these as ridged forearcsestricted view of exhumation in the Olympicexposed, except on southernmost Vancouver
Ancient subduction complexes also show eviMountains because the reset area for zircon is &land, where it corresponds to the Leech River
dence of ridged forearc highs, such as the Frasmall. We anticipated that apatite fission-trackault. Crosscutting relations exposed there
ciscan Complex of California, which becameages would give a broader picture of the patteffsroadly delimit suturing to between 42 and 24 Ma
emergent during Late Cretaceous and Paleogeaed rates of exhumation, given that apatite hagBrandon and Vance, 1992). The Leech River
time (Dickinson and Seely, 1979). lower closure temperature, ~110 °C, relative téault may have been active during late Eocene
A much debated issue these days is the formteat for zircon, which is ~240 °C. time, as indicated by conglomerates shed south-
tion and exhumation of high-pressure metamor- In this paper we report 43 new apatite fissionwestward from uplifted pre-Tertiary rocks north
phic rocks, the forearc high being a common siteack ages for locations covering most of thef the Leech River fault on Vancouver Island. The
where these rocks are unroofed. The margi®lympic Peninsuld.These data are used toconglomerates are found in the Lyre Formation,
beneath most ridged forearc highs is commonii) determine a detailed exhumation history fowhich is exposed in the Peripheral sequence on
thick enough to produce high-pressure metamaifie central part of the Olympic Mountains uplift;the north side of the Olympic Peninsula. The Lyre
phic rocks. For example, the Olympic Mountaing2) map out the regional pattern of exhumatiohas a depositional age of about 38 Ma (unreset
are underlain by ~30 km of accreted sedimentaig order to identify potential structural breakdission-track minimum age for detrital zircons,
rocks (Brandon and Calderwood, 1990), whiclproduced by extensional faulting; and (3) comreported in Garver and Brandon, 1994).
indicates metamorphic pressures of as much pare average long-term exhumation rates with The Cascadia accretionary wedge formed out-

800 Mpa. A critical question is how these rocksnodern erosion rates. board of the Coast Range terrane and has grown
are returned to the surface. One popular interpre- by frontal accretion and underplating (Clowes
tation is that exhumation occurs primarily by tecREGIONAL SETTING et al., 1987; Brandon and Calderwood, 1990).
tonic processes, such as normal faulting and It underlies most of the offshore continental

ductile thinning (e.g., Platt, 1986, 1987, 1993; The Cascadia forearc is underlain by foumargin and is locally uplifted and exposed in the
Jayko et al., 1987; Cashman and Kelsey, 199t&ctonostratigraphic units (Fig. 2) (Brandon an®lympic Mountains (Stewart, 1970; Rau, 1973;
Harms et al., 1992; Wallis et al., 1993). Erosiovance, 1992). The two inboard units, labeled préFabor and Cady, 1978a, 1978b), where it is
must also play a role, but its contribution haJertiary continental framework and displacecknown as the Olympic subduction complex
received less attention. Mesozoic terranes, were assembled along tt{Brandon and Vance, 1992) (Fig. 2).

In this paper we use detailed fission-track datslorth America margin during Late Cretaceous The modern configuration of the margin,
from the Olympic subduction complex to studyand Paleogene time. Subsequent accretion hiasluding a subduction zone west of the Coast
exhumation processes operating in the Olymp@dded two outboard units: the Coast Range tdRange terrane, was considered by Brandon and
Mountains. Uplift and erosion are active along theane and the Cascadia accretionary wedge.  Vance (1992) to have originated in latest Eocene
entire length of the Cascadia forearc high. The The Coast Range terrane extends over a digme (ca. 35 Ma). This interpretation contrasts
Olympic Mountains appear to have been the first with earlier syntheses that infer initiation of Cas-
area to have emerged above sea level, starting-e———— o ) cadia subduction at ca. 50 Ma (e.g., Wells et al.,
Miocene time (Brandon and Calderwood, 1990, _ CSA Data Repository item 9865, location, geo gg4: Heller et al., 1987; Snavely, 1987). A ca. 35
. graphic setting, and fission-track data for apatite sam-,_~."... . . . )
a_lt preseqt, this area showg th_e greatest exhunpleS’ is available on request from Documents Sec?é/_la |r_1|t|at|on is indicated by: (1) the ca. 38 Ma.
tion. The inference is that with time, the rest of thtary, GSA, P.0. Box 9140, Boulder, CO 80301 suturing of the Coast Range terrane to the conti-
Cascadia forearc will follow a similar history, E-mail: editing@geosociety.org. nental framework along the Leech River fault;

Figure 1. Topography and tectonic features of (A) the Cascadia margin from northern Oregon to southern Vancouver Island, and) (Be
Olympic Peninsula. Solid black lines mark major faults (see Fig. 2 for names). The solid red line marks the western limit ofsCade volcanism
(35 Ma to present). Red triangles indicate the modern Cascade volcanoes. Blue lines show the major rivers of western Washingtor(B), the
dashed red lines enclose young basins surrounding the Olympic Mountains uplift, and the black dotted line shows the shelf edligiereviations:
Lw.—lower; Up.—upper; CRT—Coast Range terrane; OSC—OIlympic subduction complex; PL—Puget Lowland, SJIF—Straits of Juan
de Fuca; WL—Willamette lowland; GL—Georgia lowland; NF—Nitnat submarine fan; and AF—Astoria submarine fan. Modern relative con-
vergence velocity is from Nishimura et al. (1984). Figures were prepared using the GMT programs (Wessel and Smith, 1991) agitadliopog-
raphy from the DNAG CD-ROM (National Geophysical Data Center, 1989; spatial resolution is 30 arc seconds onland and coarsestaife).
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(2) the initiation of the Cascade volcanic arc atre ca. 33—-39 Ma in age. From this we infer thaeamounts or oceanic plateaus (Brandon and
ca. 36 Ma (Armstrong and Ward, 1991; Brandosome, if not all, of the slip on the Hurricane Ridg€alderwood, 1990; Brandon and Vance, 1992).
and Vance, 1992), and (3) the timing of slip on th&ault is latest Eocene or younger in age.

Hurricane Ridge fault in the Olympic Mountains After initiation of the Cascadia subductionLOCAL GEOLOGY

(Fig. 2). This fault marks the boundary betweemone, plate convergence proceeded in a fairly

the Coast Range terrane and the outboasteady and continuous fashion, as indicted bgoast Range Terrane

Olympic subduction complex. The age of theplate reconstructions (Engebretson et al., 1985;

Hurricane Ridge fault is constrained by the age dfonsdale, 1988; Wilson, 1988) and the volcanic In the Olympic Peninsula, the basal unit of the
the Needles—Gray Wolf assemblage, a unit in thecord of the Cascade arc (Smith, 1989; Sherr@bast Range terrane is the Crescent Formation
Olympic subduction complex that directly underand Smith, 1989). The subduction process h&Big. 3), which is made up of pillowed and
lies the fault. Brandon and Vance (1992) showeldeen dominated by the accretion of trench sedirassive basaltic flows, locally cut by diabase
that clastic sediments of the Needles—Gray Wothent; there is no evidence for collision of largelikes and interbedded with rare pelagic limestone

Qo
(*2]
<
Juan de
Fuca
plate
~~
< 580
43 mml/yr
flIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
Selected basins of the Cascadia Forearc
UL UnconformitylllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
CASCADIA ACCRETIONARY WEDGE PRE-TERTIARY
& OLYMPIC SUBDUCTION COMPLEX CONTINENTAL FRAMEWORK
NN
COAST RANGE TERRANE NN DISPLACED MESOZOIC TERRANES

Figure 2. Generalized geologic map of the Cascadia margin in western Washington and southern Vancouver Island. The ruled gmeose the
modern basins (Miocene and younger) of the Cascadia forearc (after Shouldice, 1971; Muller, 1977; Tabor and Cady, 1978a; Spal8B7;
Johnson et al., 1994).
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and reddish mudstone (Tabor and Cady, 1978a;
Suczek et al., 1994). Its present thickness, ranging
from 2 to 15 km, is largely a result of faulting that
truncated the base of the unit and probably caused
some internal imbrication as well.

Disconformably overlying the Crescent is the
Peripheral sequence (Fig. 3), which is made up of
Eocene through lower Miocene marine clastic
strata, locally ~6 km thick (Tabor and Cady,
1978a; Snavely et al., 1980, 1993; Armentrout,
1987; Garver and Brandon, 1994). The Periph-
eral sequence is preserved in topographic and
structural lows that surround the Olympic Moun-
tains uplift, such as the Tofino and Seattle basins,
and the eastern half of the Willapa—Grays Harbor
basin (Figs. 1B and 2).

In most parts of the Oregon-Washington Coast
Range, the Coast Range terrane typically has a
gentle to horizontal attitude. However, adjacent
to the Olympic Mountains, the terrane is steeply
dipping and locally overturned (Tabor and Cady,
1978a, 1978b). The steep attitude of the Coast
Range terrane outlines the modern topography of
the Olympic Mountains (Fig. 1B) and reflects
prolonged uplift and exhumation in that area. The
Peripheral sequence is generally concordant with
the underlying Crescent Formation, which indi-
cates that the present steep attitude of the Coast
Range terrane around the Olympic Mountains
postdates deposition of the Peripheral sequence.

Olympic Subduction Complex

The Olympic subduction complex is exposed
in the core of the Olympic uplift and is separated
from the overlying Coast Range terrane by the
Hurricane Ridge fault (Figs. 2 and 4). Tabor and
Cady (1978a, 1978b) defined five major litho-
tectonic units within the Olympic subduction
complex, based mainly on sandstone petrology,
and to a lesser extent on age and deformational
style. From east to west, their units are the
Needles—-Gray Wolf, Grand Valley, Elwha, West-
ern Olympic, and Hoh lithic assemblages (Fig. 4).

Age-diagnostic fossils are very rare in most
clastic units of the Olympic subduction complex,
except for the Hoh unit. Brandon and Vance
(1992) used fission-track grain ages from unreset
detrital zircons to estimate the depositional ages of
sandstones within the Olympic subduction com-
plex. “Unreset” means that the zircons retain pre-
depositional fission-track ages related to cooling
vents in their source region. Some simple criteria
an be applied to identify samples having unreset
zircon fission-track ages from those that were re-
set by high temperatures after deposition (see
Brandon and Vance, 1992, for details). Samples
with unreset zircons were shown to contain a sig-
nificant fraction of young zircons, probably
derived from a contemporaneous volcanic source
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apatite fission-track (FT) samples (Tables 1 and 2), and are considered to be reset ages for all MR, PR, or R samples (triadiglenond, and circle,
respectively). Bold outlines indicate localities with published zircon fission-track ages (right sides of Tables 1 and 2). dbter and inner ruled
lines mark the base of the partial annealing zone for fluorapatite and-damaged zircon, respectively. Tectonostratigraphic units of Tabor and
Cady (1978a) are shown as NG—Needles—Gray Wolf, E—Elwha, GV—Grand Valley, WO—Western Olympic, and Hoh.

990 Geological Society of America Bulletin, August 1998



LATE CENOZOIC EXHUMATION, CASCADIA ACCRETIONARY WEDGE

such as the Cascade arc. Thus, the minimum a@eescent basalts on the basis of similarities ientire lower crust and mantle of the Coast Range
of the sample, the fission-track age of the youngesihemistry and internal stratigraphy (M. Brandonterrane were stripped away and subsequently
fraction of detrital zircons, has proven to be a goaaghpublished data). Following Tabor and Cadyeplaced by the highly imbricated Upper unit of
proxy for the depositional age of dated Olympi¢1978a), we prefer the interpretation that théhe Olympic subduction complex. The Upper unit
subduction complex sandstones. (An exception Goastal unit is a Miocene accretionary unit thgtrobably originated as a more westerly extension
present in the northwest corner of the Olympicontains local exotic blocks of Eocene basalt amaf the Coast Range terrane and thus would have
Mountains, where local units of the Peripherasedimentary rocks. The similarity of the basalalready been part of the North America plate
sequence—the Makah and Clallam formations—blocks to the Crescent suggests that they mayior to initiation of subduction. In other words,
lack young volcanic sediment and give zircon fishave been produced by submarine landslidingtructural assembly would have occurred by tele-
sion-track minimum ages that are significantlyfrom the overlying Coast Range terrane. scoping of the upper plate rather than by accre-
older than deposition; see Garver and Brandon, There are important contrasts in deformatiotion from a subducting oceanic plate.
1994, for details.) Brandon and Vance (1992) resnd metamorphism between the Coastal unit andIn contrast, the Coastal and Lower units are
ported 11 new depositional ages for the Olympithe more deeply seated rocks of the Lower artbnsidered to have originated as abyssal-plain
subduction complex. Work in progress by Richartpper units (Tabor and Cady, 1978a, 1978kgnd trench-fill sediments deposited seaward of
Stewart (1998, personal commun.) has greatly edrange, 1990; Orange et al., 1993; Orange ailde Cascadia deformation front. They were
panded the number of units and localities dated tynderwood, 1995; B. Kang and M. Brandon, unaccreted to the overriding Cascadia wedge by
the zircon fission-track method, and confirms theublished mapping and strain analysis). Thanbrication along the subduction thrust. The
general pattern of ages indicated by earlier workower and Upper Olympic units were firstCoastal and Lower units overlap in age, which
On the basis of their new zircon fission-trackntensely imbricated and then developed a supesuggests that their accretion also overlapped in
age data and existing geologic mapping, Brandomposed pressure-solution cleavage. Mud-ricage. The Lower Olympic subduction complex
and Vance (1992) proposed that Tabor anahélanges are notably rare. Metamorphism is gemas underplated beneath the wedge at depths
Cady’s (1978a) units could be lumped into threerally prehnite-pumpellyite facies. of 12 km and greater (Brandon and Vance,
regional-scale units called the Upper, Lower, and In contrast, the Coastal unit generally lacks 4992), which is consistent with the presence
Coastal units (Figs. 1B and 4). cleavage, but otherwise shows a broad range of a pressure-solution cleavage and prehnite-
1. The Upper unit, which includes thedeformation styles, including thrust-related impumpellyite assemblages. In contrast, the lower
Needles—Gray Wolf and Elwha assemblages, igication, tabular zones of mud-rich mélangemetamorphic grade and the lack of a cleavage
dominated by Eocene clastic sediments, maingnd cylindrical intrusions of mud diapirs. Meta-suggest that the Coastal unit was accreted at
turbidite sandstone and subordinate mudstonmorphic grade is restricted to zeolite facies. Pulthe front of the wedge by offscraping (Orange
Also present are subordinate lower Eocene pilished vitrinite reflectance data indicate a graduat al., 1993).
low basalts, which can be found in depositiona¢astward increase in metamorphic temperature Miocene stratigraphy provides information
contact with the surrounding clastic sedimentsicross the Coastal unit and into the western patbout the emergence and subsequent exhumation
The pillow basalts are stratigraphically and comef the Upper unit (Snavely and Kvenvoldenpf the Olympic Mountains uplift. Neritic fossils
positionally identical to the Crescent basalts ext989). This pattern appears to hold at the regionial the uppermost part of the Peripheral sequence
posed in the overlying Coast Range terrane (Taeale but it may be complicated at the local sca{@storia?, Clallam, and Blakeley Harbor forma-
bor and Cady, 1978a; M. Brandon, unpublishetly out-of-sequence faults, extraformationations in Fig. 3) indicate that by early Miocene
data), which implies that the Upper unit is relatetilocks, and mud diapirism (Orange and Undetime, the entire area of the Olympic Peninsula
to the Coast Range terrane. wood, 1995). Direct comparison of our apatitéad risen to a water depth <200 m (see Armen-
2. The Lower unit, which includes the West{ission-track ages with published vitrinite resultgrout, 1987, for details). Subsequent emergence
ern Olympic and Grand Valley assemblages, would be useful but is complicated by the pressf the Olympic Mountains is marked by a
composed solely of clastic sediments, mainlgnce of local structures and by the fact that availegional unconformity beneath the middle to
turbidite sandstones. Pillow basalts are notabBble fission-track ages and vitrinite measuredpper Miocene Montesano Formation and equiv-
absent. Zircon fission-track ages indicate that theents come from different localities. We havealent unnamed units that underlie the continental
Lower unit is, at least in part, late Oligocene antecently produced more apatite fission-trackhelf west of the Olympic Mountains (Fig. 3).
early Miocene in age. results for the Coastal unit, and thus have decid@the Montesano Formation itself consists mainly
3. The Coastal unit of the Olympic subductiorio wait until those data are published before wef fluvial deposits derived, in part, from the
complex is equivalent to the Hoh assemblage amdtempt a detailed comparison between vitrinitaplifted Olympic subduction complex and the

consists of turbidites, mudstone, and minor pillovand apatite results. Coast Range terrane (Tabor and Cady, 1978a,
basalt. The sedimentary component of this unit 1978b; Bigelow, 1987). The sub-Montesano un-
has yielded ~47 fossil localities; most indicate aBUMMARY OF TECTONIC EVENTS conformity is bracketed stratigraphically by two
early and middle? Miocene age (Saucesian and units of the Columbia River basalts, the Grande

Relizian?; see Rau, 1975, 1979). A few Eocene The following tectonic synthesis provides arRonde Member (17 to 15.6 Ma) and the Pomona
fossils have been found, some of which comiategrated view of the geologic relationships antMember (12 Ma) (Armentrout et al., 1983, p. 57;
from large isolated blocks of pillow basalt ancage data summarized here and a broad conté&\alsh et al., 1987, p. 12) (see “Southwest” col-
others from local sedimentary units. The origin ofor the following new apatite fission-track dataumn in Fig. 3). Brandon and Calderwood (1990)
these older rocks remains unclear. Rau (197Buring latest Eocene time, initiation of a newstressed the age of the upper flow when they
1979) mapped them as part of the Hoh asser@ascadia subduction zone caused pervasigssigned a 12 Ma age to the formation of the un-
blage, whereas Tabor and Cady (1978a) assigniedbrication along the west side of the Coastonformity. We now recognize that the uncon-
them to the Western Olympic assemblage. OlRange terrane. In our view, this event waformity could have formed anytime between 17
own observations indicate that the basalt blocksarked by tens of kilometers of top-W motion orand 12 Ma. It is important to note that present ex-
were probably derived from the overlyingthe Hurricane Ridge fault. During this event, th@posures of the Montesano unconformity are
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48.5 (TRIGA reactor at Oregon State University) us-

‘ ‘
Y \NJ ing a nominal fluence of ~8 x ¥/cn?. After ir-

radiation, the mica detectors were etched in 40%

HF for 15 min. All tracks were counted dry at

L 1600x% using a Leitz Ortholux microscope. Fis-
sion-track ages were calculated using a weighted

° mean zeta calibration factor (Hurford and Green,
OAR35 ARP1 1983) based on the Fish Canyon, Durango, and

28.0 I O AR36 ° AR24 , Mount Dromedary apatite standards (Miller et al.,
' AR34 Asts% RS 1985). Zeta values with +1 standard error (SE)

AR2 . T
AD37 O AR38 Ara v DARL ®ARS3 are: 103.2 + 2.3 for M. Roden-Tice and 110.3 +
[CRAN AR50 _ AR26 2.2 for D. S. Miller. Sample locations are shown
@) O - -
ARaol © Q OAR49  \pay in Figures 4 and 5, and fission-track results are
I AD53 Q i
OOARZO AR29 © in Tables 1 and 2.
AR21
FR8 10,12, 13, 14, THERMAL STABILITY AND CLOSURE
e O AR22 OF THE FISSION-TRACK SYSTEM
47.5 |- 0 ' '

AD430 AR44 Modern apatite fission-track analysis relies

heavily on track-length data to aid in the inter-
)\ pretation of fission-track ages (e.g., Green et al.,

‘ ‘ ! 1989; Carlson, 1990). This approach has limited

235 236 237 utility when dating detrital apatites, because
Figure 5. Location map for apatite fission-track samples. Gray ellipse encloses samples frorrVaCk'Iength analysis assumes that all apaftltes in

the central massif. a sample have the same annealing properties (see

Donelick et al., 1998; Ketcham et al., 1998, for

an interesting exception). However, hetero-
~60 km south of the center of the Olympic Moundiabasic gabbro from the Crescent Formatiomgeneous annealing is a common feature for apa-
tains uplift. Emergence may have been diachr&amples were crushed, washed, and sievdies from sandstones, and for apatites from some
nous, perhaps occurring first over the center dfpatite was isolated using a Rodgers table, heapjutonic rocks as well (O’Sullivan and Parrish,
the Olympic Mountains and then propagatindiquids, and magnetic separation. Aliquots (104995). A further problem in our study is that most
outward with time. The apatite fission-track dat&0 mg) of apatite were mounted in epoxy on glass our apatites have very few horizontal confined
presented here provide independent informaticslides and polished to expose internal grain sutracks because of low U concentrations and very
about the age of emergence for the central afaces. Mounts were etched for 20 s in 5M HNOyoung fission-track ages. Track-length data are

most deeply exhumed part of the uplift. at 21 °C. An external detector of low-U mus-difficult to obtain in any useful quantity. As a
covite was placed on each mount and secured [Bsult, we are forced to rely on more traditional
LABORATORY PROCEDURES tape. Fluence monitors, using the Corning Glagoncepts of a partial-annealing zone and an effec-

CNL1 standard, were placed at each end of the five closure temperatur®,. The following sum-
We collected ~2—12 kg samples, typically fineradiation package. Samples were irradiated witlmary provides an updated synthesis of the pub-
to medium-grained sandstone, but in one casetteermal neutrons in a well-thermalized reactolished literature on fission-track annealing and

Figure 6. Summary of thermal stability and closure temperature T;) for fission tracks (FT) in Durango fluorapatite and natural a-damaged
zircon. (A) The partial-annealing zones (PAZ) are represented by the 10% and 90% annealing isopleths, which have an Arrhenikis4lelationship,
At=BeFRT where R is the gas constarit, is absolute temperatureE is the activation energy, and B is a proportionality constant. Annealing experi-
ments for Durango fluorapatite (Laslett et al., 1987; Fig. 3 in Green, 1988) indicake(kcal/mol) and B (m.y.) are 38.07 and 3.117 x 14§for 10%
annealing, and 46.56 and 1.530 x #for 90% annealing. Experiments for natural a-damaged zircon (Zaun and Wagner, 1985; Tagami et al.,
1990) indicate thatE and B are 53.69 and 1.210 x & for 10% annealing, and 52.76 and 2.552 x 14§ for 90% annealing. The upward- and
downward-facing triangles show published estimates for the limits of the zircon PAZ. Results for the KBT hole at ~100 m.y. (daand Wagner,
1985) were used to estimate the PAZ boundaries. Independent estimates for the zircon PAZ are a contact aureole at ~0.6 mgaiffisand
Shimada, 1996) and the Vienna basin hole at ~5 m.y. (Tagami et al., 1996).TB$ estimated for monotonic cooling through the PAZ at an approx-
imately constant cooling rate (see Appendix for details). Symbols show other estimatesTarcircles = predictions of fluorapatite track-length
annealing model (“annealing 3” algorithm of Duddy et al., 1988); triangle—comparison of zircon fission-track ages with apatfission-track and
biotite K/Ar ages (Hurford et al. 1986); squares—comparisons of zircon fission-track ages witPAr/ 3%Ar K-feldspar ages (Foster et al., 1996); and
diamond—comparison of zircon fission-track ages with apatite fission-track and K/Ar biotite ages for the Quattoon pluton (Haisbn et al., 1979;
note the Harrison et al. result was recalculated using, for K-Ar biotite of 300 °C to be consistent with the results of Hurford, 1986). Not included
in this summary are experiments of Yamada et al. (1995), which imply anomalously high thermal stability for fission tracks imcon (see text for
discussion). Predictions based on Yamada et al. (1995) would incred@sor zircon by ~125 °C, 10% annealing by 20 °C, and 90% annealing by
175 °C, relative to our predictions here.
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concludes with quantitative estimates for th@artial-annealing zone because the degree of &daeser, 1988). These factors appear to be the
partial-annealing zone afgdfor fission tracks in nealing depends on the time-temperature histonyost important in controlling the thermal stabil-
fluorapatite andi-damaged zircon. However, an idealized partial-annealing zone caity of fission tracks in apatite and zircon.

Dating by the fission-track method is based ohe defined by reference to the predicted degree of For our analysis, we focus on fluorapatite and
spontaneous fission ¢f8J, which leaves a annealing caused by a stepwise-heating eVgnt.a-damaged zircon because they should be the
damage zone in the lattice of many common miris estimated by integrating the effects of track prdirst of their respective mineral group to lose their
erals. The density of fission tracks is related to thduction and annealing for a sample as it coofgssion tracks during progressive heating, and the
production rate of new tracks and the removal ahonotonically through the partial-annealing zondast to start to accumulate tracks during progres-
old tracks by thermal annealing. At sufficiently Recent research has demonstrated that factsige cooling. The estimated partial-annealing
low temperatures, annealing becomes so slogther than mineralogy can affect the thermal staone andl, for fluorapatite and naturai-dam-
that, for all practical purposes, old and new tracHsility of fission tracks. For apatite, thermal stabil-aged zircon are shown in Figure 6. We use the
are fully retained. With increasing temperaturdfy decreases with decreasing Cl content (Greel®% and 90% annealing isopleths to delimit time-
the annealing rate increases until it reaches tle¢al., 1985; Crowley et al., 1990, 1991; Carlsortemperature conditions for the partial-annealing
point where tracks do not persist for any geologit990; Donelick et al., 1998). Among the comzone. Our estimates are in reasonable agreement
cally significant time. The temperature range benon apatites, fluorapatite has the lowest trackith available data, which include short-term
tween these two extremes is known as the partigtability andT., and the best-documented anneaheating in the laboratory and long-term heating in
annealing zone (p. 123 in Wagner and Van Deng properties. For zircon, thermal stabilitywell-characterized boreholes and contact aureoles
Haute, 1992). Strictly speaking, there is no uniquaéecreases with increasioglamage (Kasuya and (see Fig. 6 caption for details). Note that when

sustained for >20 m.y., a detectable reduction in
the fission-track ages of fluorapatite andam-
aged zircon can occur at relatively modest tem-

@ 300 peratures, 40 and 175 °C, respectively. Thus, to
SREH Dot iiii T T use the closure temperature concept outlined here,

= : : one has to ensure that cooling occurred on a

250 ;y 90% annealing monotonic time-temperatur_e path thgt moved

;_Q a-damaged zircon . i completely thrqugh the partlal-anneallng_ zone.

200 A When the cooling path gets more complicated,

track-length data become essential for the recov-
ery of reliable thermochronologic information.

10% annealing

150 If a sample cools monotonically through the
partial-annealing zone, then track-density data
100 90% annealing can be used to calculate a meaningful fission-

track age. In this case, the age marks the time
when the fission-track system closed, but clo-
sure is a gradational process given the typical
~60 °C width of the partial-annealing zone. For
0 Bl L Lo the simple case of monotonic cooling, one can
defineT; as the temperature at the time indicated

0_'6 1 2 3 57 10_ 20 30 50 100 by the fission-track age equation (Dodson, 1976,

Time Duration for a Stepwise Thermal Event (m.y.) 1979). TheT, curves forn-damaged zircon and
fluorapatite (Fig. 6B) are estimated using equa-
tion 11 in Dodson (1979) and experimental data
for 50% annealing during stepwise heating (see
details in Appendix). The predictions in Figure
6B are in good agreement with independent esti-
mates ofT, determined from track-length mod-
eling for fluorapatite and comparison of zircon
fission-track ages with other isotopic ages (see
Fig. 6 caption).

Yamada et al. (1995) and Tagami and Dumitru
(1996) argued that the partial-annealing zone and
T, for the zircon fission-track system are about 50
to 100 °C greater than what we have estimated
here. We note that their conclusions are based pri-
marily on the Yamada et al. (1995) annealing
experiments, which used relatively young
(21 Ma) zircons. We suspect that these zircons
had a relatively low density ofdamage because
1 2 3 5 710 20 30 50 100 their fission-track thermal stability is similar to

Rate of Cooling{C/m.y.) that reported by Kasuya and Naeser (1988) for

fluorapatite

10% annealing

Temperature During Thermal EvefiQ)

@

a-damaged
zircon o

Closure TemperaturéC)

O 1 1 | 1 1 L1 1111
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laboratory annealing of induced fission tracks irwalculations can be supplemented by microprobe figures and tables are cited using a 68% inter-
zircons that had no damage. Brandon and analyses to determine the average composition\l, unless otherwise noted. Note that the confi-
Vance (1992) showed that thermal resetting hatle youngest grains. This information may help idence intervals for our fission-track ages are gen-
the strongest effect on the oldest fraction of zirevaluating the thermal stability of the apatites regerally asymmetric, with the older interval being

cons in the Olympic subduction complex sandresented by the minimum age. larger than the younger interval (Tables 1 and 2).
stones. Their explanation was that those grains TheF test was used to determine the number
had the greatestdamage and were most suscepANALY SIS OF FISSION-TRACK RE- of components in a grain-age distribution
tible to annealing. Given this experience, we infeBULTS (Brandon, 1992). This test addresses the follow-
that the summary for zircon in Figure 6 is most ing question: Does the inclusion of an additional
applicable for interpreting the annealing proper€oncordant and Discordant Grain-Age component or peak significantly improve the fit
ties of those zircons that had the oldest fissiomistributions of the binomial peak-fit model to the observed
track grain ages prior to any thermal resetting. fission-track data? The result is reported as a

We conclude that Figure 6 provides a reason- Current practice uses tlx@ test (Galbraith, probability P(F). A low P(F) indicates that the
able and internally consistent description of th&981; Green, 1981) to discriminate between coiincremental improvement of the fit is greater
effect of time and temperature on partial anneatordant P(x?)>5%] and discordanP{(x?)<5%)] than would be expected for random chance
ing and closure for fission tracks in fluorapatitegrain-age distributions. Note that we have modalone. The inference is that the added peak is
anda-damaged zircon. The similarity betweerfied this test to account for problems with grain®oth resolvable and significant.
our predictions and other independent estimatésving low spontaneous or induced track counts
(see comparisons in Fig. 6) suggests to us that qi\; andN;). Grains withNg or N; < 5 were com-  Interpretation of Discordant Distributions
estimates of partial-annealing zone dp@re bined with other grains of similar age so that each
probably within 25 °C of the real values, withobservation used in thg test hadNg andN; > 5. Results from the binomial peak-fit method are
estimates for fluorapatite being better than thosehis modification reduces the resolution ofgRe reported in Tables 1 and 2 under “Minimum Age”
for a-damaged zircon. Note that we cite our tentest, but it also accounts for an essential assungnd “Age of Older Peak.” Concordant samples are
perature estimates to the nearest whole degréien of the test thatl; andN, = 5. distinguished by having only one reported age.
which may give the impression that we are Galbraith and Laslett (1993) argued that theifhe remaining discordant samples have no more
claiming a false level of precision. Our explanaeentral age gives the best estimate of the averatpan two resolvable peaks as determined by the
tion is that much of the uncertainty about temperge of the distribution, but they also noted thdk test. The geologic interpretation of these results
ature estimates is wrapped up in calibrations th#tis age estimate does not have any real meanisgased on whether or not the minimum age was
affect the entire data set, such as the calibrationfofr a mixed discordant distribution, defined as aeset. As used here, reset means that the youngest
apatite and zircon fission-track systems to thdistribution containing two or more grain-ageconcordant group of grain ages was partially or
temperature scale and the estimation of tempergemponents. In our study, 75% of the sampléastally annealing during a post-depositional
ture as a function of depth. Thus, we contend thate mixed discordant distributions. Furthermorghermal event. This judgement requires knowl-
the internal precision of our temperature estimost samples are dominated by young, low-lddge about the depositional age of the sample.
mates are probably better than +10 °C. In angpatites having low spontaneous track densitieBrecise paleontological ages would be ideal, but
case, we have also found it useful to report ounstead of relying on the central age method, warcon fission-track ages are also useful in this
results to a high precision in order to ensurased the binomial peak-fit method of Galbraithregard. We have already noted that the minimum
internal consistency for our various time, temper:1988) and Galbraith and Green (1990) to estage for an unreset zircon fission-track sample can
ature, and depth calculations. mate minimum ages and the ages of older corbe used as a proxy for the depositional age. Alter-

Our strategy for dealing with heterogeneouponents or peaks in the grain-age distributionnatively, if the fission tracks in zircons were reset
annealing is to use a peak-fitting method (GaMhere needed, precise algorithms were used fafter deposition, then one can assume that fission
braith, 1988; Galbraith and Green, 1990; Brandogstimating ages and confidence intervals (fdracks in fluorapatite were reset as well. Zircon
and Vance, 1992; Galbraith and Laslett, 1993) tetails, see Bardsley, 1983; Sneyd, 1984ission-track minimum ages for our samples are
isolate the youngest group of concordant grai®albraith, 1990; Brandon, 1996). For exampldisted in Table 1 and 2, an “R” or “D” indicating
ages. The term “concordant” is used to indicatehere track counts were low or zero, the exaceset and unreset, respectively, as reported by
that the variance of the ages within a group dfinomial algorithm of Sneyd (1984) was used t8randon and Vance (1992) and Garver and
dated grains is no greater than would be expectediculate median values and confidence intervalBrandon (1994). Zircon fission-track minimum
from the process of radioactive decay alone. FoGonfidence intervals were calculated at the 68%ges and paleontological ages provide reasonably
lowing Galbraith and Laslett (1993), the fissionand 95% level, which are approximately equal tavell constrained estimates of depositional age for
track age of the youngest group of concordarstl SE and +2 SE, respectively. Uncertainties iabout half of our apatite fission-track samples. For
grain ages is called the minimum age of théhe text are cited using a 95% interval, and thodke remainder, estimates of depositional age are
fission-track grain-age distribution. For a sand- based on generalized correlations to better dated
stone that has always been at temperatures | arts of the Olympic subduction complex.
than the partial-annealing zone, the minimum ag. ! X >~ We have identified four types of apatite

. . in this study are available from the web site;. . . o h
corresponds to a young cooling event in thy,//10ve geology.yale.edu/~brandon. RelevantiSSion-track grain-age distributions (Fig. 7).
source region of the sandstone. For a sandstcprograms are ZETAAGE (version 4.7), which calcu-Type R is a single-peak distribution having a
that has been to temperatures within or above tlates “exact” FT ages and confidence intervals evepeak age younger than the depositional age of
partial-annealing zone, then the minimum ag‘ESLgii'n”i ‘é")‘tr\‘lvﬁ?crﬁ ifSOZ?Ii;:afgniéﬁ?ziic?r:'\(ln?mglt; the sample. The grains are considered to have
corresponds to the tlmg when the gample Coql‘nomial peak-’fit algorithm of (p;albraith (1988). Pro_be_en fully reset after dep_osmon and to have ac-
to temperatures outside the partial-annealingrams are provided as source code (Quick Basi€uired a concordant cooling age. Type MR con-
zone. For apatite fission-track dating, peak-fittinand DOS executables. tains more than one peak, but all peaks are

2All programs and fission-track (FT) data useJ)
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Figure 7. Examples of typical apatite fission-
track grain-age distributions. Plots were con-
structed using methods described in Brandon
(1996). Fission-track age is plotted on a logarith-
mic scale. Histogram bars have an approximate
width of about 10% of their age, which is why
they have a constant width on the logarithmic
scale (more precisely, the bar width is set thz=
0.10; see Brandon, 1996, for detailsiN; indicates
the total number of grain ages in the distribution.
The thick line is the probability density distribu-
tion. The thin lines show the component distribu-
tions estimated by the binomial peak-fit method
and reported as the minimum age and the older
peak age in Tables 1 and 2. The distinctions be-
tween the different types of grain-age distribu-
tions are based on the relationship between the
minimum age and depositional age of the sample
(see text for details).
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younger than deposition. The grain ages we al., 1977). Figure 8A shows central ages versiigble 2. The best example of compositional con-
reset but are otherwise discordant. Type PBlevation for the various reset samples from theol on annealing is sample AD53 (Fig. 9A),
contains multiple peaks, some younger an®@lympic subduction complex (types R, MR, andvhich has grains with relatively old ages and rel-
others older than deposition. The inference iBR). Ages for concordant samples [solid symatively high Cl contents (19% chlorapatite). For
that only a fraction of the grain ages were resebols; P(x2)>5%] show a steep trend with eleva-comparison, Durango apatite has 5% chlorapa-
Type D is distinguished by the fact that all retion, but ages for discordant samples [open syrtite, and the most chlorine-rich apatites from the
solvable peaks in the distribution are older thahols;P(x2) <5%] are on the old side of this trend Otway basin are 20% to 30% chlorapatite (Green
deposition and thus the grain ages are inheritédgure 8B shows the same reset samples but netval., 1985, Fig. 5). Sample AD53 comes from
from the source region. For this case, the desing their minimum ages. For this case, ththe central part of the Olympic uplift. It has only
gree of discordance depends on the fissiosteep trend is well defined by both concordardne peak having an age of 34 Ma, whereas other
track ages of the source region. and discordant samples. This result supports onearby apatite localities have reset youngest peak
In distinguishing a distribution type, we focusinference that the youngest concordant group afyes that cluster between 2 and 9 Ma (Fig. 4A).
on peak ages because individual grain ages tygjrain ages in the R, MR, and PR samples all have The relationship between CI content and grain
cally have very low precision (relative standardgimilar annealing properties and thus underwemige is not so clear for the MR and PR samples in
errors of ~30% and greater are common for apéission-track closure at the same temperatur€igure 9. Cl-rich apatites are rare among the ana-
tite). To illustrate, consider sample AD53The three ages off the trend are for localities wektzed grains. Furthermore, the old peak in each
(Fig. 7D), which has some apatite fission-traclof the Olympic uplift (AR35, AR36, AR44). distribution appears to have more F-rich than
grain ages that are nominally much younger tharheir older ages are attributed to slower exhum&l-rich apatites. The data do indicate, however,
the sample’s Miocene depositional age. Nonethé&en in the flanks of the uplift. that the youngest fraction of grain ages in the
less, the distribution has only one resolvable peak This exercise illustrates a well-known pointtype R, MR and PR distributions are dominated
at 33.9:3-_2Ma (Table 2), which is significantly concordance or discordance of a fission-tracly fluorapatites. Thus, the time-temperature rela-
older than deposition. Sample AD43 (Fig. 7Egrain-age distribution is not sufficient by itself totionships summarized in Figure 6 should be
has a significant number of apatites younger thatetermine if the distribution was reset after dep@ppropriate for interpreting fission-track mini-
its deposition age (about 18 Ma), but its youngsition. Discordance in an unreset sandstone msum ages for our apatite samples.
est peak age, 15, _6 Ma, is not significantly likely given that a typical source region will have Although we believe that we have a good strat-
younger than deposition. Young grain ages areheterogeneous cooling history. Discordance &gy for interpreting our data, we remain puzzled
expected for type D samples because much of tMR or PR samples, where a significant fractiombout the factors contributing to grain-age discor-
sediment in the Olympic subduction comple)of the grain ages have been reset to an adance within our reset samples. The microprobe
was derived from the active Cascade volcanic ayounger than deposition, is commonly attributedata suggest that something other than FI/Cl com-
(Brandon and Vance, 1992). to heterogeneous annealing. position is involved. To illustrate the problem,
A useful test of our peak-fitting analysis is to  We examined the correlation of Cl contentonsider the MR samples, for which all grains
see if we can resolve a correlation between eleth fission-track age by analyzing a subset ofvere reset to ages younger than deposition, but
vation and fission-track age, which is expected ithe dated apatite grains (Fig. 9). The gray linethe age distribution remains discordant. From
areas of large topographic relief (e.g., Wagneshow minimum ages and older peak ages froifable 2, we calculate that the difference between

A B

3000 T T [ T

[ AllR, MR, PR 1 [ ]

2500 C e samples from OS| B 0 .

r thest: ] C ]

=3 r EI-I:H O Concordant({ 1

=t 2000¢ HH O Discordant |[{ | H%: i

IS L 1 T ]
>

& 1500 @) 4 F o -

w [ S 1 F 0! ]

L T 1 [ H1H ]

10000 o ey 1 oo ]

L IH 1 F Ages from western side ]

[ 1 [ of Olympic Peninsula ]

500_—D'g>-lp-< . _-HZIQIDH ‘ N

[ O O _.E‘_ ] :EO |_q1__|jl—|:|—| ]

oo v vty v byt L et ey by ]

0 10 20 30 40 500 10 20 30 40 50

Central Age (Ma) Minimum Age (Ma)

Figure 8. Age-elevation relationship for reset apatite fission-track ages from the Olympic subduction complex (OSC) (type R, MRd PR
samples in Table 2). The two plots show the relative performance of (A) central ages and (B) minimum ages. Error brackets dréhe 68%
confidence interval.
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the minimum age and older peak age in an MRilly annealed and thus retain “old” tracks. Thigene time. Maximum temperatures are esti-
sample averages ~7.4 m.y.; the range is from 3&&planation also requires a very high thermahated to have been >240 °C (Brandon and
to 12.2 m.y. One explanation is that the differencstability for the “old” apatites, given that someVance, 1992), well in excess of temperatures
in age is related to two populations of grains thaif the MR samples come from the reset zircononsidered necessary to anneal apatites.
have different closure temperatur@s, Using zone in the central part of the uplift (Fig. 4). For A third explanation for the discordance is that
results given below for the thermal gradienexample, sample AR8 has a minimum age df was leached out of some of the apatites after
~19 °C/km, and the average exhumation rat® Ma and an older peak age of 17 Ma, wheredission-track closure, which would result in
~0.75 km/m.y., we estimate that the difference ireset zircons give a fission-track minimum ageelatively old fission-track grain ages. This pos-
T. would have to be about 100 °C, which seemsf 14 Ma. Correlation with other parts of thesibility is suggested by the fact that many of the
much too large to be reasonable. Lower unit of the Olympic subduction complexapatites in our study showed corroded external
A second explanation is that the apatitesuggest deposition of this sample before 19 Mahapes, suggesting dissolution by a fluid phase.
associated with the older peak were never t@robably during early Miocene or late Oligo-Work in progress has produced more apatite
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Figure 9. Comparison of fission-track (FT) ages with Cl content for individual apatite grains. Peak ages from Table 2 are sholmnthe hor-
izontal gray lines. Apatite composition was determined on a JEOL 733 Superprobe with a 15 kv accelerating potential, 13 nA sknqoirrent,
and a 15um beam diameter. Natural and synthetic glasses and minerals were used for standards. Data reduction was by the Bence and Albee
(1968) method. Chlorapatite composition (bottom axis) is the percentage of chlorine atoms filling anion sites in apatite. Grages and uncer-
tainties were calculated using exact algorithms for a binomial distribution (Sneyd, 1984; Bardsley, 1983). Uncertainties cop@sd to the 68%
confidence interval. Grains with low track counts are assigned an estimated median age (confidence probability of 50%), whixplans why
there are no “zero age” grains. Note that the median age converges with the mean age as the induced and spontaneous tracksdoargase
(see Brandon, 1996, for details). Grain ages are plotted on a logarithmic scale to show details in the vicinity of the expedteslire age (ca. 15
to 2 Ma). See text for further discussion.
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fission-track data for areas around the perimetéine Coast Range group; samples are shownsample of the group, ARP5, has a minimum age
of the Olympic uplift. Those apatites tend toorder of increasing stratigraphic depth. Table that is indistinguishable from its depositional age.
preserve more euhedral shapes and generatBports the Olympic subduction complex samThe lowest sample, ADP8, has not been reset
give concordant fission-track results, whiclples, which are separated into a central masgjiven that its minimum age is older than deposi-
supports the idea that dissolution might be corgroup (circled by gray ellipse in Fig. 5) from thetion. All samples below this stratigraphic level
tributing to discordance. core of the Olympic Mountains where elevaare clearly reset. For example, ARP1 has a reset
At present, we do not favor any single explation, relief, and exhumation are greatest, andrainimum age of 12 Ma, relative to its deposi-

nation for the discordance in the MR and PRerimeter group from surrounding lowland areagdional age of 38 Ma. AR31, a diabase from the
samples. All of the possibilities outlined hereThe Olympic subduction complex samples arwer part of the Crescent Formation, gives a

could be involved. More important, however, isordered according to elevation. concordant reset age of 27 Ma, which is much
the conclusion that the problem of discordance younger than the ca. 54 Ma igneous age of the
seems to have no significant influence on th€oast Range Terrane Crescent Formation (Duncan, 1982). Note that
minimum ages of our apatite samples. the Olympic subduction complex samples that
The eight youngest peak ages from the Coastructurally underlie these Coast Range terrane
GEOLOGIC INTERPRETATION OF Range terrane show evidence of progressiVecalities are also clearly reset, and have mini-
FISSION-TRACK RESULTS resetting with increasing stratigraphic buriaimnum ages between 14 and 4 Ma (Fig. 4A).

(Fig. 10). The three shallowest samples show no These data suggest that prior to ca. 12 Ma, the
We focus here on the following topics: (1) theesetting. All have type D distributions; all peakbase of the fluorapatite partial-annealing zone
initial thermal structure of the forearc high priorages are significantly older than deposition. The/as located between samples ADP8 and ARP1
to the onset of uplift and exhumation, as recordatext three samples have type PR or D distribat 4.7 + 0.9 km depth. The three samples within
in the Coast Range terrane; (2) the detailetibns, indicating variably resetting within the apathe inferred partial-annealing zone show erratic
exhumation history of the central massif; andite partial-annealing zone. The stratigraphicallapparent ages, which is typical for detrital ap-
(3) the regional pattern of exhumation across theighest sample of this group, ARP10, has a catites that have never been below the apatite
entire Olympic Peninsula. The fission-track dat22 Ma minimum age, which is younger than thg@artial-annealing zone. The 6-km-thick section of
are organized into three groups. Table 1 reporits depositional age (about 33 Ma). The middi¢he Peripheral sequence that we sampled was de-
posited between about 40 and 20 Ma and was up-
lited and eroded between 20 to 10 Ma (see depo-
O [T T T T T T T sitignalagever_susd_ept_hinFig.10).This
@ ADP2 burial-erosional history indicates that the base of
Peripheral sequence was at maximum tempera-
tures for ~20 m.y. Figure 6A indicates that a tem-
H@— ADP11 perature of ~100 °C would be required to cause
= 90% annealing in fluorapatites in 20 m.y. Thus,
ADP12 |-@ prior to uplift and exhumation, the temperature
and depth at the base of the fluorapatite partial-
annealing zone is estimated to have been ~100 °C
and ~4.7 km. Assuming an average surface tem-
perature of ~8 °C, which is the modern value, we
estimate that the pre-exhumation thermal gradient
_ in the Olympic Mountains was 19.5 + 4 °C/km.
This result is similar to the modern thermal gra-
dient along strike in other parts of the Cascadia
forearc high (19.4 + 1.7 °C/km; see Brandon and
Vance, 1992, for details).
- Sample ARP1 is a particularly sensitive indica-
AR31 —@— tor of the onset of uplift and exhumation because
gliii NN NN NN NN NN the sample was located just below the base of the
0 10 20 30 40 50 60 pamal-annga_llng zone. Thus,_, we con5|de_r the 12
Ma reset minimum age for this sample to indicate
Age (Ma) the start of exhumation in this part of the Olympic
Peninsula. This interpretation may seem to con-
Figure 10. Apatite fission-track minimum ages as a function of stratigraphic depth in the flict with the stratigraphically deeper sample
Coast Range terrane. The solid line shows deposition (Depo.) age versus stratigraphic depthrAR31, which indicates fission-track closure at 27
error brackets show the permissible depositional age range for each sample. Apatite fissionMa, but this age has a very large uncertainty (95%
track minimum ages are shown by solid circles; error brackets indicate the 68% confidence in- confidence interval is 14 to 43 Ma) and thus is not
terval. All samples, except for the lowest, are from a section through the Peripheral sequence iruseful for constraining the timing of exhumation.
the northwest corner of the Olympic Peninsula (Tofino basin in Fig. 4). The lowest sample, AR31
from a diabase dike in the Crescent Formation, was collected on the east side of the Olympi©lympic Subduction Complex
Peninsula. Stratigraphy and depositional ages are from Snavely et al. (1980), Duncan (1982),
Armentrout et al. (1983, 1988), and Garver and Brandon (1994pAZ—partial annealing zone. Of the 35 apatite samples from the Olympic
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subduction complex (Table 2), 31% have R dighermal gradient (~19 °C/km). lowest (“V") and highest (“S”) points in the
tributions, 29% have MR distributions, 29% Regression lines were fit to the data usingppography, corresponding to sea level and the
have PR distributions, and 11% have D distribunveighted least squares (see Fig. 11 for detail9417 m summit of Mount Olympus, respec-
tions. The distribution types show no obviou§his analysis indicates that a sample from the cuiively. Depth is always with respect to contempo-
pattern in map view (Fig. 4A). rent local mean elevation of the central massianeous local mean elevation.

A spatial pattern is obvious for the reset mini{1204 m) would have passed throughahgam- The Lower unit of the Olympic subduction
mum ages (Fig. 4A); the minimum ages areged zircofi . at 13.7 Ma at a rate of 0.76 km/m.y.complex, which is the main unit exposed in the
youngest in the central massif and gradually if+2 SE: 0.43 to 3.0 km/m.y.) and through theentral massif, is inferred to have been deposited
crease outward to the coast. This pattern corriuorapatiteT, at 6.7 Ma at a rate of 1.2 km/m.y.in the trench seaward of the Cascadia subduction

lates with the modern topography of the penin2SE: 0.58 tgo km/m.y.). zone during late Oligocene and early Miocene
sula. Almost all of the reset minimum ages are time (~27 to 19 Ma) (Brandon and Vance, 1992).
middle Miocene age and younger, compatibl&xhumation History of the Central Massif Accretion of the Lower unit would have occurred
with the stratigraphic evidence (Fig. 3) for ex- within ~2 m.y. after deposition, given typical

humation of the Olympic Mountains starting in  The shape of the time-temperature-depth pattonvergence rates (normal component of conver-
middle Miocene time. Three cooling ages arean be constrained at four points: (1) initial accregent has been ~40 to 50 km/m.y. over the past
older than middle Miocene (20, 25, and 18 Maion at the base of the wedge, (2) closure f@7 m.y.; see Engebretson etal., 1985, p. 71). The
for samples AR36, AR35, AR44), but they comex-damaged zircon fission-track ages, (3) closunmaximum depth of accretion can be inferred
from the western flank of the Olympic uplift, andfor fluorapatite fission-track ages, and (4) preseifitom the reset zircons in the center of the uplift.
are considered to have always been above thgposure at the Earth’s surface. These data poifiise inner ruled line in Figure 4A encloses the
base of the fluorapatite partial-annealing zonare summarized here, with a specific focus on tteea within the central massif wherelamaged
(discussed below). If correct, these fission-tractelationship between exhumation, closure teneircons were fully reset. We infer that rocks
ages would not have any direct thermochrongerature, and the evolving thermal structure afithin the reset zone were subducted to depths
logic significance. the wedge. Our interpretation is summarized iand temperatures that exceeded the base of the
Figure 12. The thick line shows the path for a-damaged zircon partial-annealing zone. Bran-
Correlation Between Fission-track Age and  point currently at the mean elevation of the cerdon and Vance (1992) found that the transition
Elevation for the Central Massif tral massif. The dotted lines mark the paths of tfeom unreset to reset zircons currently occupies a

Both zircon and apatite fission-track minimum
ages from the central massif show well-define 3000
linear trends when plotted against elevation (Fi¢
11). The slope of the regression line can provide (575 tooo m/m.y.) : :
direct estimate of the long-term exhumation rate 2500 EEEERIN SEREE R R o EEEEREEEERE —
but only if the closure isotherms for these fissior ' ' :
track ages remained fairly flat and stationary rel :
tive to the Earth’s surface during cooling (Stiivve 2000 - il =
et al., 1994). However, we know that the onset ¢ :
exhumation will cause the closure isotherm t
migrate toward a new steady-state configuratiol
The measured exhumation rate will be reduce
relative to its true value by an amount equal to tt ; :
upward velocity of the closure isotherm at the tim 1000 [~ = O1—1/ 2 : ]
that the sample moved through the isotherm. F C : :
the Olympic Mountains, we estimate that the ur -

apatite: 1230 m/m.y,|

1500 F - - e e - .

Elevation (m)

500F------------ ............. ..

ward velocity of the closure isotherms dropped t L : : zircon: 755 m/m.y.
<20% of the true exhumation rate within 3 tc i : : (430 to 2985 m/m.y
4 m.y. after the onset of exhumation (Appendi: N S I AP B orveerems merasrar

Fig. A2). Thus, the zircon fission-track ages 0 5 10 15
which closed shortly after the onset of uplift anc
exhumation, might give a low estimate of the
exhumation rate, but the apatite fission-track age ,
which closed at ca. 7 Ma, should not be signifi Figure 11. Age-elevation plot of fission-track (FT) minimum ages for apatite and zircon sam-
cantly affected by this transient. ples from the central massif. Error brackets ages show the 68% confidence interval. Regression

A second problem with the age-elevation relelines were fit using weighted least squares (Press et al., 1992, p. 655-660). Errors were assumed
tionship is that isothermal surfaces can beconto reside totally in the fission-track ages and weights were assigned using the age uncertainties.
distorted in the presence of large topographThe estimated exhumation rate is equal to the inverse of the slope of the regression line and its
relief and fast exhumation rates. The analysis wncertainty is calculated from the uncertainty for the estimated regression slope (Press et al.,
Stuwe et al. (1994) indicates that this effect is nc1992, p. 657). This accounts for the asymmetric uncertainties for the estimated exhumation
important for the Olympic Mountains given therates, the upper interval being much larger than the lower interval. Note that if the error brack-
relatively low topographic relief (~1 km), modestets for the individual ages were extended to the 95% confidence interval, they would all overlap
exhumation rates (~1 km/m.y.), and low initialtheir respective best-fit line.
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Figure 12. Thermal and exhumation history of the central massif. OSC—OIlympic subduction complex. All depths are referenced tean
elevation of the central massif (1204 m). V and S indicate points that currently are at sea level and at the summit of Moungr@us (2417 m),
respectively. (A) Initial profile is the estimated geotherm before exhumation. Steady-state profile is the predicted geotheond steady exhuma-
tion rate in the range 0.65 and 0.85 km/m.y. V and S on the initial profile show the initial depth and temperature for rocksreently exposed in
the central massif. Exhumation caused rocks to move upward along a path close to the steady-state profile. Points along thi-demperature
curve (solid circles) show the starting depth and closure depths fardamaged zircon and fluorapatite for rocks currently at local mean elevation
in the central massif. (B) Exhumation path for points that currently are at local mean elevation (heavy line), sea level (ddttme with V's), and
the Mount Olympus summit (dotted line with S’s). ZE and AE indicate exhumation rates determined from the age-elevation plot ¢il1) for
o-damaged zircon and fluorapatite, respectively. ZA and AS indicate exhumation rates estimated for times between damaged zircon and
fluorapatite closure and fluorapatite closure and surface exposure, respectively.

map distance of only 5 to 10 km, which suggestsighest summits. To translate from temperaturignore accretion and exhumation.

that the fossil partial-annealing zone was foldetb depth, we use our estimate of the initial tem- The method in the Appendix indicates that
into a domal antiform around the central reseierature profileT(z) = T, + g, z, whereT;=8 °C  fission-track ages fom-damaged zircons and
area. The domal structure is indicated because atidg, = 19.4 °C/km. Thus, we infer that thefluorapatites of the central massif closed at
samples within the inner ruled line in Figure 4Arocks that make up the present topography of tliepths of ~10.0 km and ~4.4 km, respectively.
including ones from the highest summits (up t@entral massif originated at depths of about 12The difference in the closure depths indicates an
1982 m; Fig. 11), were subject to temperaturege 14.5 km and temperatures of about 242 taverage exhumation rate of ~0.82 km/m.y. for 14
that could have fully annealeddamaged zir- 289 °C (“S” and “V” symbols on the initial tem- to 7 Ma (ZA in Fig. 12B). From closure of
cons. Timing constraints indicate that the tim@erature profile in Fig. 12A). fluorapatite at ca. 7 Ma to exposure at the Earth’s
available for thermal resetting was ~5 m.y., and The intermediate part of the time-depth path isurface at 0 Ma, the average exhumation rate was
probably no more than 10 m.y., which indicatesonstrained by fission-track closure depths for0.66 km/m.y. (AS in Fig. 14B). These rates are
that the temperature at the base obtftamaged o-damaged zircon and fluorapatite in the centraiot significantly different from those determined
zircon partial-annealing zone was ~240 to 245 °@assif. Note that the onset of exhumation causéy the age-elevation method (ZE and AE in
(Fig. 6A). In Figure 12A, the highest summits inthe partial annealing zones and the closure depthig. 12B). In fact, the available evidence suggests
the Olympic Mountains are considered to havior both fission-track systems to move upward ithat exhumation rates have been relatively con-
been just below the base of tirelamaged zircon the crust because of the increased upward advetant since middle Miocene time.
partial-annealing zone just prior to the onset dfon of heat caused by exhumation. This effect The start of exhumation in the central massif
exhumation; thus they are assigned a prevas countered, but only partially, by an increasean be estimated by calculating how long it took
exhumation maximum temperature of ~242 °Gn T, caused by faster cooling. Our analysigof for a point currently at local mean elevation to
Lower points in the present topography of thés outlined in the Appendix and accounts for botmove upward from an initial depth of accretion
central massif are inferred to have undergonaf these phenomena. Note that published thermafl 13.3 km to then-damaged zircon closure
higher temperatures and deeper burial, roughiypodels of the Cascadia margin (e.g., Hyndmaaepth of 10 km (Fig. 12B). The difference in
equivalent to their vertical distance below thend Kang, 1993) are not relevant because theégpth is 3.3 km, which would take 4.4 m.y. to tra-
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verse assuming an average exhumation rate 48.5
0.75 km/m.y. The time-depth plot in Figure 12A
shows an age of 13.7 Ma at 10 km depth. Add
tion of 4.4 m.y. gives an estimate of 18.1 Ma fo
the initiation of exhumation. Our estimate here
assumes that the exhumation rate jumped imm
diately from 0 to 0.75 km/m.y. at 18 Ma, which
would have caused an immediate upward migr:
tion of the closure isotherm. We are safe in usin
a steady-state thermal profile, because after 448'
m.y., the upward velocity of the closure isothern
should have slowed to within 15% of the ex:
humation rate (Appendix, Fig. A2). An alterna-
tive possibility is that the exhumation accelerate
to its average rate of 0.75 km/m.y. over a longe
period of time, which would imply an older initi-
ation age. But this option seems unlikely, givel
that depositional age of the Lower unit of the47 5
Olympic subduction complex is about 27 to 1¢
Ma, which does not permit an initiation age mucl
older than our 18 Ma estimate.

It is interesting to note that areas peripheral t
the central massif give younger estimates for tt 235
start of exhumation. For example, the sub

Montesano unconformity, whichi$0 km to the ) . . . . .
south. records the onset of exhumation betwer Figure 13. Contour map showing long-term exhumation rates in the Olympic Peninsula area.

17 and 12 Ma. The fossil partial-annealing 2on This map was constructed by det_ermir_wing the depth _of closure for c_ae_lc_h apatite fission-track mini-
in the Coast Range terrane (Fig. 10), locateMuUm age using the method outlined in the Appendix, and then dividing the depth by the age to
[50 km to the northwest, records the start cgive the local long-term exhumation rate. Apatite localities are shown with circles and triangles,
exhumation at ca. 12 Ma. These younger ag‘indicating unreset and re§et ages, respec@ively. The 0.3 km/m.y. contour roughly coincides .with
suggest that the initiation of exhumation Wa.‘the base of_the quo_rapatlte partlalfanneallng zone that existed before_ the start of exhumation.
diachronous, starting first in the central massiROcks outside of this contour are interpreted to have never been buried deeper than ~4.7 km.

Straits @)f :
_Juan|de Fuca’

then migrating outward with time.

Contour Map of Long-Term massif. These high rates are indicated by two venplift and exhumation within the Cascadia fore-
Exhumation Rates young minimum ages (2.3 and 3.9 Ma foP%r arc high. An important objective of our study has
and A0, respectively). At present, there are ndeen to document the cause of exhumation in this
The method in the Appendix can be used teircon fission-track ages from this area, so warea. A popular interpretation is that accretionary
convert a reset fluorapatite age into an estimate lo&ve no way of knowing how long these high ratesedges are most commonly exhumed by exten-
the local exhumation rate. We focus here on tHeave been operating. If rapid exhumation is a relaional deformation operating within the upper
most recent phase of exhumation, bracketed liyely recent development (younger than 4 Ma)gvels of the wedge (e.g., Platt, 1986, 1987, 1993;
closure of fluorapatite fission-track ages anthe total amount of exhumation would be reladayko et al., 1987; Cashman and Kelsey, 1990;
exposure at the Earth’s surface. The calculateiyely small (~3 to 4 km). Alternatively, if these Harms et al., 1992; Wallis et al., 1993). An alter-
exhumation rates are reported in the form of high rates have been operating since middleative is that exhumation is due to erosion of an
contour map (Fig. 13). Unreset and reset minMiocene time, we would expect ~20 km of exemergent forearc high. One of the main observa-
mum ages are indicated by circles and trianglesumation. There is nothing about the metamorpht@ns used to support the tectonic-exhumation
respectively. The lowest contour shown in thgrade and deformation fabric of these rocks thatodel is the recognition that high-pressure meta-
map is 0.3 km/m.y, which roughly coincides withwould indicate that they have been exhumed fromnorphic rocks in accretionary-wedge settings are
the base of the fluorapatite partial-annealing zorsich great depths. Thus, we prefer the interpreia-some cases overlain by fault zones that have
prior to the start of exhumation. This particulation that the high exhumation rates west of the cethinned the original metamorphic section. Advo-
contour was selected because average exhuntrad massif started late in the development of theates of the tectonic-exhumation model have

tion rates <0.3 km/m.y. would not be sufficient tdDlympic Mountains uplift. argued that “thinning” was produced by exten-
expose the base of the fluorapatite partial-anneal- sional faulting. However, it has been noted that
ing zone (~4.7 km depth) over the time intervaDISCUSSION contractional thrust faults can attenuate a meta-
from middle Miocene time to the present. morphic section if the section is tilted rearward
The exhumation rate for the central massif aréeectonic versus Erosional Exhumation before the faults cut through the section (Ring
is ~0.7 km/m.y., consistent with the estimate in and Brandon, 1994; Wheeler and Butler, 1994).

Figure 12B (AS = 0.66 km/m.y.). However, the The fission-track data reported here and iAs an example, Ring and Brandon (1994)
highest exhumation rates in the Olympic MounBrandon and Vance (1992) have demonstratesthowed, using kinematic data, that the attenuated
tains, ~1.2 km/m.y., are located west of the centrtilat the Olympic Mountains are a site of activenetamorphic section on the east side of the
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Franciscan Complex could be explained by togion is more than 25 km west of the Hurrican¢he east side (Tabor and Cady, 1978b). Where
to-the-west thrust faults cutting through an easRidge fault (Fig. 4A). Furthermore, the pattern opresent, the extension direction associated with
dipping metamorphic section. exhumation is roughly symmetric with the mod-cleavage is approximately downdip. This pattern

The tectonic-exhumation model is commonlyern topography of the Olympic Mountains, a®f deformation is consistent with horizontal con-
supported by two other arguments: (1) naturallgnight be expected if erosional exhumation wasaction across the Olympic Mountains in a
occurring erosion rates are not fast enough to ethe dominant process (Fig. 14B). direction parallel to the plate convergence
hume high-pressure metamorphic rocks within Deformation within the Olympic subduction vector, and would have resulted in thickening of
the life span of a typical subduction complexgcomplex is also consistent with a prolonged highe wedge, as indicated by the steeply plunging
and (2) it is commonly difficult to account for tory of contractional deformation. A prominentmaximum-extension direction. Our fission-track
the volume of sediment produced by erosiompressure-solution cleavage is present in the cetiata indicate that cleavage-related deformation
Neither of these arguments is very compellingral and eastern parts of the Olympic subductioaffects rocks as young as early Miocene age and
Modern erosion rates are usually determinecomplex (Tabor and Cady, 1978b; B. Kang anthat those rocks remained at temperatures
using sediment-yield data for major river basind\l. Brandon, unpublished work). Cleavage gern>100 °C until ca. 7 Ma. Thus, we conclude that
These estimates represent an average for arally strikes to the northwest at attitudes that fatme deformation associated with cleavage forma-
entire drainage, and thus provide only a lowerom moderately east-dipping on the west side dfon was contemporaneous with the uplift and
limit for the erosion rates operating in the uplanthe central massif to moderately west dipping oexhumation of the Olympic Mountains. Cleav-
part of the drainage. Nonetheless, a global com-
pilation of sediment-yield data by Milliman and
Syvitski (1992) indicates that modern erosiot
rates can range up to 13 km/m.y. for mountair
ous areas with small drainages.

As for the second argument, it assumes that tl

@ ORIGINAL CONFIGURATION

eroded sediment will remain proximal to the SW Original Hurricane NE
uplift, which is typically not the case for both con- / Ridge fault

vergent margins and collisional orogens. Fo —,—————
example, England (1981) showed that ~55% « LT .““““““ -
the sediment eroded from the European Alps ov L sSs Q“‘ Y t Rar o

the past 30 to 40 m.y. was deposited in areas w
removed from the orogen, such as deep-sea sl
marine fans in the Mediterranean. Sedimeni
eroded from the actively deforming New Zealan
Alps and Himalaya are mainly transported intc
deep marine basins (Adams, 1980; Burbank et &
1993; Curray, 1994). Likewise, much of the sedi
ment eroded from an emergent forearc high

probably transported seaward into slope basin
the trench, or the abyssal plain. Some of this sec
ment might be trapped in the forearc basin (e.c
Puget Sound) but there would have to be suff
cient accommodation space to trap and preser
that sediment. What does get trapped may also
highly diluted by more voluminous sediment
coming from the arc and backarc.

We now consider these arguments in the col
text of the Olympic Mountains. To start, there it
no evidence of extensional faulting in the
Olympic Mountains. A likely candidate is the
Hurricane Ridge fault (Figs. 2 and 4), but it is dif-
ficult to envision this structure as a young norme
fault given that in most areas the fault is steep -
overturned (Fig. 4B). Kinematic indicators have
not been found, but the structural style of the fau” Figure 14. Schematic cross sections illustrating the pattern of exhumation that would result
zone, marked by imbrication and repetition ofrom tectonic and erosional exhumation. (A) The original configuration of the margin was
section, is consistent with the fault having origiformed by accretion of the Olympic subduction complex beneath the truncated base of the
nated as a contractional fault (Fig. 14A). If the«Coast Range terrane. The horizontal dashed lines schematically illustrate depth contours asso-
Olympic subduction complex was exhumed bciated with this initial configuration. (B) Erosional exhumation would be distinguished by an
normal slip on the Hurricane Ridge fault, then thexhumation pattern centered over the area of greatest tectonic uplift. In this case, the Hurricane
deepest exposures should currently be directRidge fault is passively tilted into its present steep orientation. (C) Extensional exhumation
west of the fault (Fig. 14C). However, the fissioncaused by normal faulting on the Hurricane Ridge fault would result in an asymmetric pattern
track data show that the area of deepest exhunwith the deepest exposures located directly west of the fault.
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age-related deformation probably continuesame regional scale. the Cascadia basin that have been driven into the
today in the subsurface beneath the forearc highBut where does all the eroded sediment gofedge by northeast subduction of the Juan
and may be important in controlling uplift of theThe Olympic Mountains are mainly drained byde Fuca plate. Flow lines beneath the continental

high (cf. Pavlis and Bruhn, 1983). rivers that empty on the west and north sides shelf are shown as parallel and horizontal to

the peninsula (Fig. 1). The sediment in thosaccount for the fact that the modern shelf basins,
Modern Erosion Rates and Sediment rivers is ultimately transported to more westersuch as the Olympic and Willapa—Grays Harbor
Transport Patterns shelf and slope basins or onto the Cascadimsins (Fig. 2), have remained close to sea level

abyssal plain west of the subduction zonsince late Miocene time and record only minor

If the Olympic subduction complex was(cf. Dickinson and Seely, 1979; Underwoodnternal deformation, a point first made by Adams
exhumed mainly by erosion, then we need to coet al., 1980). Plate convergence ensures that t#984). McNeill et al. (1997) reported an interest-
sider (1) if modern erosion rates are compatibleediments deposited on the abyssal plain wiihg discovery of late Miocene and younger listric
with our estimates of long-term exhumation ratesltimately be carried back into the Cascadiaormal faults beneath the shelf in an area south-
and (2) if there is a suitable volume of eroded sedecretionary wedge. Thus, we consider the accrerest of the Olympic Peninsula. The cause of the
iment. Table 3 shows a comparison of modertionary wedge itself to be the main repository ofaulting, whether due to deep-seated tectonic
erosion rates with our long-term exhumatiorsediment eroded from the forearc high. processes or to near-surface mass failure, remains
rates. We ignore chemical erosion, which is An interesting observation is that since middlenresolved. In either case, the deformation is fairly
insignificant in this area (average rate is 0.02Miocene time, very little sediment has accumuminor, consisting of ~5 km of horizontal extension
km/m.y. for six major basins of the Olympiclated in the forearc depression east of thever the 50 km width of the shelf since ~15 Ma.
Mountains; Dethier, 1986). The Elwha and Hol©lympic Mountains (Puget Lowland). For exam- We infer that the shelf basins are moving slowly
Rivers drain the northeast and northwest sides pfe, the Seattle basin (Fig. 2) contains no sedie the northeast relative to the North American
the Olympic Mountains. Sediment yield for thements of middle Miocene through Pliocene agplate due to horizontal shortening within the
Elwha basin was estimated as part of an enviro¢ig. 3). About 0.6 km of Pleistocene sediment®©lympic Mountains uplift. At the surface, hori-
mental impact survey for the removal of a dam atre present (Johnson et al., 1994), but they azental shortening appears to be mainly localized
the lower end of the river (B. A. Stoker and D. Tmainly the result of continental glaciationin the vicinity of the Olympic Mountains uplift.
Williams, 1991, written commun.). The areaBooth, 1994). The accommodation space for thEhe flow is shown as diverging slightly beneath
above the dam is entirely in unlogged terraifPleistocene sediments is largely accounted for lilge Olympic Mountains to account for the fanning
within Olympic National Park. An inventory of the postglacial sea-level high. Thus, we comef cleavage across the uplift and the presence of
erosion processes indicates an average erosidnded that there has been no net tectonic subsast-vergent deformation on the east side of the
rate of 0.18 km/m.y. The volume of sediment thadence of the Puget Lowland since early Miocenaplift, as recorded by eastward overturning of the
has accumulated over the past 61 yr behind thiene. If sediments eroded from the OlympicHurricane Ridge fault and the superjacent Coast
Lake Mills dam indicates an average erosion ratdountains were currently being shed eastwarBange terrane (Fig. 4B). The continued move-
>0.11 km/m.y. Estimates of long-term sedimeninto the Puget Lowland, there would be no longment of material into the Olympic Mountains
yield for the Hoh River (Nelson, 1986, p. 18—19jerm accommodation space to hold them. Theimlift ensures that the mountainous topography
indicate an average erosion rate of 0.32 km/m.yltimate fate would be transport through thend rapid erosion are sustained.
for its drainage. The lower part of the Hoh Riveftraits of Juan de Fuca and into the deep oceanFission-track data from the central massif

has been logged locally, but the upper part drains indicate a steady rate of exhumation since ca.
natural terrain on the northwest flank of MountAccretion, Deformation, and Erosion Across 14 Ma, which we take as evidence that the
Olympus. Integration of the contour map in Figthe Olympic Forearc High topography of the Olympic Mountains forearc
ure 13 indicates that the long-term average ero- has been close to steady-state since that time. To

sion rate for the entire Olympic Peninsula has The schematic cross section in Figure 15 shovisst this conclusion, we examined the section
been ~0.28 km/m.y. (Table 3). These data do notir concept of how erosion and uplift in thealong B—B in Figure 13 to see if the accre-
reveal any obvious discrepancy between modeflympic Mountains are related to deformatiortionary flux at the front of the Cascadia wedge
erosion rates and long-term exhumation ratesithin the Cascadia accretionary wedge. This in balance with the erosional flux from the
when these measurements are compared at thedge has grown by accretion of sediments fro@lympic Mountains forearc high. An erosional

TABLE 3. AVERAGE MODERN AND LONG-TERM EROSION RATES FOR THE ENTIRE OLYMPIC PENINSULA AREA

Location [references’] Volume flux* Area Erosion rate
(km3/m.y.) (km?) (km/m.y.)

Modern erosion rates indicated by sediment yield from some Olympic rivers

Elwha River [1] 114 635 0.18

Hoh River [2] 211 655 0.32

Long-term erosion rates for the entire Olympic Peninsulal based on apatite fission-track ages

Outside lowest contour [3] ~650 6504 ~0.1

Inside lowest contour [4] 2589 5772 0.45

Total for Peninsula [3,4] 3239 12276 0.26

*Flux is in units of solid rock volume; density is assumed to be 2700 kg/m?3.

SArea of the peninsula is delimited by Hood Canal to the east and the 47°15' N parallel to the south.

TReferences: [1] Unpublished environmental impact statement by B. A. Stoker and D. T. Williams (1991) Ebasco
Environmental, Washington State; [2] Nelson (1986, p. 18-19), sediment yield increased by 10 percent to account for
bed load transport; [3] Average exhumation rate of 0.1 km/m.y. is assumed for area outside of the 0.3 km/m.y. contour in
Figure 13; [4] Average exhumation rate for area inside the 0.3 km/m.y. contour as reported in Figure 13.
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Olympics Uplift

Cascadia Deformation Olympic Coast Mount Hurricane Seattle
basin / front basin \ l Olympus ~ Ridge Jault basin

AR .
/. /- Stagnant -
<0 . region. .

Pre-Tertiary
continental framework

'] Coast Range
- g
P> terrane
Upper Olympic 50 km (VE=2)

subduction complex

Sediments of Cascadia basin and
Cascadia accretionary wedge (including
Lower and Coastal OSC)

Modern forearc basins

RSN

Figure 15. Schematic illustration of flow lines within the Cascadia accretionary wedge. The relationship of adjacent flow lin@ghether
convergent, parallel, or divergent, indicates the type of strain occurring perpendicular to the flow lines, i.e., contractiam strain, or extension,
respectively. Deformation is considered to be approximately continuous at the scale of the figure, but may involve discontirsifawlting at the
local scale. See text for further discussion. OSC—Olympic subduction complex.

flux of 54 km&/m.y. was determined by integrat-way that accommodation space controls the thickeity in the evolution of uplift and exhumation
ing the long-term erosion rates determined byess of sediment that can accumulate beforeakong the length of the forearc high is ~10 to 15
fluorapatite fission-track ages along B—Be- sedimentary basin is filled. The accretionary fluxn.y. Diachroneity is a common feature at plate
fore integration, erosion rates were smoothealong the Cascadia margin increases to the nottbundaries, but this scale of diachroneity would
and averaged using a moving window that wasecause of progressive increases in the conv@robably be difficult to recognize at ancient con-
30 km wide across the profile and 10 km alongence rate and the thickness of the sediments in frergent margins. The arguments here support our
the profile. The modern accretionary flux istrench. To illustrate, compare the subduction zor@ntention that the Olympic Mountains represent
about 63 krdm.y., based on a 2-km-thick in- west of southern Oregon (43°N), where the generalized example of how uplift and erosion
coming sedimentary section (Kulm et al., 1984)yormal component of the convergence velocity isan lead to deep exhumation of an emergent fore-
an average porosity of 27% (Yuan et al., 199480 km/m.y. and the sedimentary section is 1.25 karc high. In this context, it is useful to note that
and a convergence velocity of 43 km/m.ythick, with the subduction zone west side of Vanwithin ~10 to 15 m.y., the Olympic Mountains
(Nishimura et al., 1984). These fluxes are fairlgouver Island (49°N), where these values angill be exhumed to a depth equivalent to the
similar and support the idea that the Olympi@d3 km/m.y. and 3 km (Kulm et al., 1984;deepest part of the Franciscan subduction com-
Mountains segment of the Cascadia margin Nishimura et al., 1984; Yuan et al., 1994). Thiplex of California, assuming that uplift and ero-
currently close to a topographic steady stateepresents about a three-fold increase in the accs@®n continue at their same pace.

The Olympic Mountains clearly mark an aredionary flux along the length of the margin. The
of anomalous deformation and uplift relative to thduan de Fuca slab is anomalously shallow bene&IONCLUSIONS
rest of the Cascadia convergent margin. A peretiie Olympic Mountains, ~10 km relative to along-
nial issue is that Olympic Mountains are somehowstrike areas to the north and south (Brandon andFission-track dating of detrital apatites from
unusual, and therefore may be unrepresentative@élderwood, 1990). This means less accommodsandstones in subduction complexes can provide
how a “normal” convergent margin would evolvetion space for the growing accretionary wedgeuseful information about exhumational pro-
or how the rest of the Cascadia margin is evolving. We contend that a high accretionary flux comeesses. This kind of work is challenged by the fact
The more specific question is: Why do uplift andined with a relatively shallow slab caused théhat detrital apatites typically produce discordant
deep exhumation appear to be so strongly concedtympic segment to be the first part of thdission-track results regardless of the degree of
trated in this segment of the forearc high? Outascadia forearc high to emerge above sea levislermal resetting. We show that this problem can
view is that the Cascadia forearc high is being ufearly emergence has allowed this part of thee overcome by using peak-fitting methods to
lifted and exhumed in a diachronous fashiorforearc high to become more deeply eroded. lealculate a minimum age and by having some
There are two factors controlling this process. Thaedjacent areas, the forearc high has only recentfydependent information about depositional age
first is the flux of accreted sediments into thdbecome emergent, but we anticipate that thog® order to test if the minimum age is reset. The
wedge. The second is slab depth, which controdgeas will evolve like the Olympic Mountains,consistency of our results demonstrates the suc-
the amount of material that can be accreted befaassuming, of course, that there is no change in tbess of this approach.
the forearc becomes emergent, in much the samages of convergence and accretion. The diachro-Apatite fission-track minimum ages reveal a
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concentric pattern; the youngest reset ages &éR-8707442 and EAR-9005777 (to Brandon)mated above &&= 8 °C andg, 1= 19.4 °C/km. The
clustered around the high topography of th&AR-9117941 (to Roden-Tice and Garver), th@a}fa_mEtefr:s tlhe ‘IeffECt'VG Idepth, W][“ﬁh 'IS measured
Olympic Mountains, progressively older reset aget/ashington State Division of Geology and Eartheiaive to the local mean elevatiorof the landscape
. . . . : Fig. Al). The use of effective depth accounts for the
are in the foothills of the mountalns, and unresaesourceg, Ar.co,_ qnd Yale Unlve_rsny. We_ thanigct that surface topography is generally rougher than
ages are near the Olympic coast. Aimost all resttte following individuals for assistance in thethe underlying isothermal surfaces (Brown, 1991).
ages are middle Miocene and younger. There dield, especially for their help carrying heavyStiwe et al. (1994) showed that as local relief, exhuma-
no obvious breaks, as might be expected if eyeads in and out of the back country: Davidion rate, and/or thermal gradient increase, the imprint of
humation was due to extensional faulting. The pa&pplegate, Arthur Calderwood, Dan Coffey, Jo topography on shallow sotherms becomes more pro-
o ) . . 9. . p Pp gate, ! y’_ ] Thounced. In the Olympic Mountains, the local relief, ex-
tern indicates systematic variations in erosion raté€Snarsen, Jeff Feehan, Martha Goldstyne, MiriarRumation rate, and thermal gradient are all too small to
across the Olympic Mountains, with the fastesschoenbaum, Harold Tobin, and packers Kitroduce significant short-wavelength distortions in the
rates coinciding with the highest topography.  Neeman and David Johnson. John Aho ar&&mhedfma' Surga‘?es assog'ffilted W'thtft'ss'lont'r:fa(?k C|05tl;]fe
: H H : . : : : Or a-aamaged zircon and filuorapatite. In tnis case, the
_ Astratlgraphlcally coordinated suite of apatiteRichard I_-Ianson of the OIyr_nplc Natlo_nal Par Shallow isotherms will tend to follow the longest wave-
flss_lon-track ages from the Coast Range terramelped with back country Iogl_stlcs. David Apple-engths in the topography. For our case, a practical
indicates that prior to the start of exhumation, thgate, Arthur Calderwood, Linda Neshyba, anehethod for estimating is to filter the elevation data so
base of the fluorapatite partial-annealing zonkliriam Schoenbaum assisted with mineral sepdhat only the longest wavelengths of the topography
was located at ~4.7 km depth. The initial thermahtions. Don Miller did some of the fission-trackfémain. For our analysis heféwas estimated from
dient was ~19 °C/km, similar to the modermlating during early stages of this project Davi(ﬁ' lgital topography that had been low- passed filtered to
gradi . i . 9 9 arly g - project. emove wavelengths less than ~45 km. In the central
thermal gradient along strike elsewhere in th€oyle helped with calculation of closure temperamassif area of the Olympic Mountains, the difference
Cascadia forearc high. Exhumation of the Coastires for fluorapatite using the track-lengttbetween the original and filtered elevatiahs,h —H =
Range terrane in the northwest corner of thennealing model. Bruce Stoker of Ebasco Env?-”— z, ranges from —805h mfto +1h312 m. This aiproach
peninsula probably started at ca. 12 Ma. ronmental kindly provided information about the!10/s Us to address the fact that after a rock passes
. e L . . . through the closure isothermTt the total amount of
Zircon and gpatlte fission-track datallndlcaten_odern sc_adlment yield for the Elwha Rlver._Uwesection that must be eroded to expose the rock at the
that exhumation of the central massif of théRing provided comments on an early version Gfurface isz (T.) + A, wherez (T,) is the depth of the
Olympic Mountains started at ca. 18 Ma and hafie manuscript. Reviews by Trevor Dumitruclosure isotherm (cf. Brown, 1991) _
proceeded at a fairly constant rate of ~0.75arah Roeske, and Jeffrey Unruh helped sharp_1anEXhum""t'on will perturb the initial thermal profile.

. . 0 model this effect in the Olympic Mountains, we as-
km/m.y. since at least 14 Ma. The total amount dghe presentation and focus of the paper. sume that heat flow through the rear part of the wedge

exhumation is judged to be ~12.1 km for the can be approximated using a steady-state solution for a
summit regions and ~14.5 km for the deepedtPPENDIX: LONG-TERM EXHUMATION one-dimensional layer of thicknessThe upper and
valleys of the central massif. RATES FROM FISSION-TRACK AGES lower boundaries of the layer are hel@@ndT,+g,L,

" _ ) ) respectively, as indicated by the initial temperature pro-
A contour map of exhumation rates, as deter. To estimate long-term exhumation rates fronfjle. The accretion rate at the base of the layer is equal
mined from reset fluorapatite fission-track agesission-track ages, we need information about the teno the exhumation rateat the top of the layer, resulting
indicates that the long-term average exhumatigrerature profile and rate of cooling at the time ofn a constant advection velocity within the layer. The

rate for the entire Olympic Peninsula area i§losure. For the Olympic Mountains, the temperatursteady-state temperature profile is given by (equation 8
profile prior to the onset of exhumation is representeg Stiwe et al., 1994)

~0.26 km/m.y., which is cqmparable with mod-by alinear gradient,
ern drainage-scale erosion rates of 0.18 to

0.32 km/m.y. estimated from sediment-yield 7(z)=T; +g,z" (A1)
data. The Olympic uplift is mainly drained by
west- and northwest-flowing rivers, which
ensure that most of the sediment eroded from tl
uplift is carried into the Pacific Ocean, where it i¢
deposited in slope basins or on the Cascac
abyssal plain seaward of the subduction zone.
the latter case, plate convergence will carry th
sediments back into the accretionary wedgt
Thus, the accretionary wedge is probably th
main repository for sediments eroded from th €
Olympic uplift. Currently there is a close balance : ﬁ ﬁ
between the influx of accreted sediments and tt closure sotienn) U Y.

1- e—éz’/K

T (12)

T(.8)=7 +g,L

Values for the parameters in equation Al are estwhereK is the thermal dlfquIVIty For the sediment-rich

outflux associated with erosion of the forear:
high, which suggests that the topography of th
Olympic Mountains segment of the Cascadi
margin is close to steady state. Fission-track ev
dence indicates steady exhumation rates since at
least 14 Ma, which suggest that the Olympii  Figure Al. Schematic cross section showing the relationship between surface topography
Mountains achieved their steady state forrand the depth to the closure isotherm. The exhumation rateand topography are assumed to
shortly after initial emergence above sea levehave remained approximately constant with time (i.e., steady-state condition). The closure

isotherm, located at a depttz below the local mean elevatioh' of the topography, is assumed
ACKNOWLEDGMENTS to have been relatively flat and stationary when the present land surface passed through the

closure isotherm. The total exhumation for a sample collected at an elevatibrrelative to sea

Funded by National Science Foundation granlevel (SL) isz=2=h-h'=Z +A.
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Figure A2. Vertical velocity of the apatite and zircon fission-track (FT) closure 0.8 — 0.5 km/m.y. .
isotherms as a function of time since the onset of a steady exhumation rate. Isotherm% L i
velocities are normalized to their associated exhumation rate. The examples shown%
here are for exhumation rates of 0.5 and 1.0 km/m.y. and were calculated using a> 0.6 = 7]
finite-difference model for a one-dimensional, 20-km-thick layer where the exhuma- D L i
tion rate at the top of the layer is equal to the accretion rate at its base. We used the‘%
initial temperature profile given by equation A1, a thermal diffusivity of 20 km&/m.y., & 04 Zircon, .= 240 ST
and FT closure temperatures T, shown in graph) typical for the cooling rate of the = L i
Olympic subduction complex (~15 °C/m.y.). These experiments indicate that within 3
to 4 m.y. after exhumation starts, the upward displacement of the closure isotherms 2 |~ Apatite, N
slows to velocities <20% of the exhumation rate. L TC:11§C i
00 1 I 1 I 1 1 ]
0 2 4 6 8 10

Time (m.y.)

Cascadia accretionary wedges 20 kn?/m.y. (Brandon companies an increase in the rate of cooling. This eBurango fluorapatitet=sq,, = 44.65 kcal/mol, an& =

and Vance, 1992). Examples below indicate that equfect imparts a small apparent downward velocity to thd.223 x 162°m.y.; fora-damaged zircorEsqy,= 49.77

tion A2 is not particularly sensitive toas long as itis closure isotherm. kcal/mole, and3 = 3.160 x 16%2m.y. Note that the
>~20 km. For our problem heteis set at 20 km, which T.is a function of the rate of coolifig= dT/dt An  fluorapatite annealing experiments of Naeser and Faul
approximates the average thickness of the rear part of #gproximate relationship for this effect is given by(1969) give nearly identical predictions fipr

accretionary wedge since middle Miocene time. equation 11 in Dodson (1979): The actual cooling rate at closure is a function of the

To use equation A2, we assume that heat flow in the exhumation rate and the vertical gradient in the tem-
rear part of the wedge has been close to steady state. . -RT? perature profile at.:
This implies that the transition to steady state occurred T = —— 7 (A3)

. . . . h E. . Betson/RI:
fairly rapidly. This assumption was checked using the 50% i dar ¢ &0 gl 0
Crank-Nicholson finite-difference method (Gerald and T(T.) —— == °-T.+T,0. (A4

( V7@ d &k H-etik e H A4)

Wheatley, 1985, p. 483) to determine the pre-steadyhere R is the gas constafo, is the activation
state evolution of the thermal profile. Figure A2 show€nergy for 50% annealing, and B is a proportionality
the calculated vertical velocity of closure |sotherms_fo€0n3tant. Note that the solutionTefas a function of _ Equation A2 is inverted to defirg, the closure
a-damaged zircon (~240 °C) and fluorapatitemust be done numerically. The constants in equatiof, . )

- . f ; - pth relative to the true elevation,
(~115 °C) normalized to the exhumation rate. Noté\3 can be estimated using annealing data for Durango
that within 3 to 4 m.y. after the start of exhumation, thuorapatite from Laslett et al. (1987) and for natural
vertical velocities of the closure isotherms are <20% df-damaged zircon from Zaun and Wagner (1985) an  _ Aes=p-Ky g L-T,
the exhumation rate. The actual normalized velocitiekagami et al. (1990). Laslett et al. (1987) reported the? =2 7% =27 % ng oL
of the closure isotherms will be less than estimate@nnealing data in the form of normalized track lengths, °
here because the calculation used for Figure A2 did nathich we converted into normalized track densities ) o
account for the increase in closure temperature that a¢sing an empirical relation by Green (1988). For A final equation relateg; to the fission-track age

. O
(l—e l )B (A5)

30— r—T T T T T 71—
Figure A3. Relationship of fluorapatite fission-track (FT) ages and to the \'-
average exhumation rate for the time between closure and exposure at the sur- ) . . - . No advection
face. The exhumation rate is determined by dividing the closure depth by the 2.5
FT age. To estimate closure depth, we need to account for the initial thermal
profile, the perturbation of the initial profile by exhumation, and T; as a func-
tion of cooling rate. The initial temperature profile is given by equation Al and
the thermal diffusivity is set at 20 kn#/m.y. Equation A3 was used to calculate
T, to account for its dependence on cooling rate. The “no advection” example
illustrates what would happen if the initial temperature profile remains un-
changed during exhumation. The “steady-state advection” examples account
for the advection of heat by exhumation. The perturbed temperature profile
was approximated using a steady-state solution for a constant exhumation rate <
(see equation A2). The three steady-state examples illustrate the effect of vary-
ing thickness,L, = 10, 20, and 30 km. The data points correspond to the reset 05
minimum ages for Olympic subduction complex apatite samples (Table 2). The
variation of the points around the thick solid line = 20 km) reflects the fact
that in calculating each exhumation rate, there is a difference between the oot———-1t— -1 1 1 1 1
sample’s elevation and the local mean elevation (see Fig. Al). c 2 4 6 8 10 12 14 16
Apatite FT Age (Ma)

y.)

\ : Steady-State Advection

L =10 km
e | =20 km

\ —— L=30km

2.0

15

1.0

Exhumation Rate (km/m
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