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Through most of western Idaho, the Salmon River suture is a north- to northeast-

trending boundary between island arc rocks of the Wallowa terrane and continental rocks of

pre-Late Cretaceous North America. Near Orofmo, Idaho, the terrane boundary trends

abruptly west. The west-trending segment near Orofmo is marked by an 8-10 km wide zone of

strongly deformed high-grade orthogneiss and metasedimentary screens of the Orofino series

which separates high-grade Middle Proterozoic metasedimentary rocks of the Belt Supergroup

from lower amphibolite facies metaigneous and metasedimentary rocks of the Wallowa terrane.

Structurally, the Orofmo segment of the terrane boundary is characterized by southwest-

vergent thrust faults and shear zones which juxtaposed high-grade rocks of the boundary zone

over the lower-grade island arc rocks and telescoped the northern margin of the Wallowa

terrane toward the southwest.

Trace element characteristics of metasedimentary rocks of probable elastic origin within

the boundary zone near Orofino and Ahsahka indicate that most of the rocks mapped as the

Orofmo series were derived from a volcanic arc provenance and are broadly correlative with

Permian to Jurassic rocks of the Wallowa terrane. Local occurrence of "Orofmo series" rocks

with probable continental chemical affinity suggests that continental and island arc rocks may be

tectonically intercalated within the boundary zone.

Detailed 40Ar/39Ar thermochronology along the Orofmo segment of the Salmon River



suture zone records a tectonic history that began in the island-arc terrane with pre-accretion

plutonism at about 145 Ma, a common age of plutonism within the Wallowa terrane. Lower

amphibolite facies dynamothermal metamorphism, which was probably associated with arc

accretion to North America along the Salmon River suture, occurred between about 130 and

100 Ma. Post-accretion southwest-directed thrusting between about 93 Ma and 80 Ma

emplaced rocks from deeper crustal levels along the terrane boundary over rocks from

progressively shallower levels toward the southwest within the northern margin of the Wallowa

terrane. Following the end of thrusting, uplift along the terrane boundary resulted in

moderately rapid cooling of the high-grade rocks to below initial microcline closure temperature

(about 130° C) by 71 Ma. Uplift progressed toward the northeast, resulting in a northeasterly

decrease in mineral cooling ages to as young as 54 Ma for biotite in both continental

metamorphic rocks and Idaho batholith plutons. This uplift pattern may have resulted from

isostatic rebound of the underthrust northern margin of the Wallowa terrane following the end

of thrusting.
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CRETACEOUS TECTONIC HISTORY ALONG THE SALMON RIVER SUTURE
ZONE NEAR OROFINO, IDAHO: METAMORPHIC, STRUCTURAL, AND

4°Ar/39Ar THERMOCHRONOLOGIC CONSTRAINTS

INTRODUCTION

In western Idaho, along the western margin of the Idaho batholith, distinct differences in

lithology, geochemical affinity, and structure define a terrane boundary that juxtaposes oceanic

and island arc rocks against continental rocks of North America (figure 1). This boundary,

named the Salmon River suture zone (SRSZ) by Lund and Snee (1988), trends approximately

north to NNE through much of western Idaho; near Orofino, the boundary trends abruptly to

the west. Rocks west of the Salmon River suture include mainly metamorphosed volcanic and

volcaniclastic rocks (Hamilton, 1963; Myers, 1982; Lund, 1984) of the Wallowa island arc

terrane (Hamilton, 1976; Val lier, 1977; Silber ling et al., 1984). Metasedimentary rocks to the

east are correlative with Belt Supergroup and pre-Belt rocks of Proterozoic age (Hietanen,

1962; Hamilton, 1963; Myers, 1982) and possibly Late Proterozoic or Paleozoic rocks of the

Cordilleran miogeocline (Lund, 1984).

Although generally there is a distinct lithologic contrast across this terrane boundary, its

exact location and structural character have been obscured by high-grade metamorphism and

late plutons, some of which were strongly deformed subsequent to their emplacement. Because

of the abundance of plutons within the SRSZ, its location is most clearly defined by an abrupt

change in 81Sr/Sr initial isotopic ratios (Sri) from <0.704 in granitic rocks that intrude oceanic

and island arc rocks west of the boundary to >0.706 in granitic rocks that intrude Precambrian

rocks to the east (Armstrong et al., 1977; Fleck and Criss, 1985; Manduca, 1988). This change

in the isotopic composition of granitoids corresponds closely with structural trends and the

change from oceanic and island arc to continental lithologies observed in the country rocks

(Hamilton, 1963; Myers, 1982; Lund, 1984; Lund and Snee, 1988; Manduca, 1988).

Both the mechanism and timing of accretion of the Wallowa terrane to North America

have been much debated. Many workers have suggested a subduction related mechanism

(Hamilton, 1976; Hyndman and Talbot, 1976; Onasch, 1977; Brooks and Vallier, 1978;

Hillhouse et al., 1982). More recently, Lund (1984) and Lund and Snee (1988) proposed that
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Figure 1. Generalized tectonic map of northeastern Oregon, southeastern Washington, and part
of Idaho showing the distribution of tectonostratigraphic terranes (after Silber ling et al., 1984).
The approximate location of the Salmon River suture (SRSZ) is marked by the Sri = 0.704-
0.706 "line" (heavy dashed line after Armstrong et al., 1977; Fleck and Criss, 1985).
Abbreviations include: WA, Washington; OR, Oregon; ID, Idaho; MT, Montana; 0, Orofmo;
R, Riggins; M, McCall.
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the SRSZ represents a transpressive strike-slip boundary along which the oceanic rocks were

accreted. Proposed times of accretion include Late Permian or Triassic (Hamilton, 1976), Late

Triassic to Jurassic (Brooks and Vanier, 1978), Late Jurassic (Jones et al., 1977), Early

Cretaceous (Davis et al., 1978), Early to Late Cretaceous (Sutter et al., 1984; Criss and Fleck,

1987; Lund and Snee, 1988; Snee et al., in press), and Late Cretaceous (Strayer et al., 1989).

Interpretations of pre-Cretaceous accretion are based in large part on ages of about 160-130

Ma for the oldest post-tectonic plutons within the Blue Mountains province of northeastern

Oregon (Armstrong et al., 1977) and a lack of Cretaceous age penetrative deformation in that

region (Ave Lallemant et al., 1980). However, several recent studies have shown that rocks

along the SRSZ experienced Early to Late Cretaceous deformation and metamorphism (Sutter

et al., 1984; Criss and Fleck, 1987; Lund and Snee, 1988; Snee et al, in press; Manduca, 1988).

At present, the best constraints on the timing of accretion along the Salmon River suture are

based on 4Ar/39Ar studies near Riggins in west-central Idaho (figure 1; Lund and Snee, 1988;

Snee et al., in press). The 4°Ar/39Ar studies show that the oldest metamorphism and deforma-

tion in rocks spatially related to the terrane boundary began by about 120 Ma. Final stitching

of the boundary occurred at about 93 Ma when tonalitic plutons intruded both oceanic and

continental rocks. These results suggest that pre-Cretaceous deformation in the Blue

Mountains of Oregon was related to earlier tectonic events such as pre-accretion amalgamation

of the oceanic and island arc terranes (Lund and Snee, 1988).

An important problem in developing a model for terrane accretion, including kinematics

and timing, is the requirement that it be possible to recognize structures formed during a given

tectonic event. This can be particularly difficult in rocks that have experienced multiple

deformation and/or metamorphic events. In western Idaho, the problem is exacerbated since

original tectonic relationships along the terrane boundary are obscured by later plutons.

Several studies have described near vertical to moderately east-dipping foliation and shear zones

and approximately down-dip mineral lineations in rocks along the north-trending segment of the

SRSZ (Myers, 1982; Lund, 1984; Lund and Snee, 1988; Manduca, 1988). Near Orofmo, where

the boundary trends more westerly, structures are similar; gneissic foliation and shear zones

generally dip to the northeast with near down-dip lineations (Hietanen, 1962; Strayer et al.,
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1989, Davidson, 1989). Where kinematic indicators have been described, they indicate

east/northeast-over-west/southwest sense of shear (ie. continent-side-up; Myers, 1982; Strayer

et al., 1989; Davidson, 1989). Strayer et al. (1989) interpreted these structures near Orofino to

have formed during northeast-directed underthrusting of the Wallowa terrane beneath North

America during Late Cretaceous accretion. However, other workers have shown that elsewhere

along the SRSZ much of this deformation occurred after terrane accretion in western Idaho

(Lund and Snee, 1988; Manduca, 1988; Lund et al., 1989).

This paper describes the structural and metamorphic setting along the Orofino segment

of the Salmon River suture zone and reports the results of 68 43Ar/"Ar mineral analyses from

this area. These data provide new constraints on the timing of deformation and metamorphism

near Orofmo that bear on the timing of terrane accretion and subsequent tectonic events in

western Idaho. The data provide evidence for: 1) pre-accretion pluton emplacement and as-

sociated thermal metamorphism of the adjacent country rocks at about 145 Ma, along the

present-day northern edge of the Wallowa terrane; 2) probable accretion-related deformation

and lower amphibolite facies metamorphism of island arc rocks that began by about 130 Ma

and ended by about 100 Ma; 3) post-accretion SW-directed ductile thrusting from about 93 to

80 Ma that juxtaposed high-grade orthogneiss and metasedimentary screens of probable island

arc origin along the terrane boundary over lower -grade metamorphosed island arc rocks and

telescoped the northern margin of the Wallowa terrane towards the southwest; 4) late-stage

uplift and cooling, following cessation of thrusting, that progressed from along the terrane

boundary towards the northeast. An important result of this work is that although evidence for

Early Cretaceous accretion-related deformation and metamorphism is locally preserved, the

dominant structural and metamorphic patterns in the Orofmo area are the result of post-

accretion tectonic activity along the terrane boundary. The similarity between demonstrably

late-formed structures present near Orofino and structures described elsewhere along the SRSZ

indicates the need for careful analysis of structural overprinting relationships before the

mechanism and kinematics of terrane accretion in western Idaho can be fully understood.
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GEOLOGIC SETTING

The Orofmo segment of the Salmon River suture zone is marked by a generally NW- to

WNW-trending belt of strongly deformed orthogneiss and high-grade metasedimentary screens

which separates high-grade continental metasedimentary rocks of the Middle Proterozoic Belt

Supergroup (Anderson, 1930; Hietanen, 1962) from metaigneous and metasedimentary rocks of

the Wallowa island arc terrane (figure 2). Within the orthogneiss components of the belt, Sr;

change from <0.704 along the Clearwater River to >0.706 (Armstrong et al., 1977; Fleck and

Criss, 1985) about 8 km north of Ahsahka and east of Orofmo. This change in isotopic

composition in granitoids corresponds in a general way to the change from metamorphosed

volcanic and volcaniclastic rocks to quartz-rich aluminous continental metasedimentary rocks

across the terrane boundary. However, uncertainty as to the correlation of metasedimentary

rocks and the abundance of granitic rocks within the boundary zone have made precise location

of the lithologic boundary difficult. Structurally, the boundary zone is characterized by

southwest-directed thrust faults and shear zones (Strayer et al., 1989; Davidson, 1989) that jux-

taposed the high-grade rocks along the boundary with lower-grade island arc rocks and

telescoped the northern margin of the Wallowa terrane towards the southwest.

Areas north and east of Orofino: metamorphosed Belt rocks

Areas to the north and east of Orofmo (figure 2), along Dworshak Reservoir and near

Pierce, respectively, are underlain by sillimanite-grade metasedimentary rocks (mica schists,

quartzofeldspathic gneisses, quartzites, and calc-silicate rocks) that have been correlated with

rocks of the Middle Proterozoic Belt Supergroup (Anderson, 1930; Kopp, 1959, Hietanen, 1962,

1963a,b,c). Sedimentary and metasedimentary rocks of the Belt Supergroup underlie large

areas in northern Idaho and western Montana, and are thought to represent sediments that

were deposited along the western edge of the North American Precambrian craton between

about 1450 and 850 m.y. ago (Harrison, 1972). Hietanen (1962) reports the presence of two

generations of outcrop-scale folds in these rocks, with fold axes trending E to SE and N 10-60
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Figure 2. Generalized regional geologic map of the Orofino area and adjacent areas (modified
after Rember and Bennett, 1979, and Hietanen, 1962, 1963a,b,c). Abbreviation: CWR,
Clearwater River.
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E, respectively, as well as megascopic folds. Small, generally undeformed, discordant quartz

diorite to granodiorite plutons cross-cut folds and foliations in this part of the area (Hietanen,

1962). The southern-most exposures of dearly continental rocks that appear to be continuous

with rocks to the north are quartzite exposed along the southern base of Teakean Buttes, at

Huckleberry Butte, and along Dworshak Reservoir about 11 km north of Ahsahka (figure 2).

Ahsahka/Orofmo area: high-grade rocks of the boundary zone

Within an approximately 8-10 km wide, strongly deformed zone that marks the terrane

boundary near Ahsahka and Orofmo, are high-grade metamorphic rocks of the "Orofino series"

(Anderson, 1930; Hietanen, 1962) and abundant plutonic gneisses that intrude them (figures 2

and 3).

The Orofmo series is lithologically varied; rock types include biotite and biotite-

hornblende schist and gneiss, amphibolite, calc-silicate rocks, marble, and minor micaceous

quartzite, pelitic schist and gneiss, and talc-anthophyllite schist. These rocks occur primarily as

concordant screens within the enclosing orthogneiss. Rocks of the Orofino series differ from

the metamorphosed Belt rocks to the north and east primarily by the abundance of mafic

biotite-hornblende gneiss, presence of relatively pure marble layers, and the relative lack of

aluminosilicate- and quartz-rich rocks (Anderson, 1930; Hietanen, 1962). Based on these

differences, Anderson (1930) suggested that the Orofmo series is the lowest part of the Prichard

Formation, Belt Supergroup, not exposed elsewhere. However, he later suggested that the unit

may be much younger, probably Paleozoic or Mesozoic in age (see Johnson, 1947, p. 491).

Hietanen (1962) tentatively correlated the Orofmo series with the lower part of the carbonate-

bearing Wallace Formation, Belt Supergroup, based on similarities with exposures about 12 km

east of Orofino. Myers (1982) proposed that the Orofmo series may be correlative with rocks

east of Harpster which are thought to be pre-Beltian in age (Armstrong, 1975), but more

recently expressed the view that parts of the Orofmo series may correlate with metamorphosed

island arc rocks of unknown age in the Riggins and Harpster areas (P.E. Myers, personal

communication, 1987). Thus, it has been suggested that the Orofino series may be of any age
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Figure 3. Generalized geologic map of the Peck - Ahsahka- Orofino area showing lithologic units
and major structures discussed in the text (based on unpublished mapping by Davidson, 1987-
1988, and Hietanen, 1962). Abbreviations: AT, Ahsahka thrust fault; BCCT, Big Canyon Creek
thrust fault; BCC, Big Canyon Creek. The inset is a map of the same area showing the
distribution of metamorphic packages and the corresponding metamorphic grade. Cross-
section line A-B marks the location of a generalized structure section shown in figure 6.
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from Precambrian to Mesozoic and of either continental or island arc origin.

Trace element compositions of 7 samples of Orofino series metasedimentary rocks with

probable clastic protoliths were determined for a companion study (Davidson, in prep.; sample

localities are shown in figure 4). The trace element compositions of these samples are most

similar to the compositions of metavolcanic and metasedimentary rocks within the Wallowa

island arc terrane (Val lier and Batiza, 1978; Sarewitz, 1983; Hoover, 1986; Goldstrand, in

press). Chondrite normalized rare earth element (REE) patterns (figure 5a) are relatively flat

to slightly light REE enriched with small positive or negative Eu anomalies. Chondrite

normalized REE abundances are low, ranging from about 10-40 X chondrite. Abundances of

Cr, Rb, Ba, Zr, and Th also are relatively low (figure 5c), consistent with existing data for

samples from the Wallowa terrane. In contrast, samples collected from probable Belt

metasedimentary rocks near Dent and Pierce show marked light REE enrichment to about 60-

120 X chondrite and lower heavy REE abundances (Davidson, in prep.; figure 5b), similar to

patterns observed by Bittner (1987) for continental metasedimentary rocks within the Bitterroot

lobe of the Idaho batholith, east of the SRSZ. Abundances of Cr, Rb, Ba, Zr, and Th generally

are distinctly higher than for rocks of the Orofmo series (figure 5c). Two samples of garnet-

biotite-plagioclase-quartz gneiss from rocks mapped as Orofmo series about 3 km NNE of

Ahsahka, along the western side of Dworshak Reservoir, are distinct from the other Orofmo

series samples in that their trace element compositions are similar to samples from near Dent

and Pierce (figures 5a, b, and c). However, it is uncertain whether this sampled gneiss had a

sedimentary or igneous protolith.

These trace element data strongly suggest that at least most of the " Orofmo series"

metamorphosed clastic rocks in the Ahsahka/Orofmo area are derived from an island arc

provenance and are not Precambrian Belt Supergroup rocks. The similarity of the apparently

interlayered mafic schist and gneiss, calcsilicate rocks and marble, and rare pelites in the

Orofmo series with very low- to low-grade metavolcanic, clastic, and carbonate-bearing

sequences in the Baker, Olds Ferry, and Wallowa terranes (Brooks and Vanier, 1978; Silber ling

et al., 1984) suggests that the Orofmo series may be broadly correlative with rocks in one of

these terranes. Because very low-grade metamorphosed limestone and shale approximately 25
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Figure 4. Generalized geologic map (same as figure 2) showing geochemical sample localites.
Heavy dashed line shows the southernmost extent in the Ahsahka area of Orofino series rocks
with probable continental affinity based on available trace element data. South of this line,
samples have an island arc affinity. Sample location symbols are as follows: squares, Orofino
series rocks with island affinity; diamond, Orofmo series rocks with probable continental
affinity; triangles, metamorphosed continental Belt Supergroup rocks.
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Figure 5. Summary of selected trace element data for metasedimentary rocks in the area
shown in figure 2.

A) Summary chondrite normalized rare earth element (REE) diagram of Orofino series
metasedimentary samples in the Ahsahka /Orofino area. Light stippled pattern (n = 5
samples) outlines REE of samples with probable island arc affinity. Dark stippled
pattern (n = 2 samples) outlines REE of samples with probable affinity to Proterozoic
continental rocks.

B) Summary chondrite normalized REE diagram of metasedimentary samples from
rocks of the Belt Supergroup in the Dent and Pierce areas (light stippled pattern; n = 3
samples). Possibly correlative samples of the Orofino series (same as figure 5a) are
shown in the dark stippled pattern.

C) Rb, Zr, Th, Ba, and Cr data for all metasedimentary samples from the area of figure
2. Key to symbols: squares, Orofino series samples with probable island arc affinity;
diamonds, Orofmo series samples with probable continental affinity; circles, Belt
Supergroup samples from the Dent and Pierce areas.
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km southwest of Orofino were mapped as Martin Bridge Limestone (Ferrians, 1958; Rember

and Bennett, 1978), the island arc rocks near Ahsahka /Orofino most likely correlate with rocks

of the Wallowa terrane. Thus, it is suggested that much of the Orofino series correlates with

Permian to Jurassic rocks (Brooks and Vallier, 1978) of the Wallowa island arc sequence.

The similarity of the trace element compositions of the two gneiss samples from along

Dworshak Reservoir with continental metasediments near Dent and Pierce suggests the pos-

sibility that they may be Precambrian continental rocks. Even if the gneiss originated from a

granitic protolith, it is chemically more similar to granitic rocks of continental derivation than to

granitic rocks in the island arc terrane (see Hoover, 1986). Thus, the actual lithologic boundary

between island arc rocks and Precambrian continental rocks in the Ahsahka area is at least as

far north as shown by the heavy dashed line in figure 4. Based on the tectonic setting of these

rocks, there is probably some structural intercalation of rocks from opposite sides of the terrane

boundary. Sampling of rocks farther north along Dworshak Reservoir (between Ahsahka and

Dent) and several kilometers east of Orofmo will better constrain the actual location of the

terrane boundary within the supracrustal rocks and the extent of possible tectonic intercalation.

This work is in progress.

The rocks of the Orofino series are intruded by abundant quartz diorite to tonalite and

minor granodiorite orthogneiss that comprises roughly 60-70% of the outcrop area near Orofmo

and Ahsahka (figure 3). Although foliation and lithologic contacts are for the most part

strongly concordant due to deformation, locally preserved cross-cutting intrusive contacts allow

delineation of individual intrusive units (figure 3) and relative age relationships. The earliest

intrusive phase is epidote-bearing, biotite-hornblende quartz diorite which is spectacularly

exposed in the NFCR canyon near Dworshak Darn, north of Ahsahka. Subsequently, the zone

was intruded by biotite tonalite containing variable amounts of hornblende, epidote, and locally

garnet. The last main phase of plutonic activity is represented by minor garnet-bearing biotite

granodiorite, which locally contains xenoliths of both the quartz diorite and tonalite. Due to the

general similarity in appearance of the tonalite and granodiorite orthogneiss (distinction is

mainly petrographic) and relatively poor exposure in many areas, it has not been possible to

subdivide individual bodies of tonalite and granodiorite in the field. All three orthogneiss units
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are intruded by mafic dikes (now concordant amphibolite bands) as well as several generations

of pegmatite dikes and veins.

The high-grade metasedimentary rocks and orthogneiss within the boundary zone near

Ahsahka and Orofmo are structurally dominated by a strong WNW- to NNE-trending

(depending on what part of the area), NNE- to ESE-dipping gneissic foliation (figure 6) that in

most places parallels compositional layering. Metasedimentary rocks in this zone appear to

contain at least three (Kopp, 1959), and probably four, generations of variably expressed folds.

Tight to isoclinal folding of compositional layering is common; fold axes commonly plunge to

the northeast, nearly down-dip in the foliation. The dominant foliation is parallel to the axial

planes of these folds (Strayer et al., 1989). In a few outcrops, two sets of isoclinal folds, with

strongly discordant fold axes, are present. Also, a relict foliation, folded in the hinge zones of

isoclinal folds, is preserved locally. These observations suggest that two generations of isoclinal

folds (F1 and F2) are present in the metasedimentary rocks and that the dominant foliation in

the area is an S2, second generation fabric. It is possible that the observed discordant isoclinal

folds indicate the presence of sheath folds as interpreted by Strayer et al. (1989).

F3 folds are manifest as small-scale, close to tight or isoclinal asymmetric folds that fold

S2 and which generally have steeply NE-plunging fold axes. No new axial planar foliation is

associated with F3. Locally, these folds are directly superimposed on isoclinal F2, the limbs of

which were boudinaged prior to F3, indicating that the F3 indeed post-dates F2. An apparent

dominance of down-plunge S-fold over Z-fold asymmetric geometry suggests that the deforma-

tion which produced F3 had a left-lateral shear component.

The final phase of folding, F4, is defined by small-scale, symmetric, NE-plunging open

folds that fold all earlier structural elements. F4 is believed to be related to the large-scale

folding of foliation and lineation trends and lithologic contacts that occurs in the vicinity of

Orofmo (figures 3 and 6).

The orthogneisses, mafic dikes, and some pegmatite dikes were emplaced prior to much

of the deformation described above. Within the orthogneisses, isoclinally folded amphibolite

dikes, with axial planes parallel to S2 and NE-plunging fold axes, are common. However,

nowhere were two sets of isoclinal folds or dikes cutting pre-existing folds in the orthogneiss
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Figure 6. Foliation and lineation trend map of the Peck - Ahsahka- Orofino area and generalized
structure cross-section along line A-B.
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observed, suggesting that pluton and mafic dike emplacement followed F1 and preceded F2.

The relationships of pegmatite dikes to structures indicates the presence of several phases of

pegmatite emplacement, from pre-F2 (and F1?) dikes that experienced isoclinal folding to dikes

that were variably deformed during later shearing; some pegmatite dikes are completely

transposed parallel to the gneissic foliation and form trails of feldspar augen, whereas others

occur as nearly undeformed tabular dikes (Strayer et al., 1989).

Qualitative observations of the tectonite fabric within the high-grade package in the

vicinity of Ahsahka and Orofmo indicate that the rocks are dominantly S-tectonites (Flinn,

1965) with no consistent sense of asymmetry. A linear fabric is only locally well-developed.

Lineations are generally defined by aligned hornblende and biotite, fold axes, and aligned sil-

limanite in pelitic lithologies. Parts of the orthogneiss bodies lack clear mineral lineations but

exhibit an overall linear fabric as defined by the strong alignment of planar features (mainly

pegmatite dikes) when viewed along strike of the foliation and poor alignment of planar

structural elements when viewed down-dip (Strayer et al., 1989). This type of linear fabric

parallels mineral lineations, suggesting that both linear fabric elements define the stretching

direction in the rocks.

Lineation trends vary systematically within the Ahsahka/Orofmo area (figure 6). Near

Ahsahka, linear fabric elements plunge towards the northeast, nearly down-dip of the foliation.

In the vicinity of Orofmo and farther east, lineations trend from northeast to southeast. This

variation in lineation trend corresponds closely to variations in the orientation of foliation and

lithologic contacts produced by late F, large-scale folds and is interpreted to result from F4.

The lack of fabric associated with F4 folds suggests that they are late- to post-metamorphic

structures that formed after the S2 fabric developed. Foliation and lineation trends along the

terrane boundary southeast of the study area suggest that large-scale F4 folds, such as at

Orofmo, are local disturbances in a generally NW- to WNW-trending deformed belt in which

foliations dip and lineations plunge to the northeast.

Within the Orofmo series, prograde metamorphic mineral assemblages in amphibolites

(brownish-green hornblende + plagioclase + garnet + quartz ± reddish-brown biotite + minor

epidote), calc-silicate rocks (various combinations of diopside, hornblende, garnet, quartz,
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plagioclase, epidote, calcite, scapolite, and K-feldspar), and rare pelitic schists (sillimanite ±

kyanite + biotite ± muscovite ± garnet + quartz + plagioclase) indicate that metamorphism of

these rocks took place within the sillimanite zone of the amphibolite facies (Turner, 1981).

Both sillimanite and kyanite occur in some pelitic samples of the Orofino series (Hietanen,

1962). In such samples, sillimanite typically occurs as small well-developed prisms while kyanite

appears embayed, suggesting that peak metamorphic conditions were within the stability field of

sillimanite. This relationship provides evidence for either 1) an early relatively high-pressure

metamorphic event followed by a subsequent higher temperature metamorphic event, as seen by

Lang and Rice (1985; their M2 and M3 events?) in the Snow Peak area, about 50 km northeast

of Orofmo, or 2) a single progressive metamorphic event involving an early stage of moderately

high P/T metamorphism followed by decompression or an increase in temperature. The

occurrence of lineated sillimanite suggests that at least the late lower P/T stage of meta-

morphism that produced sillimanite was syn-kinematic. Except for the presence of very minor

retrograde chlorite, calcite, and sericite, these high-grade rocks show no significant retrograde

effects.

Texturally, both the metasedimentary and metaigneous rocks within this zone are

medium to coarsely crystalline with variable preservation of ductile strain features. In places

the rocks possess annealed fabrics in which crystal shape preferred orientations are preserved,

but intracrystalline strain features are weak to absent and 1200 triple-junctions are common.

These annealed fabrics indicate that the rocks underwent continued heating after deformation

ended. Elsewhere, the rocks variably preserve undulose extinction, subgrain development, and

bent micas. Locally the orthogneisses display protomylonitic fabrics with quartz and plagio-

clase subgrains surrounding larger porphyroclastic feldspars. Combined, these features suggest

that 1) much of the deformation within the boundary zone occurred at relatively high

temperatures (Strayer et al., 1989), 2) the rocks remained hot until after much of the

deformation had ended, and 3) late-stage deformation occurred at lower temperatures and

tended to be localized.

The main deformation event in the high -grade boundary zone is interpreted to coincide

with F2. Strayer et al. (1989) interpreted NE-plunging lineations, transposition of amphibolite
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dikes into the gneissic foliation, and consistent NE-over-SW offset of late-stage cross-cutting

pegmatite dikes as indicating a large amount of NE-over-SW simple shear along the terrane

boundary near Ahsahka. Progressive deformation and shearing during this event may have

been responsible for rotation of some F1 and F2 fold axes into parallelism with other observed

linear elements as suggested by Strayer et al. (1989). However, the apparent dominance of S-

tectonite fabric and only local development of L- or IS-fabrics suggests that deformation was

heterogeneous, and included zones of bulk flattening as well as zones of simple shear.

Consistent offsets of late-stage pegmatite dikes across amphibolite bands provide the only clear

evidence for NE-over-SW sense of shear during this event--kinematic information for earlier

stages of deformation is rare. However, concordance between foliation and lineation

orientations in the high-grade rocks with shear zones and shear zone mineral lineations in

structurally underlying lower-grade rocks (see below) suggests that the main fabric producing

deformation in the high-grade rocks and shear zone activity in the lower-grade rocks were part

of the same event. The significance of prior deformation (F1) is unclear.
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Areas south and west of AhsahkafOrofino; island arc rocks

The contact between the high-grade boundary zone rocks and underlying island arc rocks

(figures 3 and 6), herein referred to as the Ahsahka thrust (AT), is marked by an approximately

250 m wide (only a rough approximation due to poor exposure) zone of NE-dipping banded

gneiss consisting of both mafic hornblende-rich bands and more felsic tonalitic bands. Although

not sharply defined in outcrop, the AT marks a major change in deformation style,

metamorphic grade, and 'Ar/"Ar hornblende dates (discussed in detail in a subsequent

section) which indicates that it is an important structure. The interpretation that the AT is a

thrust fault is based on the relationship of high-grade rocks over lower-grade rocks (inverted

metamorphism) and 40Arr9Ar data which indicate that juxtaposition of rocks along the fault

occurred during NE-over-SW shearing in the underlying mafic metaplutonic rocks (see below).

Rocks exposed below the AT (figure 3) include mainly lower amphibolite facies mafic

metaplutonic rocks of gabbroic to quartz dioritic composition, amphibolite, biotite schist and

gneiss, and minor muscovite-quartz schist. Near Peck, minor calcsilicate rocks and marble are

also present. The non-plutonic rocks below the AT are metamorphosed volcanic, volcaniclastic

(Hietanen, 1962), and minor calcareous rocks that are probably part of the Wallowa island arc

terrane. The mafic plutons have Sri<0.704 (Armstrong et al., 1977; Fleck and Criss, 1985) and

chemical signatures (Davidson, in prep.) which indicate no involvement of Precambrian

continental crust and which are consistent with an oceanic island arc affinity.

The island arc rocks below the AT occur in two main structural packages that are

separated by a NNE-dipping brittle thrust fault, the Big Canyon Creek thrust fault (BCCT,

figures 3 and 7). Directly below the BCCT, poorly exposed biotite gneiss, calcsilicate rocks, and

minor marble and amphibolite are intruded by biotite-hornblende quartz diorite. The quartz

diorite is massive to weakly foliated and, with the exception of trace amounts of chlorite and

minor undulose extinction in quartz, plagioclase, and biotite, no evidence for metamorphism or

deformation of the quartz diorite was observed. The metamorphic country rocks generally have

a hornfelsic texture consistent with thermal metamorphism during intrusion of the quartz

diorite.
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Figure 7. Outcrop view of one of the few exposures of the Big Canyon Creek thrust fault north
of Peck on the east side of Big Canyon Creek. The hanging-wall rocks are deformed
metagabbro structurally overly fine-grained biotite-hornblende schist and amphibolite in the
foot-wall. View is towards the north-northwest; the fault dips shallowly to the north-northeast
at this locality. Note hammer for scale (handle approximately 40 cm long).
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Rocks between the BCCT and the AT (figure 3) are mainly variably deformed mafic

plutonic rocks, lesser amounts of amphibolite, and minor mica schist and gneiss. These rocks

are cut by numerous shallowly to moderately northeast-dipping ductile shear zones (see figure

6, cross-section). Small-scale folds, some of which are isoclinal, are locally present, but not

abundant. Between the BCCT and the mouth of Big Canyon Creek (figure 3), metagabbroic

rocks (now hornblende gneiss) appear to be tectonically interleaved with finer-grained

amphibolite. The metagabbro is massive in places, but commonly occurs as gneissic lensoid

bodies surrounded by amphibolite, particularly in the structurally higher part of the unit. Both

the metagabbro and amphibolite commonly have a well-developed northeast-plunging lineation

defined by aligned hornblende grains. Lenses of the metagabbro are elongate parallel to the

mineral lineation. Original contact relations were destroyed during strong shearing that af-

fected much of unit. No clear sense-of-shear indicators were observed in these rocks.

The sheared metagabbro and amphibolite are overlain by amphibolite, biotite schist, and

minor muscovite-quartz schist and deformed mafic plutonic rocks (figure 3). Although poorly

exposed, the contact between this rock package and the underlying metagabbro and amphibolite

appears to be tectonic based on the discontinuous occurrence of strongly sheared muscovite-

quartz schist along it. No evidence for an intrusive relationship between the units was ob-

served. In places, amphibolite and biotite schist appear to be in conformable contact, and are

interpreted to be interlayered metamorphosed mafic volcanic and volcaniclastic rocks, respec-

tively. Hornblende lineations in the amphibolite parallel the linear fabric in the underlying

metagabbro/amphibolite unit and the two packages appear to have undergone similar deforma-

tion. Where metagabbro occurs with biotite gneiss and amphibolite, their contacts are sheared.

Along the Clearwater River between the mouth of Big Canyon Creek and the AT (figure

3), massive to weakly foliated and/or lineated metagabbroic and meta-quartz dioritic plutonic

rocks (figure 8a) are cut by discrete northeast-dipping ductile shear zones ranging from 1-2 mm

up to approximately 200 meters in thickness (figure 6). Contacts between the metaplutonic

units are poorly exposed, but most appear to be marked by shear zones. Within the shear

zones, locally well-developed S-C mylonite fabrics (figure 8b), sigmoidal amphibole grains,

asymmetric folds, and northeast-plunging hornblende and chlorite lineations indicate NE-over-
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Figure 8. Photomicrographs (crossed polars) of metaplutonic rocks along the Clearwater River;
A) weakly deformed massive meta-quartz diorite sample 87-41 with relict igneous texture. The
mineralogy is hornblende + biotite + plagioclase + quartz + epidote + chlorite; B) mylonitic
meta-diorite from a shear zone which cuts massive meta-diorite. Sense of shear is NE-over-SW
(sinustral in this figure). Mineralogy is hornblende + plagioclase + epidote + chlorite. Field
of view for both photomicrographs is about 5.2 mm (long dimension).
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SW sense of shear (Davidson, 1988).

Both amphibolite and mafic metaplutonic rocks (sheared and unsheared) between the

BCCT and the AT have a prograde mineral assemblage of hornblende + plagioclase + epidote

+ chlorite ± biotite ± quartz, consistent with metamorphism under lower amphibolite fades

conditions. Small subhedral garnets, found in a single sample of plagioclase-quartz-biotite-

epidote-garnet gneiss, indicate that metamorphic conditions were at least within the garnet

zone. Except in the massive metaplutonic rocks, hornblende commonly defines a strong

lineation and prograde chlorite and biotite, where present, help define the foliation. In biotite

schist and gneiss, locally developed elongate epidote prisms parallel the biotite foliation. These

relations indicate that mineral growth during the lower amphibolite fades event was broadly

syn-kinematic. Locally developed retrograde actinolite (after hornblende) and chlorite in rocks

within and adjacent to the shear zones that cut the mafic metaplutonic rocks along the

Clearwater River indicate greenschist metamorphic conditions during the later stages of shear

zone deformation.

Thus, it appears that the entire rock package from the BCCT to the AT experienced

the same lower amphibolite fades metamorphism. Deformation of this package was

heterogeneous, that is, localized along shear zones in the upper part of the section and more

pervasive lower in the section.
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The 40Arr Ar isotopic dating technique currently is one of the best methods for

determining the timing of metamorphism and thermal history in complex metamorphic terranes.

Combined with structural studies, it can also provide valuable constraints on the timing of

deformation events. Ideally, an 4 Ar/39Ar mineral date records the time at which an analyzed

mineral closed to diffusion of argon. Closure of a mineral to argon diffusion is controlled

mainly by temperature, to a lesser extent by cooling rate (Dodson, 1973) and possibly by

chemical composition or strain. Commonly used potassium-bearing minerals have charac-

teristic closure temperatures that are known with precisions of about + 20° C. The closure

temperature is higher for minerals that cooled rapidly, and conversely. Commonly accepted

closure-temperature ranges for rapid cooling (1000° C/m.y.) to slow cooling (5° C/m.y.) are

5800-480° C for hornblende (Harrison, 1981), 325°-270° C for muscovite (Snee et al., 1988),

3000-260° C for biotite (Harrison and McDougall, 1980; Snee, 1982), and 160°-100° C for

microcline (Harrison and McDougall, 1982). For this study, a hornblende closure temperature

of 520° C is assumed based on comparison of estimated cooling rates in the study area with

experimentally determined hornblende closure temperature-cooling rate relationships of

Harrison (1981). Intermediate closure temperatures of 300° C, 280° C, and 130°400° C, are

assumed for muscovite, biotite, and microcline, respectively.

Because argon closure temperatures are fairly well known, 'Ar/"Ar dating has valuable

applications both for determining age of metamorphism or igneous activity and for evaluation of

the post-metamorphic or magmatic cooling history of an area. In addition, 40Ar/"Ar step-wise

heating data provide information about the distribution of argon within a mineral. During a

typical experiment, the argon isotopic composition is measured and an apparent age is calcu-

lated for each increment of gas released from a mineral in progressively increasing tempera-

ture steps. Ideally, if a mineral has had a simple thermal history, the distribution of argon in

the sample will be homogeneous and nearly identical apparent ages will be calculated for each
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increment of gas released during step-wise heating. If the calculated apparent ages of several

contiguous gas fractions are the same, within analytical uncertainty, a "plateau date" is achieved,

and is generally interpreted to be the best estimate of the time when the mineral closed to

argon diffusion. In contrast, if a mineral has had a complex thermal history (eg. multiple

thermal events), a disturbed spectrum is commonly observed, in which apparent ages for

different temperature steps are discordant. Disturbed spectra typically result because radio-

genic argon has been lost or gained relative to the amount that corresponds to the true age of

the sample. Samples that have gained radiogenic 4°Ar are generally characterized by

anomalously old first, and in some cases all, degassing steps. For samples that have

incorporated excess argon in all temperature steps, at best only a maximum date of closure can

be obtained. Samples that have lost radiogenic mAr are characterized by an increase in age

with increasing degassing temperature. In some cases, the minimum apparent age for the low

temperature steps may provide information about the time at which argon was lost from the

mineral. A recent detailed overview of most aspects of the 4°ArrAr technique is given by

McDougall and Harrison (1988).

Analytical methods

Mineral separates for 'Ar/"Ar analysis were prepared using standard mineral separation

techniques. Rock samples were crushed and sieved and, for most samples, the 80-120 mesh

(180-125 um) size fractions were collected for mineral separation. Initial separations were done

using heavy liquids and magnetic separation techniques and final separates were carefully hand-

picked to ensure sample purity. Samples were then washed successively in acetone, ethanol,

and deionized H2O in a small ultrasonic cleaner and 300-400 mg of hornblende and 30-100 mg

of biotite, muscovite, and K-feldspar were weighed and loaded in aluminum capsules for ir-

radiation. The sample capsules were then loaded into silica glass vials. Capsules containing 5-

7 mg of hornblende standard MMhb-1 (K-Ar age = 520.4 Ma; Alexander et al., 1978; Samson

and Alexander, 1987) were loaded between every 1-2 samples and at the top and bottom of the

vials to insure adequate monitoring of the neutron flux during irradiation. In addition, salts of
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potassium (K2SO4) and calcium (CaF2) were included in the irradiation package in order to

monitor the production of interfering argon isotopes produced from K and Ca during

irradiation. After loading, the quartz vials were sealed under vacuum and then sealed in an Al

irradiation canister. Samples were irradiated discontinuously for a total of about 30 hours at 1

MW power in the central thimble facility in the core of the U.S. Geological Survey TRIGA

reactor in Denver, Colorado. The irradiation canister was centered as well as possible on the

centerline of the reactor and rotated at 1 rph throughout the irradiation to optimize the neutron

flux distribution. Argon isotopic analyses were performed in the U.S. Geological Survey,

Branch of Isotope Geology, argon isotope laboratory in Denver. Samples were experimentally

degassed in a double-vacuum resistance furnace via step-wise heating under ultra-high vacuum

for about 20 minutes at each temperature step. Each degassing temperature was reached

within 1-2 minutes and maintained by a furnace controller for the duration of the degassing

step. The sample crucible temperature was monitored using a digital voltmeter connected to a

thermocouple at the base of the crucible; temperature during heating is known to about + 20°

C. The evolved gas was then scrubbed using Zr-V-Fe, Ti getters and molecular sieve

desiccant. The mass 40, 39, 38, 37, and 36 isotopes of argon were analyzed using a Mass

Analyzer Products series 215 rare gas mass spectrometer with an on-line digital data acquisi-

tion system. Raw isotopic data were corrected for volume, mass discrimination, trap current,

radioactive decay of 37Ar and 39Ar, and interfering argon isotopes. Reactor production ratios

used to correct for irradiation induced "Ar and "Ar from Ca and 'Air from K are shown in

table 1. Corrections were also made for 36Ar produced from Cl by the method of Roddick

(1983). Mass discrimination and atmospheric argon corrections were done using an

atmospheric 46Ar/36Ar ratio of 299.5, determined for the system by replicate air analyses during

the period in which the samples were analyzed.

49Ar/39Ar isotopic dates were calculated according to the relationship t = 1/x1n(IF +

1), where tu is the calculated date of the sample, is the total decay constant of 93K, .1 is a para-

meter related to the neutron flux during irradiation, and F is the ratio

93Ar(radiogenk)/39Ar(K-derived) of the sample after all corrections for interfering isotopes have

been made. Dates were calculated using the total K decay constant recommended by Steiger



Table 1. Measured production ratios for Ca- and K-derived argon isotopes for the
U.S. Geological Survey TRIGA reactor (this study). Determination of production ratios
is based on analyses of irradiated salts K2SO4
Ca-derived argon).

(for K-derived argon) and CaF2 (for

Irradiation
Package

(
37Ar/ 39

Ar) K

X 104
( 38Ar/39Ar) K

X 10-2
(

40Ar/39Ar)v.2
X 10

(
39Ar/37Ar)

4 CaX 10
( 36Ar/37Ar)

-4 Ca
X 10

(38Ar/37Ar).5 Ca
X 10

DD11
DD12

*
RD35&RD43

2.08
1.82
2.20

1.31
1.30
1.34

1.21
0.907
0.59

6.99
6.99
6.73

2.63
2.66
2.64

5.10
2.75
3.17

*Production ratios for irradiation packages RD35 and RD43 are as reported
by Dalrymple et al. (1981).
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and Jager (1977; 5543E-10/yr). The flux parameter, J, was determined according to the

relationship J = (e?" - 1)/Fm, where t, is the age of the flux monitor (hornblende standard

MMhb-1 in this study), and F,,, is the measured and corrected l'Ar(radiogenic)/"Ar(K-derived)

of the monitor. Detailed discussion of the technical aspects of the 4°Ar/39Ar technique are

presented by Dalrymple et al. (1981).

Isotopic data for samples analyzed in this study are presented in appendix A.

Abbreviated data tables (appendix B) are also included for data previously reported by Snee et

al. (1987). All reported + errors in this study represent 1 sigma (68% confidence interval)

analytical uncertainty unless otherwise stated. Data for samples are presented in standard

43Art9Ar age spectrum diagrams in which apparent ages (calculated ages for each degassing

step for a sample) are plotted versus cumulative %"Ar(K-derived). Age spectra are interpreted

to define a plateau if apparent ages from adjacent heating steps are analytically indistin-

guishable at the 2 sigma level (95% confidence interval). Samples in this study show a range

from simple plateau age spectra to strongly discordant age spectra. For samples that yield

plateau age spectra, the plateau date is interpreted to represent the best estimate of the time

when the mineral closed to argon diffusion. In some cases where age spectra are more complex

and apparent ages do not define a plateau, argon isochron analyses, displayed as 'Art°Ar vs

39Art'Ar correlation diagrams, are used to further evaluate whether the argon isotopic data for

a given sample provides meaningful geochronologic information. Correlation diagrams are not

presented for samples that yield plateau ages, as the isochron dates for these samples are

identical to the plateau dates (and show initial 'Ar/*Ar ratios of atmospheric composition- -

295.5) and therefore provide no additional information for the purposes of this study. Strongly

discordant age spectra are interpreted individually in combination with other information.

Where average apparent ages are reported as preferred dates, apparent ages are weighted

according to the VAr released for each step included in the calculation. The reported

uncertainty represents 1 standard deviation from the mean apparent age.

A common feature of many hornblende age spectra is the presence of excess 'Ai.

(resulting in anomalously old apparent ages) for a small proportion of the total 39Ar released in

the lowest temperature steps. This is likely due to adhesion of minor excess 'Ar on mineral
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grain surfaces or in loosely bound sites and, because this excess argon is evolved during low-

temperature heating, it has no negative effect on apparent ages calculated for the bulk of the

argon released at higher temperatures. Therefore, these steps are ignored in interpreting the

age spectra. In some cases, 39ArrAr ratios provide additional information pertaining to the

interpretation of discordant age spectra (particularly useful for hornblende). Because during

irradiation 39Ar is produced from potassium and 37Ar is produced from calcium, corrected

"AO' Ar ratios are approximately proportional to K/Ca (estimates of K/Ca can be calculated

by multiplying 39Ar/37Ar by an empirically determined factor of about 0.5; Dalrymple et al.,

1981). For hornblende in this study, 39Arr Ar ratios typically are in the range 0.04-0.35. The

occurrence of steps with anomalously high "ArrAr ratios suggests that, during these degassing

steps, a high-K impurity (probably trace biotite in most cases) is contributing to the evolved gas.

Such steps can reasonably be ignored when interpreting the isotopic data for the mineral of

interest unless there is evidence for significant contamination of the sample.

Abbreviations commonly used in the figures and text are as follows: Tr plateau date; Ti,

isochron date; Tpe, preferred date; Tv total gas date; T. and T®, maximum and minimum

apparent age, respectively. Sample numbers which end with H, M, B, or K refer to mineral

separates of hornblende, muscovite, biotite, or K-feldspar, respectively; sample numbers that do

not have these letter endings refer to rock samples (for example, sample 87-18H is a

hornblende mineral separate from rock sample 87-18).
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4°Ar/39Ar DATA AND INTERPRETATIONS

In order to constrain the timing of deformation, metamorphism, plutonism, and cooling

along the Orofmo segment of the Salmon River suture zone, hornblende, muscovite, biotite, and

K-feldspar mineral separates from metamorphic and plutonic rocks from an area extending

from Peck to approximately 5 km north of Ahsahka and 8 km east of Orofmo (figure 3) have

been analyzed. In addition, previously reported 4°Ar/39Ar data (Snee et al., 1987) from the

Dent, Headquarters, and Pierce areas, located north and east of Orofmo (figure 2), place

constraints on the regional cooling and uplift history. These data allow recognition of three

distinct events. Evidence for the oldest event is preserved in island arc rocks farthest outboard

of the terrane boundary and progressive overprinting by later events is observed with increasing

proximity to the boundary zone. Within a given area, micas record distinctly younger ages than

hornblende, with some important exceptions. Because there is a clear spatial pattern in which

rocks preserving evidence for the oldest events occur farthest outboard of the terrane boundary,

discussion of the 40Ar/39Ar data begins with the oldest samples collected from rocks below the

BCCT at Peck. Discussion then proceeds to the rocks between the BCCT and the AT, which

record the oldest dynamothermal event and subsequent resetting of the K-Ar isotopic systems.

Finally, data are presented for the high-grade rocks within the boundary zone (above the AT)

and areas north and east of Orofmo. Data for hornblende are discussed first, followed by

discussion of the mica and K-feldspar data. Sample localities and age spectra are shown in

figures 9, 13, 15, 16, 20, and 21; isotopic data are presented in appendices A and B.

Hornblende data

Peck area: oldest plutonism

The oldest thermal event preserved in the study area is recorded in the Wallowa terrane

by hornblende samples from a biotite-hornblende quartz diorite pluton (87-01H) and

amphibolite hornfels (87-52H) from its country rocks at Peck, below the BCCT (figure 9).
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Figure 9. Geologic map of the Peck-Ahsahka-Orofino area showing sample localities and
40Ar/39Ar age spectra for hornblende samples from rocks in the Peck area. Vertical axes are
apparent age in millions of years and horizontal axes are %39Ar(K-derived). Geologic map
symbols as in figure 3.
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Although age spectra for both samples show minor Ar loss in the low temperature steps, horn-

blende sample 87-01H from the quartz diorite pluton gives a plateau date of 138.0 + 0.4 Ma.

Biotite from the same sample (87-01B) yields a plateau date of 135.1 ± 0.4 Ma (figure 16).

Based on the undeformed and unmetamorphosed character of the pluton and the simple age

spectra, these dates are interpreted to represent igneous cooling ages; the 138 Ma plateau date

from the hornblende provides a minimum estimate for the age of the pluton. The age spectrum

for hornblende sample 87-52H from the amphibolite hornfels, collected about 170 m from the

mapped pluton contact, is somewhat discordant, but gives relatively consistent apparent ages

between 143.1 and 144.5 Ma for about 77% of the total 39Ar released (1000° and 1150°- 1250° C

steps). Although the age spectrum does not define a simple plateau, a 144.3 ± 2.0 Ma isochron

date (figure 10), which includes steps with a large portion of the gas released, probably pro-

vides a close approximation of the time when the amphibolite hornfels cooled to below

hornblende closure temperature.

The approximately 6 m.y. discordance between the hornblende date from the pluton and

the hornblende date from the amphibolite hornfels has two possible interpretations. Most likely

the 144 Ma hornblende date from the amphibolite records contact metamorphism during pluton

emplacement rather than a separate earlier metamorphic event. First, the presence of stringe-

rs of the quartz diorite in the metamorphic rocks indicates that the pluton is indeed intrusive

into them. In addition, as described previously, metamorphic minerals in the amphibolite and

metasedimentary rocks possess a hornfelsic fabric (figure 11), consistent with static thermal

metamorphism. On these grounds, the preferred interpretation is that cooling of the country

rocks (including amphibolite 87-52) preceded cooling of the pluton following its emplacement.

Significantly, projection back in time of a cooling rate of about 83° C/m.y., derived from horn-

blende and biotite from the pluton, suggests that the pluton could have been at a reasonable

magmatic emplacement temperature of about 850° C (Naney, 1983) at about 145 Ma. Thus, the

144 Ma date of the hornblende from the amphibolite provides the best estimate for the time of

pluton emplacement.
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Figure 10. Argon correlation diagram for hornblende sample 87-52H. Data points obove the
line are from low temperature degassing steps which show minor loss of 40Ar for a small
percent of the 39Ar released.
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Figure 11. Photomicrographs of amphibolite sample 87-52 showing hornfelsic texture with
abundant polygonal grains of plagioclase and generally poorly oriented hornblende. Sample was
collected approximately 170 m from the intrusive contact of the undeformed quartz diorite at
Peck. A. Plane polarized light. B. Crossed nichols. Field of view is approximately 2.25 mm
(long dimension).
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Peck to west Orofino: oldest clynamothermal event and later overprints

Lower amphibolite facies island arc rocks between the BCCT and the AT record the

oldest dearly dynamothermal event in the area as well as a complicated pattern of subsequent

structural and thermal overprinting. Discussion begins with the oldest samples collected from

rocks between the BCCT at Peck and the Clearwater River and proceeds to rocks along the

Clearwater River, which record subsequent resetting of the K-Ar isotopic systems.

Peck to the Clearwater River: oldest dynamothermal event

Age spectra for 9 hornblende samples from amphibolite and mafic metaplutonic rocks

along Big Canyon Creek, north of the BCCT, and along the Clearwater River near the mouth

of Big Canyon Creek, show varying degrees of discordance and argon loss, with maximum or

plateau dates in the range 129-116 Ma (figure 9).

Of this group of hornblende samples, 84-02AH from amphibolite at the mouth of Big

Canyon Creek, 87-16H from meta-quartz diorite along the Clearwater River, 84-01H from am-

phibolite along the Clearwater River west of the mouth of Big Canyon Creek, and A1887-5H

from hornblende gneiss directly above the BCCT, display the simplest age spectra. All four

samples show low apparent ages for the low temperature steps and a fairly smooth increase in

apparent ages towards higher degassing temperatures, with a maximum apparent age of 120.8 ±

0.7 Ma for 84-01H and plateau dates of 121.9 ± OS Ma, 123.9 ± 0.7 Ma, and 129.1 ± 1.0 Ma

for samples 87-16H, A1887-5H, and 84-02AH, respectively, in the high temperature parts of the

spectra. Such an age spectra pattern is consistent with theoretical models for minerals that

have undergone minor loss of 4°Ar by volume diffusion at some time after the mineral origin-

ally closed to argon diffusion (Turner, 1968). Comparison of the age spectra for samples 87-

16H, A1887-5H, and 84-02AH to theoretical argon-loss models suggests that these hornblende

samples experienced no more than about 10% 'Ar loss and thus the plateau dates closely

approximate the time of argon closure. The age spectrum for sample 84-01H suggests loss of

about 30% of its 4°Ar, consistent with the younger maximum apparent age relative to the other
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samples.

Hornblende 87-05H, from meta-quartz diorite approximately 1 km south of the mouth of

Big Canyon Creek, also yielded an age spectrum (figure 9) that appears to be interpretable in

terms of simple volume diffusion models. With the exception of two anomalously old steps

(975° and 1000° C steps), the age spectrum shows a fairly regular rise in apparent ages with

increasing temperature to a plateau date of 119.4 ± 03 Ma.

Hornblende sample 87-04H, from amphibolite at the same locality as sample 87-05H,

and samples 84-02BH and 87-10H, from metagabbro that structurally overlies the amphibolite

from which sample 84-02AH was separated (same outcrop), show the most complex age spectra

(figure 9); apparent ages rise over the first 20-40% of the gas released, then decrease before

stepping back up to apparent ages that approach the maximum at the first hump. This pattern

is relatively common for hornblendes analyzed in this study which show disturbed age spectra

(figures 9 and 13). It suggests the possibility that the age spectra are recording the effects of

degassing from two distinct sites within the hornblende lattice which show different argon

diffusion behavior or, alternatively, the pattern is the result of different degassing behaviors for

two amphiboles within the sample. Another possibility is that two amphiboles are present in

the form of exsolution lamellae. 39ArrAr ratios for the samples (appendix A) show no

evidence for distinct compositional differences, but petrographic evidence suggests that two

populations of hornblende are present. Hornblende in sample 87-04H shows a bimodal oc-

currence (figure 12), with up to 1 mm anhedral to subhedral, commonly poikiloblastic, por-

phyroblasts surrounded by small 03-0.4 mm euhedral prisms that define a strong lineation in

the amphibolite. The coarse-grained metagabbro (hornblende sample 84-02BH) also contains

two hornblende populations, with both large anhedral grains (relict igneous?) and smaller

euhedral grains of probable metamorphic origin. The presence of two populations of horn-

blende suggests that the complex age spectra may result from different degassing behavior of

the hornblendes. Based on this interpretation, it is suggested that two separate 4°Ar loss

patterns are present and that the apparent ages defined by the first hump and the maximum

apparent ages in the higher temperature parts of the spectra should define dates that somewhat

underestimate (based on the argon loss) the time at which the hornblendes closed to argon dif-
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Figure 12. Photomicrographs of amphibolite sample 87-04 showing bimodal hornblende
occurrence. View is parallel to a strong hornblende lineation defined by alignment of the small
euhedral hornblende prisms. A. Plane polarized light. B. Crossed nichols. Field of view is
approximately 2.25 mm (long dimension).
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fusion. That both the apparent age humps and maximum apparent ages for higher temperature

steps are nearly concordant suggests that the samples are recording a single metamorphic event.

Thus, the preferred date for amphibolite hornblende sample 87-04H is 124.1 + 1.2 Ma (average

of 1000° and 1150°-1450° C steps). Preferred dates for samples 84-02BH and 87-10H from the

metagabbro are 117.2 ± 0.9 Ma (average of 1000° and 1150° C steps) and 115.0 ± 0.8 Ma

(average of 1025°, 1150°, and 1200° C steps), respectively. These dates are minimum estimates

for the time when the samples closed to argon diffusion.

The observed pattern of hornblende dates for samples between the BCCT and the

Clearwater River argues strongly that the 129-115 Ma dates are associated with a geologically

significant event. There appears to be a clear relationship between greater percent mAr loss

and lower maximum apparent ages or plateau dates for the higher temperature gas fractions;

the most strongly disturbed spectra show the youngest apparent ages. Therefore, the oldest

date of about 129 Ma for sample 84-02AH, which experienced only very minor Ar loss, should

most closely approximate the time of metamorphism in this rock package. The common pro-

grade mineral assemblage of hornblende + plagioclase + epidote + chlorite is consistent with

metamorphic conditions in the lower amphibolite facies, which indicates that the maximum

temperature was probably not much above 500° C, at or near the closure temperature of

hornblende. Therefore, it is likely that hornblende in these rocks closed to Ar diffusion either

immediately upon formation or soon after, and that 129 Ma closely approximates the time of

hornblende formation during the lower amphibolite fades metamorphic event. The fact that

the hornblende in these samples commonly defines a strong lineation indicates that

metamorphism was accompanied by deformation. The disturbed character of most of the age

spectra suggests that the K-Ar isotopic systems in hornblende from these rocks were variably

affected by subsequent deformation and/or thermal activity.

The close proximity of sample A1887-5H (Tp = 123.9 ± 0.7 Ma) from immediately above

the BCCT to sample 87-52H (approximately 144 Ma) from below the fault (figure 9), provides

evidence that the rock packages were juxtaposed along the BCCT after about 124 Ma. Lack of

resetting of the mineral K-Ar isotopic systems in rocks below the BCCT suggests that the rocks

in the hanging wall were relatively cool at the time of juxtaposition. This is consistent with the
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observed brittle character of the BCCT.

Overprinting events along the Clearwater River

In order to define a possible gradient in mineral dates from the oldest samples,

described above, to the youngest samples in the high-grade rocks along the terrane boundary,

detailed sampling of the metamorphosed mafic plutons and non-plutonic metamorphic rocks

along the Clearwater River from north of Peck to the AT was carried out. Samples were

collected both from massive metaplutonic rocks and from NE-dipping mylonitic shear zones

that cut the plutons in an attempt to constrain the time of southwest-directed thrusting in the

area. 'Ar/"Ar analyses of these hornblende samples yielded very interesting results. With the

exception of sample 87-47H (collected just west of the AT), with a plateau date of 82.0 ± 0.5

Ma which is consistent with dates in the high-grade terrane (discussed in a subsequent section),

all age spectra for hornblende from the massive metaplutonic rocks are strongly disturbed with

discordant apparent ages younger than about 113 Ma (figure 13). Hornblendes from the

mylonitic shear zones yield significantly younger apparent ages. 'Ar/"Ar data for homblendes

from the massive metaplutonic rocks are presented first, followed by a discussion of the shear

zone samples.

Massive metaplutonic rocks

Four hornblende samples from relatively undeformed, but metamorphosed mafic plutonic

rocks along the Clearwater River were analyzed. From west to east, samples in this group

include 87-2011 and 87-4011, from metagabbro, 87-41H, from meta-quartz diorite, and sample

87-4711, from meta-diorite located just west of the AT (figure 13). The samples typically are

medium-grained and massive; relict igneous textures are commonly preserved and foliation

and/or lineation, where present, is weak. Minor deformation features include undulose

extinction in quartz and plagioclase and bent biotite.

Except for sample 87-47H, age spectra for these samples (figure 13) are complex and do
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Figure 13. Geologic map of the Peck-Ahsahka-Orofino area showing sample localities and
40Ar/39Ar age spectra for hornblende samples from both massive and sheared metaplutonic
rocks along the Clearwater River. Vertical axes are apparent age in millions of years and
horizontal axes are %39Ar(K-derived). Geologic map symbols are as shown in figure 3.
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not define plateau dates. Apparent ages for the main portions of the "Ar released range from

minima of 84-90 Ma in the low temperature parts of the spectra to maximum apparent ages up

to about 113 Ma. Although the spectra are complex, an important observation can be made.

The age spectra show apparent ages that span most of the range between apparent ages for the

most disturbed samples from structurally lower rocks to the west/southwest and apparent ages

for hornblende from shear zones that cut the plutons (see following section--"Shear Zone

Samples"). This observation suggests that the complex hornblende age spectra do not directly

record geologically meaningful ages, but result from disturbance of the K-Ar isotopic system-

atics in the hornblende subsequent to earlier closure to argon diffusion.

Although the strongly discordant hornblende age spectra do not provide direct evidence

for the intrusive or metamorphic ages of the plutons, the data provide some constraints on this

problem. First, a close lithologic and chemical (Davidson, in prep.) similarity between the

metaplutonic rocks along the Clearwater River (discussed in this section) and metaplutonic

rocks structurally lower in the section that yield > ca. 115 Ma hornblende apparent ages

suggest that the plutonic rocks may be related (comagmatic?). Second, identical lower

amphibolite facies prograde mineral assemblages in mafic rocks (both metavolcanic and meta-

plutonic) between the BCCT and the AT suggest that the rocks were metamorphosed together.

Combined with the 'Ar/39Ar data, these observations suggest that the plutons were emplaced

either prior to or during the early part of the lower amphibolite fades metamorphic event that

began by 129 Ma.

Shear zone and related samples

In order to constrain the timing of movement on the numerous NE-dipping mylonitic

shear zones that cut the mafic plutons below the AT, 3 hornblende samples from mylonitic

plutonic rocks within three different shear zones were analyzed. Shear zone hornblende

samples include 87-18H, 87-38H, and 87-42H (figure 13). These samples were collected from

within a few meters of samples 87-20, 87-40, and 87-41, respectively (discussed above), which

are protoliths to the shear zone rocks. Sample 87-55H, from garnet-biotite amphibolite within a
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high-grade fault-bounded block on the north side of the Clearwater River, provides additional

constraints on the timing of shear zone deformation.

Hornblende samples from the shear zone rocks yield variably discordant age spectra

(figure 13). However, in all cases, the age spectra show apparent ages younger than observed

for the protolith samples. The most striking results were obtained from hornblende samples

87-42H, from mylonitic quartz diorite, and 87-18H, from mylonitic diorite. Sample 87-42 is

mylonitic biotite-hornblende quartz diorite from an approximately 1.5 m thick NE-dipping shear

zone that cuts massive meta-quartz diorite from which sample 87-41 was collected (samples

were collected about 5 m apart). This sheared quartz diorite displays a NE-plunging

hornblende mineral lineation and a well-developed S-C fabric which indicate NE-over-SW sense

of shear. Texturally, hornblende occurs both as rounded relict porphyroclasts (in places several

grains are clustered) and as lineated euhedral prisms that commonly lie in the shear foliation.

In addition, fragments of relict hornblende are strung out along the foliation. Thus, sample 87-

42 appears to contain a mixture of relict (igneous?) hornblende and hornblende prisms that

were formed during shearing. The common presence of chlorite along shear planes and

chloritized biotite suggests that at least the late stages of shearing were accompanied by minor

retrograde alteration. Sample 87-18, from sheared diorite, is the most completely reconstituted

of the shear zone samples. The rock is fine-grained, with only a single well-developed foliation

visible. Hornblende in the rock occurs primarily as elongate prismatic grains that define the

foliation or as disaggregated fragments within the foliation. Relict hornblende porphyroclasts

are rare.

Although well - defined plateaus are not observed for hornblende samples 87-42H and 87-

1811, the age spectra are relatively flat, with only minor discordance in apparent ages for most

of the 39Ar released (figure 13). Isochron analysis of sample 87-4211 yields a date of 85.6 ± 1.5

Ma and a sample-defined initial 'Arfi6Ar ratio of 287 + 6 (figure 14a). Sample 87-1811 yields

an isochron date of 883 ± 1.5 Ma with an initial 4Ar/36Ar ratio of 304 + 5 (figure 14b). The

argon data, combined with fabric relationships in the rocks, suggest that the 85.6 and 883 Ma

dates for samples 87-42H and 87-18H, respectively, represent the times when new hornblende

formed and/or relict hornblende was reset during shearing. Minor apparent 'Ar loss in low
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Figure 14. Argon correlation diagrams for hornblende samples 87-42H (A), 87-18H (B), and
87-5511 (C). Refer to figure 13 for sample localities and corresponding age spectra. Data
points below the isochron lines are low temperature degassing steps with moderate amounts of
excess 40Ar.



0

co
co

0.003
87-42H HORNBLENDE

85.6 +/- 1.5 Ma (1000-1450 C)

Initial 40k/36Ar - 287 +/- 6
0.002 -

0.001 -

0.000
00

0.003

0.1

39Ar/40Ar

87-18H HORNBLENDE

88.3 +/- 1.5 Ma (1050-1200 C)

Initial 40Ar/36Ar - 304 +/- 5

0.2

0.002
¢0

co

0.001

0.000 .

0.00 0.05 0.10
39Ar/40Ar

0.15

87-55H HORNBLENDE

92.5 +/- 3.0 Ma (975-1450 C)
Initial 40Ar/36Ar a. 292 +/- 10

0.00 0.05 0.10
39Ar/40k

Figure 14.

0.15

A

B

C

55



56

temperature parts of the age spectra suggest that the samples may have experienced minor Ar

loss as late as about 80 Ma.

A third shear zone sample of mylonitic gabbro (sample 88-38) contains both fragments

of relict hornblende and elongate hornblende prisms that define the shear foliation in the rock

(similar to 87-42--see above). Hornblende sample 87-38H, from this mylonitic gabbro, yielded a

complex age spectrum pattern (figure 13) similar to that observed for metagabbro samples 84-

02BH and 87-10H, but with much younger apparent ages. Although no precise date can be

determined for this sample (the oldest apparent ages define a minimum for the time of argon

closure), apparent ages for most of the "Ar released are between about 83-92 Ma, generally

consistent with the dates for shear zone hornblende samples 87-4211 and 87-18H. The young

apparent ages (to as low as about 69 Ma) observed in the low temperature part of the spectrum

correspond to steps with anomalously high "Ar / "Ar ratios (appendix A). This suggests the

presence of relatively high-K non-argon-retentive impurities in the sample; therefore, these

steps have little bearing on the age of the hornblende. The complex character of the age

spectrum for this sample probably results from incomplete resetting/re-equilibration of the K-

Ar isotopic system during shearing due to a greater abundance of older relict hornblende grains

relative to the other shear zone samples.

That the dates recorded by the shear zone hornblende samples are liot strictly cooling

ages is clearly demonstrated by the preservation of distinctly older apparent ages recorded by

hornblende from the massive metaplutonic rocks (protoliths to the mylonitic rocks). Several

lines of evidence suggest that the ambient temperature in this rock package as a whole was

probably below hornblende closure temperature (ca. 520° C) during the shear zone

deformation. First, if an ambient temperature at or above hornblende closure was maintained

for an extended time interval, hornblende from rocks outside the shear zones should show

cooling ages similar to apparent ages seen for the shear zone samples. This is not observed.

Second, although retrograde actinolite is not visible in thin sections of the analyzed samples,

similar shear zones within mafic plutons along the Clearwater River contain locally developed

retrograde actinolite and chlorite within the foliation, suggesting that shearing took place under

greenschist facies conditions, at least during the late stages of deformation. Muscovite data
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(discussed below) also support the interpretation that these rocks were relatively cool during the

shearing event.

Although more work is needed to fully understand the mechanism(s) responsible for

resetting the K-Ar isotopic system in hornblende from the shear zone samples, it is suggested

that argon diffusion may have been induced or enhanced by one or more of the following

processes: 1) formation of new amphiboles during shearing; 2) localized temperature elevation

in the shear zones, perhaps due to shear heating or heat transport by fluids funneled along the

shear zones (Dewitt and Sutter, 1990); 3) formation of numerous lattice defects during crystal-

plastic deformation resulting in reduction of the effective diffusion "radius" for the hornblende

grains by providing an increased number of pathways along which argon could escape

(hornblende crystal lattice effectively opened up). 4) alteration of the potassium-content (and

argon?) during migration of fluids through the shear zones resulting in disturbed K-Ar isotopic

systematics. It seems clear that formation of new amphiboles during shear zone deformation

must have played a role. Furthermore, that most of the amphiboles which appear to have

formed during shearing are hornblende and not actinolite argues that localized heating (within

the shear zones) occurred during shearing. Possible contributions by the other mechanism

outlined above are less clear. Regardless of the exact mechanism, the 88-85 Ma ages for horn-

blende samples 87-42H and 87-18H provide important constraints on the time of shear zone

deformation.

An additional constraint on the timing of shear zone activity is provided by hornblende

(sample 87-55H), from garnet-biotite amphibolite in a fault-bounded high-grade block exposed

on the north side of the Clearwater River (figure 13). The age spectrum for hornblende sample

87-55H does not show a plateau. However, although there is some discordance among

temperature steps, the spectrum is relatively flat over the last 80% of the "Ar released.

Isochron analysis for this sample yields a date of 923 ± 3.0 Ma, with an initial '"Ar/"Ar ratio

of 292 ± 10 (figure 14c). The argon correlation plot for the sample clearly shows that the 9500

C step, with an apparent age of 99.6 Ma for 15% of the total "Ar released, contains excess

'Al-, justifying its exclusion in the isochron calculation. Although the uncertainty is relatively

large, the isochron date of 92.5 Ma is interpreted to represent the time at which hornblende
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sample 87-55H cooled to below hornblende closure temperature. Important geologic relations

which constrain the interpretation of this sample include the following: 1) an anomalously high

metamorphic grade of rocks within this block (sillimanite zone of amphibolite fades) relative to

the plutonic rocks that enclose it (lower amphibolite fades); 2) other rocks in the area of

similar metamorphic grade are only found within the high-grade package along the terrane

boundary; 3) the southwestern contact of this block is dearly tectonic (northeastern contact is

not exposed). These relations suggest that the block represents a tectonic slice of the high-

grade Orofino series that was intercalated with lower-grade footwall rocks during southwest-

directed thrust faulting. Because the enclosing gabbroic rocks were below hornblende closure

temperature (perhaps significantly cooler--see arguments below) at about 93 Ma, the fault block

would have cooled rapidly upon structural emplacement; 92.5 Ma should represent essentially a

tectonic "quenching" age. Thus, the 92.5 Ma isochron date of sample 87 -5511 is interpreted to

be the approximate time when the high-grade fault block cooled below hornblende closure

temperature after being tectonically emplaced into cooler rocks.

In summary, the 'Ar/"Ar data for hornblende from NE-dipping shear zones along the

Clearwater River yield age spectra which show apparent ages significantly younger than

hornblende from their adjacent, less deformed protoliths. Hornblende from samples 87-18 and

87-42, in which hornblende helps define the shear fabric, yield age spectra and isochron dates

which suggest that they contain both relict hornblende that was reset and hornblende that grew

during shear zone deformation at about 88 and 85 Ma, respectively; minimum apparent ages of

about 84 and 80 Ma for these samples may approximate the time of minor loss of a'Ar during

subsequent deformation and/or thermal activity. Sample 87-55H is interpreted to record

tectonic emplacement of a slice of the Orofmo series at about 93 Ma. Thus, samples 87-18H,

87-42H, and 87-5511 provide evidence that NE-dipping shear zones along the Clearwater River,

for which NE-over-SW sense of shear is clearly documented, were active by about 93 Ma and

that shear zone deformation may have continued to as late as 80 Ma.
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Ahsahka/Orofino area: high-grade rocks_of thg boundary zone

Twelve hornblende samples from the high-grade metamorphic and plutonic rocks along

the terrane boundary in the Ahsahka/Orofino area were analyzed. In contrast to the com-

plexity of the 4°Ar/"Ar data for hornblende samples discussed above, age spectra for horn-

blende from the high-grade rocks above the AT are simple and in most cases display well-

defined plateaus. Data and age spectra are shown in appendices A and B and figure 15,

respectively.

Hornblende plateau dates for both metasedimentary and metaigneous rocks above the

AT range from 83.5 ± 0.4 to 78.4 ± 0.3 Ma (figure 15). These dates are distinctly younger

than all hornblende dates for the lower amphibolite fades rocks below the AT, with the

exception of sample 87-47H (plateau date of 82.0 + 0.5 Ma; figure 13), from diorite just below

the AT, and hornblende from shear zones (discussed above). Notably, the oldest hornblende

dates from the high-grade rocks closely coincide with the youngest hornblende and muscovite

dates directly related to shear zone activity to the west (or southwest; discussed in the previous

section). Hornblende dates for rocks near Orofmo (80.6 ± 0.2 to 78.4 ± 0.3 Ma) are slightly

younger than those near Ahsahka (83.5 ± 0.4 to 80.6 + 02 Ma) and, in the Orofmo area, horn-

blende dates generally decrease towards the east. On a more regional scale, as seen in figure

21 and discussed in a subsequent section, this pattern of decreasing hornblende dates appears to

continue eastward to near Pierce and northward towards Dent (Snee et al., 1987).

The high metamorphic grade of the rocks, the simple plateau age spectra, and the ob-

served spatial gradients in mineral dates suggest that hornblende dates in the Ahsahka/Orofmo

area are cooling ages. A well-constrained estimate of the pressure and temperature during

metamorphism in these rocks is not available. However, the presence of well-developed

sillimanite, relict kyanite, muscovite + quartz in rare pelitic lithologies, lack of evidence for

partial melting, and the simple hornblende plateau age spectra suggest that the temperature

during metamorphism was greater than about 520° C (hornblende closure) and less than about

650° C (minimum granite melting and muscovite out reaction) and the pressure was greater

than about 4 kb (Al2Si05 triple point, Holdaway, 1971) and less than about 7 kb (intersection of
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Figure 15. Geologic map of the Peck-Ahsahka-Orofino area showing sample localities and
40Ar/39Ar age spectra for hornblende samples from high-grade rocks within the boundary zone
in the Ahsahka /Orofino area. Vertical axes are apparent age in millions of years and
horizontal axes are %39Ar(K-derived). Geologic map symbols are as in figure 3.
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granite melting and kyanite = siffimanite curves; Hyndman, 1985). An additional line of

evidence which suggests that the temperature was above hornblende closure temperature is

based on the 'ArrAr data for sample 87-4714, from relatively =deformed diorite collected

approximately 100 m west of the AT. Although the diorite is identical to other massive mafic

plutonic rocks along the Clearwater River to the west which give discordant hornblende age

spectra with apparent ages >100 Ma, hornblende sample 87-47H yields a plateau date of 82.0 ±

0.5 Ma. This suggests that upon juxtaposition of the high-grade rocks against the lower-grade

rocks to the southwest, enough heat conducted from the hot hanging-wall rocks to the cooler

foot-wall rocks to raise the temperature in the foot-wall sufficiently to reset the hornblende ages

near the AT.

As outlined above, the 'Ar/"Ar data for hornblende provide strong evidence that south-

west-directed ductile thrust faults in the area were active between about 93 Ma and 80 Ma.

The close coincidence of hornblende cooling ages in the high-grade rocks above the AT and the

timing of shear zone deformation in rocks below the AT suggests that northeast-over-southwest

thrust faulting in the area was responsible for bringing the high-grade rocks up to crustal levels

at which the temperature was below hornblende closure. In addition, resetting of hornblende

(sample 87-4711) in rocks immediately below the AT indicates that thrust activity along the AT

was syn-metamorphic with respect to the overlying high-grade rocks.

Mica and K-feldspar date

**Arr9Ar data for 7 muscovite, 13 biotite, and 1 K-feldspar samples from metamorphic

and plutonic rocks in the Peck-Ahsahka-Orofino area provide additional constraints on the

thermal and deformational history along the Orofino segment of the Salmon River suture zone.

Micas define three main apparent age-groups that spatially correspond to 1) rocks structurally

below the BCCT near Peck, 2) rocks between the BCCT and the AT, and 3) high-grade rocks

within the terrane boundary zone, above the AT. In nearly all cases, mica dates are sig-

nificantly younger than corresponding hornblende dates and there is a general pattern of

decreasing apparent ages towards the terrane boundary. Below, the mica data are discussed se-
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quentially according to the above groupings. The single K-feldspar sample is from granodiorite

gneiss near Ahsahka and is discussed last. Data and age spectra are presented in appendices A

and B and figures 16 and 20, respectively.

Peck area: below the Big Canyon Creek Thrust fault

Biotite

The oldest mica sample is biotite from the quartz diorite below the BCCT, in the far

southwest corner of the study area. Biotite sample 87-01B (figure 16) yielded an essentially

undisturbed age spectrum with a plateau date of 135.1 + 0.4 Ma. As discussed previously, this

date is interpreted to be an igneous cooling age; 135 Ma represents the time at which the rock

cooled to below about 280° C, the closure temperature for biotite. Thus, the rocks below the

BCCT were cool (<280° C) prior to the ca. 130 Ma metamorphic event that affected the rocks

above the fault and were unaffected by the 130 Ma and subsequent dynamothermal events that

occurred along the terrane boundary.

Peck to west Orofmo: above the Big canyon Creek thrust fault

Muscovite

Muscovite samples 87-39M-crs and 87-39M-fn are from a pegmatite dike that intrudes

massive meta-diorite exposed along the Clearwater River (figure 16). At the sample locality,

both the diorite and the pegmatite are cut by the western margin of a NE-dipping mylonitic

shear zone that separates the diorite from a more felsic meta-quartz diorite unit to the east.

Although the diorite outside the shear zone is dominantly massive, approximately 1-3-mm-thick

anastomosing shear zones occur throughout the diorite near the shear zone margin. These thin

shear zones are approximately concordant with and appear to be related to the larger shear

zone. The pegmatite is strongly discordant with the shear zone, but possesses a moderately
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Figure 16. Geologic map of the Peck-Ahsahka-Orofmo area showing sample localities and
40Ar/39Ar age spectra for mica samples from rocks near Peck and along the Clearwater River.
Vertical axes are apparent age in millions of years and horizontal axes are %39Ar(K-derived).
Geologic map symbols are as in figure 3.
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well-developed shear fabric parallel to the shear zone, indicating that it behaved more ductilely

during shearing than did the mafic diorite. Petrographically (figure 17) the pegmatite contains

two generations of muscovite, including strongly strained relict (igneous?) coarse-grained

muscovite, commonly sigmoidal in shape (mica fish), and fine-grained muscovite that occurs

along foliation planes and which appears to have formed during shearing. These two

generations of muscovite were carefully separated after crushing the sample; 87-39M-crs and

87-39M-fn are the coarse- and fine-grained muscovite, respectively.

Both samples show very similar age spectra patterns (figure 16)--generally flat, but with

minor discordance among apparent ages of about 13 -2 m.y.; neither sample yielded a well-

defined plateau. However, the different size fractions yielded distinctly different dates. The

coarse muscovite fraction (87-39M-crs) yields an isochron date of 973 ± 0.8 Ma, with a sample-

defined 40Arr°Ar initial ratio of 296 ± 3 (figure 18a). The age spectrum for the fine- grained

muscovite fraction (87-39M-fn) shows significantly younger apparent ages and the sample yields

an isochron date of 81.5 ± 1.0 Ma, with an initial 40Ar/36Ar ratio of 304 + 4 (figure 18b). The

discordance between the two muscovite samples supports the petrographic interpretation that

there are indeed two distinct generations of muscovite formed at different times.

These two muscovite samples from a single pegmatite provide important constraints on

the thermal history and time of shearing within this part of the area. The 98 Ma date for the

coarse muscovite fraction was somewhat surprising as it is considerably older than other mica

dates throughout the area (see below), with the exception of the 135 Ma biotite from the quartz

diorite south of Peck. It is also notably older than the shear zone hornblende samples. The

most obvious explanation for an anomalously old date for the coarse muscovite is that it could

contain excess 4°Ar. However, the fact that the sample-defmed 'Ar/mAr initial ratio is identical

to modern day atmospheric argon (within 1 sigma uncertainty) strongly argues against this

possibility. The possibility that "Ar recoil during irradiation caused the date to be anomalously

old is even more unlikely given the coarse grain-size of the sample (Hess and Lippolt, 1986).

Therefore, although the coarse muscovite is clearly strained microscopically, it seems likely that

98 Ma represents the time at which the pegmatite cooled to below about 300° C (closure

temperature of muscovite), either following emplacement of the pegmatite or subsequent to a
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Figure 17. Photomicrographs of pegmatite sample 87-39. A. Plane polarized light. B. Crossed
nichols. Note the presence of both strained coarse-grained relict muscovite grains (sample 87-
39M-crs) and fine-grained muscovite (sample 87-39M-fn) parallel to the shear foliation within
the pressure shadow of a coarse muscovite grain (fine muscovite is most clearly visible in plane
light). Field of view is approximately 5.2 mm (long dimension).
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Figure 18. Argon correlation diagrams for muscovite samples 87-39M-crs (A) and 87-39M-fn
(B)). See figure 14 for sample localities and age spectra.
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thermal event. Based on the available data, it is not possible to distinguish between these

interpretations. However, an important conclusion that can be drawn is that the rocks at this

locality cooled to below 300° C by about 98 Ma and were not subsequently reheated above this

temperature. This provides strong support for the interpretation that the 93-80 Ma hornblende

apparent ages for rocks in this area are related to shearing and are not merely regional cooling

ages; the muscovite clearly suggests that, at least in places, the rocks were significantly below

hornblende closure temperature (ca. 520° C) by 98 Ma. Thus, the 98 Ma muscovite age places

a lower limit on the age of lower amphibolite fades metamorphism in these rocks.

Because the fme-grained muscovite fraction (87-39M-fn) occurs along and helps define

the shear foliation in the pegmatite, the muscovite is interpreted to have grown syn-kinematic-

ally during shearing. Based on the lack of evidence for thermal resetting of the argon isotopic

system in coarse muscovite from the same sample (no l'Ar loss pattern), it is likely that the

temperature during formation of the fme-grained muscovite was below the closure temperature

of muscovite. In this case the muscovite would have closed to argon diffusion immediately

upon formation. Therefore, the 823 Ma date for sample 87-39M-fn is interpreted to directly

record the time of shearing and growth of fine-grained muscovite in the pegmatite. This age

corresponds well with the 84-80 Ma minimum apparent ages of hornblende from shear zone

mylonites in the same area.

A third muscovite sample, 87-13M, is from strongly sheared muscovite-quartz schist

along the tectonic contact between a map unit mainly consisting of biotite schist, biotite gneiss,

and amphibolite and another unit consisting dominantly of hornblende gneiss /metagabbro and

amphibolite on the hillside east of Big Canyon Creek (figures 3 and 16). The 'Are'Ar age

spectrum for 87-13M is complex, with apparent ages generally rising to a maximum of 85.8 Ma

over the first 40% of the 39Ar released, then dropping to 82.4 Ma before climbing again over

the last 30% of the 39Ar released to a maximum apparent age of 88.7 Ma (excluding the last

0.1% of the gas). Although complex, the age spectrum suggests that the muscovite formed (or

initially closed to argon diffusion) prior to about 89 Ma (maximum apparent age) and that it

was substantially reset at about 82 Ma (minimum apparent age). The occurrence of the mus-

covite within the shear fabric suggests that resetting of the muscovite was probably related to
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shearing. All apparent ages for muscovite 87-13M fall within the interval 93-80 Ma for which

hornblende data and muscovite 87-39M-fn indicate NE-over-SW ductile thrust faults were active

in the area. Therefore, the 89-82 Ma apparent ages for 87-13M probably indicate that the

muscovite-quartz schist underwent shearing during this same event. Because all hornblende

dates from rocks nearby are > ca. 120 Ma, with only minor to moderate ''°Ar loss, it is clear

that the rocks between the BCCT and the Clearwater River were at <520° C during this

shearing event. It is possible that the ambient temperature was as low as <300° C, as dis-

cussed above. Temperatures less than (but close to) muscovite closure temperature (or above

for only a short duration) during shearing could help explain the general complexity of the age

spectrum for muscovite 87-13M.

Finally, 40Ar/3°Ar data for muscovite sample 87-07M, from a steeply-dipping felsic dike

that cross-cuts amphibolite and meta-gabbro at the mouth of Big Canyon Creek (same locality

as hornblende samples 84-02HA and 84-02HB from the amphibolite and metagabbro,

respectively), provide a lower limit for the time of foliation development and shearing. The

dike is strongly discordant with the more shallowly NE-dipping foliation and low-angle faults in

the outcrop and thus clearly post-dates these structures. A strong L-S tectonite fabric within

the dike parallels the dike margin. Foliation in the dike is defined by muscovite which probably

formed during shearing. The dike may have intruded along a pre-existing fault or fracture, with

subsequent movement resulting in shearing of the dike. The 4°ArrAr age spectrum for the

muscovite (87-07M) shows a well-defined plateau date of 773 ± 0.2 Ma for 73% of the 39Ar

released. This muscovite date is slightly younger than a 78.6 ± 0.2 Ma plateau date for biotite

from biotite schist at the same outcrop (see below), indicating that the schist had cooled to

below about 280° C (biotite closure temperature) prior to either intrusion or shearing of the

dike. Therefore, the 77.3 Ma muscovite date is interpreted to record the time of shearing in

the dike while the country rocks were at <280° C. This date provides a minimum estimate of

the age of the dike. Thus, development of high-angle brittle structures in this part of the area

began prior to 77.3 Ma.
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Biotite

In contrast with the somewhat variable muscovite dates discussed above, 4°ArrAr dates

for 4 biotite samples from metamorphic and plutonic rocks along the Clearwater River, between

the mouth of Big Canyon Creek and the AT, fall within a narrow range between about 80 and

77 Ma. Samples within this group include 87-08B, from biotite schist at the mouth of Big

Canyon Creek, 87-41B and 87-42B, from unsheared and mylonitic quartz diorite, respectively,

on the south side of the Clearwater River, and 87-55B, from garnet-biotite amphibolite in the

high-grade tectonic block on the north side of the Clearwater River. Data and age spectra for

these samples are presented in appendix A and figure 16, respectively.

Only sample 87-08B, from biotite schist, yielded a simple age spectrum; it has a well -

defined plateau date of 78.6 ± 0.2 Ma for 98% of the "Ar released. Age spectra for the other

three samples show convex-upward (humped) patterns, with variations in apparent ages of

about 1.5 to 3 m.y. across the humps. Humped age spectra are relatively common for slightly

altered biotite samples (LW. Snee, personal communication, 1989) and the rocks from which

the three biotite samples were separated all contain moderate amounts of chlorite. Petrog-

raphic examination of the rocks reveals the presence of some partially chloritized biotite

(chlorite interfingering with biotite along cleavage planes). Although the biotite samples were

laboriously handpicked to remove all visible chlorite grains, at least minor intergrown chlorite

must inevitably be present within the fmal biotite separates. Therefore, the presence of minor

chlorite impurities may, at least in part, be responsible for the hump-shaped age spectra.

Because the degassing behavior of chlorite is not known, it is difficult to determine which parts

of the age spectra, if any, give the most geologically meaningful dates. However, samples 87-

41B, 87-42B, and 87-55B yield reasonably well-defined isochron dates of 77.1 ± 1.0 Ma, 782 ±

1.2 Ma, and 80.2 ± 1.3 Ma, respectively, with atmospheric initial "*Ar/56Ar ratios (figure 19).

These isochron dates are consistent (within the estimated uncertainties) with the well-constrain-

ed plateau date of 78.6 for sample 87-08B and, thus, probably give reasonable approximations

to the times at which the samples cooled below biotite closure temperature. Because the dates

are identical, within error, an average date (from the isochrons) of 78.5 ± 1.3 Ma for these
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Figure 19. Argon correlation diagrams for biotite samples 87-41B (A), 87-42B (B), and 87-55B
(C). See figure 14 for sample localities and age spectra.
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biotite samples is interpreted to provide an approximation for the time when the biotites closed

to argon diffusion. For sample 87-08B this time is well constrained at 78.6 + 0.2 Ma.

Important observations regarding these biotite data include: 1) with one exception

(muscovite 87-07M), biotites record dates that are younger than both hornblende and muscovite

dates in the same area; 2) with the exception of shear zone related hornblende and muscovite

dates, the discordance between biotite dates and the other mineral dates is large; 3) biotite

dates for rocks structurally above the BCCT (about 783 Ma) are much younger than the single

biotite sample from below the BCCT (135.1 Ma); 4) as discussed below, biotite dates for lower

amphibolite fades rocks are (only) slightly older than mica dates in the high-grade rocks along

the terrane boundary; 5) in contrast with the shear zone related hornblende and muscovite

samples, biotite dates are not clearly interpretable in terms of deformation. Based on these

observations, the biotite dates are interpreted to be cooling ages; about 78.5 Ma was the time

when the rocks along the Clearwater River cooled to below about 280° C (biotite closure

temperature).

Ahsahka/Orofmo area: high -grade rocks of the boundary zone

Three muscovite, 8 biotite, and 1 K-feldspar samples from the high-grade metamorphic

and plutonic rocks in the Ahsahka/Orofino area were analyzed. All mica samples from the

high-grade rocks above the AT record dates that are several million years younger than

hornblendes from the same rocks and younger than all mineral dates from lower-grade rocks

below the AT. As observed with hornblende, mica dates also decrease towards the east and

northeast. Data and age spectra are shown in appendices A and B and figure 20.

Muscovite

Three muscovite samples, 87-31M , 88-05M, and Jy3188-3M, yield simple plateau age

spectra.

Sample 87-31M, from an unusual foliated muscovite-biotite granitic dike that intrudes
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Figure 20. Geologic map of the Peck - Ahsahka- Orofino area showing sample localities and
40Ar/39Ar age spectra for mica and K-feldspar samples from high-grade rocks within the
boundary zone. Vertical axes are apparent age in millions of years and horizontal axes are
%39Ar(K-derived). Geologic map symbols are as in figure 3.
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hornblende-biotite tonalite near the AT, gives a plateau date of 75.4 + 0.2 Ma. Although

foliated parallel to the main fabric in the area, preserved intrusive relations indicate that this

dike is one of the youngest intrusive rocks to have experienced the strong deformation along the

boundary zone.

Sample 88-05M, from muscovite-biotite schist in a metasedimentary screen about 2 km

north of Orofmo, has a plateau date of 74.6 ± 0.2 Ma.

Sample Jy3188-3M is from a small outcrop of an unusual muscovite-bearing (no biotite)

granitic rock that is apparently intrusive (contacts not exposed) into biotite tonalite gneiss

approximately 2 km northwest of Orofino. The muscovite appears to be primary (?) and

although it defines a moderately developed foliation, in thin section the rock appears only

weakly strained. The muscovite has a plateau date of 72.1 ± 03 Ma, only slightly older than a

K-feldspar cooling age and younger than all other mica dates in the area. The youngest biotite

date in the area (see below) is 73.5 Ma. That the 72.1 Ma muscovite plateau date from the

granitic body is younger than all biotite dates in these rocks indicates that the country rocks

were relatively cool (<280° C) when the granite was emplaced and that emplacement must have

occurred at shallow crustal levels. Therefore, the small granitic body would have cooled rapidly

following fmal crystallization. Based on these arguments, 72.1 Ma provides a minimum age for

emplacement that is only slightly younger (probably not more than 1-2 m.y.) than the true

crystallization age. Thus, 74-725 Ma is considered a close approximation to the emplacement

age of this small granitic body.

Biotite

Eight biotite samples from metamorphic rocks and plutonic gneiss within the high-grade

rocks in the Ahsahka /Orofino area give 4°Ar/39Ar dates that range from 72.4 to 76.6 Ma (figure

20 and appendices A and B).

The oldest biotite dates are recorded by samples 87-33B (from tonalite near the AT) and

S388-3B (from biotite-hornblende gneiss about 3 km ENE from Orofmo). Sample 87-33B

yields a plateau date of 76.4 + 0.2 Ma. The age spectrum for sample S388-3B is slightly



79

convex-upward, with a pseudo-plateau date of 75.1 + 03 Ma (average apparent age excluding

the 850° C step). Exclusion of the single discrepant step seems justified because a near-plateau

is achieved by the other temperature steps which comprise a large portion of the total "Ar

released.

Biotite samples 84-05B (tonalite gneiss), 87-31B (tonalite gneiss), and 87-27B

(granodiorite gneiss) give slightly younger plateau dates of 74.8 ± 0.4 Ma, 74.1 ± 0.2 Ma, and

73.5 ± 0.2 Ma, respectively. The age spectrum for sample 88-05B, from muscovite-biotite

schist, is slightly discordant, with a dip in apparent ages in the middle part of the spectrum that

corresponds to steps with both lower radiogenic 4°Ar yields and lower "ArrAr ratios. The

average apparent age of 74.6 + 03 Ma for steps with radiogenic mAr yields >95% and high

apparent K/Ca ratios (700°, 750°, 1050°, and 1150° C steps) is taken to be the preferred date for

biotite 88-05B. Biotite sample 88-20B, from garnet amphibolite in the eastern-most part of the

area has a well - defined plateau date of 72.4 ± 0.2; this is the youngest biotite date in the

Ahsahka/Orofino area.

Within the 76.6-72.4 Ma range of biotite dates no clear pattern of mineral date versus

location is evident. A single exception is the 72.4 Ma date for sample 88-20B, from garnet-

biotite amphibolite in the far eastern part of the area (figure 20). The location and young date

for this sample appear to fit an observed general regional pattern of mineral dates getting

younger to the north and east (Snee et al., 1987; see section on "Regional 10Ar/"Ar data").

Although the range of biotite dates overlaps with the range of muscovite dates, samples for

which both muscovite and biotite were dated (87-31 and 88-05) give muscovite dates that are

the same or slightly older than dates for coexisting biotite. This is consistent with the slightly

higher closure temperature of muscovite and relatively rapid cooling.

K-Feldspar

A single microcline sample (87-27K), from a thin concordant body of biotite granodiorite

at the base of Dworshak Dam, north of Ahsahka (figure 20), yields an age spectrum with

regularly increasing apparent ages from a minimum apparent age of 60.6 Ma (600° C step) to a
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maximum plateau date of 70.9 + 0.2 Ma for about 28% of the 39Ar released during the 1100°

and 1150° C steps. This pattern is similar to previously observed age spectra for K-feldspar that

experienced slow cooling (Harrison and McDougall, 1982). Harrison and McDong,all (1982)

interpret an observed steady increase in apparent ages with increasing experimental degassing

temperature to record the time interval during which the K-feldspar slowly cooled through its

closure temperature range. Although the age spectrum for microeline 87-27K differs somewhat

from the ideal spectrum for slow-cooling in that the apparent age gradient increases with

increasing degassing temperature, the preferred interpretation is that the age spectrum is a

function of slow cooling from about 130° C at 70.9 Ma to about 100° C at 60.6 Ma.

Significance of Mica and K-feldspar dates

'Ar/"Ar dates for muscovite, biotite, and K-feldspar samples from high-grade rocks

above the AT provide constraints on the late thermal history of the boundary zone. Several

important observations are: 1) mica dates are about 5-7 m.y. younger than hornblende dates in

the area; 2) the ranges of muscovite and biotite dates overlap. However, for samples that

contain both biotite and muscovite, muscovite dates are slightly older than or identical to dates

for co-existing biotite; 3) muscovite and biotite dates from the orthogneisses and high-grade

Orofmo series rocks are (only) slightly younger than biotite dates from lower amphibolite facies

rocks below the AT; 4) a '72.4 Ma plateau date for muscovite from a small granitic intrusion

(Jy3188-3) is younger than biotite dates from the same area and slightly older than the analyzed

microcline; 5) the age spectrum for microcline 87-27K is similar to age spectra, observed in

other studies, for K-feldspar that have undergone slow cooling. These observations are con-

sistent with the interpretation that the mica (except sample Jy3188-3M) dates record relatively

rapid cooling following high-grade metamorphism; the single microcline sample indicates that

cooling slowed dramatically at about 71 Ma. That mica dates from rocks above the AT are

only slightly older than biotite dates for rocks below the AT suggests that significant movement

along the AT had ended before rocks on either side of this structure had cooled below about

280° C.
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Regional 'Ar/39Ar data: areas north and east of Orofino

New 'ArrAr data for 2 hornblende and 1 biotite and previously reported data (Snee et

al., 1987) for 6 hornblende, 2 muscovite, and 6 biotite samples from metamorphic and plutonic

rocks in an approximately 2200 km2 area north and east of Orofino (figure 20) place constraints

on the regional cooling and uplift history. This area was mapped by Hietanen (1962, 1963a,b,c),

but because of poor exposure, the geology of the area is still relatively poorly understood.

Therefore, 4°ArrAr work in this area is considered to be preliminary. However, one clear

pattern emerges from the data; hornblende, muscovite, and biotite dates tend to decrease

towards the north and east, away from the terrane boundary near Orofmo (Snee et al., 1987).

Discussion below will proceed from samples collected along a traverse northeastward towards

the northern end of Dworshak reservoir (North Fork of the Clearwater River) to samples from

east of Orofmo in the Pierce and Headquarters area. Sample locations and age spectra are

shown in figure 21 and data are presented in appendices A and B.

Sample 88-27 is from foliated biotite-hornblende tonalite along Dworshak Reservoir

approximately 7.8 km NNE of Ahsahka. This location is near the northern limit of the

pervasive deformation that affected essentially all plutonic rocks along the terrane boundary.

Sr, ratios in plutonic rocks from this area and northward are >0.7065 (Criss and Fleck, 1987)

and thus clearly contain evidence for continental crustal involvement. Hornblende from this

sample gave a simple, but somewhat unusual age spectrum in that apparent ages show a slight

monotonic increase over the length of the spectrum. The simple nature of the age spectrum

suggests that the 76.3 + 0.2 maximum apparent age (1500° C step) provides a close estimate of

the time at which the sample cooled below hornblende closure temperature and thus is a

minimum age for emplacement of the tonalite. Biotite from the same sample gives a slightly

complex age spectrum, with a dip in apparent ages at about 70% of the 29Ar released (800°-

900° C steps); the same steps show correspondingly low apparent K/Ca ratios and "2Ar(rad)

yields. Because the apparent ages of all steps with >93% radiogenic yields (650°-750° C and

950° -1050° C steps) are within analytical uncertainty, the 69.3 + 0.2 Ma average apparent age
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Figure 21. Generalized regional geologic map (same as figure 2) showing 40Ar/39Ar sample
localities and age spectra for areas north and east of Orofmo. Refer to figure 2 for geographic
locations and geologic map symbols.
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for these steps probably provides a good estimate of the closure age of biotite sample 88-27B.

Farther northeast, near Dent, samples were collected from plutonic and metamorphic

rocks on the north and south sides of Dworshak Reservoir (figure 21). On the south side of the

reservoir, hornblende sample 844211 is from diopside-bearing amphibolite that is intruded by

an undeformed granitic body. This hornblende gives a plateau date of 69.9 + 03 Ma for 78%

of the "Ar released in the mid-portion of the spectrum. The high apparent ages for the first

two and last two steps suggest that the sample may contain a slight amount of excess 4°Ar (with

minor superimposed 4°Ar loss at low temperature). In this case, the 69.9 Ma plateau date

would represent a maximum age for the time when the sample closed to argon diffusion.

Alternatively, the older apparent ages for the last two steps may indicate that the sample

underwent extreme (but not complete) ''°Ar loss at the time defined by the plateau date. Such

argon loss could have occurred during intrusion of the granite, in which case 69.9 Ma provides a

minimum estimate for the time of emplacement of the granitic phase. Based on an older

plateau date of about 75 Ma for hornblende from amphibolite on the north side of Dworshak

Reservoir (see below), the latter interpretation is preferred; 69.9 Ma probably records the time

when hornblende sample 84-12H underwent 4°Ar loss during emplacement of the granitic body.

Original closure to argon diffusion may have occurred at about 75 Ma.

Muscovite (84-11M) and biotite (84-11B) from garnet-muscovite-sillimanite-biotite gneiss,

on the south side of Dworshak Reservoir, yield analytically identical plateau dates of 63.8 + 0.2

Ma and 64.2 + 03 Ma, respectively.

On the north side of Dworshak Reservoir, near Dent, strongly deformed biotite gneiss

and amphibolite is intruded by undeformed muscovite-biotite granite (or granodiorite). In

places, large blocks of the gneissic country rock occur as xenoliths within the granite. The age

spectrum for hornblende from the amphibolite (84-13BH) shows apparent ages generally

stepping up towards the high temperature part of the spectrum with a plateau date of 75.1 ±

0.3 Ma for 63% of the 39Ar released during the last three steps. Muscovite (84-13AM) and

biotite (84-L3AB) from the late two-mica granite have plateau dates of 63.7 + 03 Ma and 62.0

+ 0.5 Ma, respectively.

Two samples, 84-14, from mafic biotite-hornblende tonalite, and 86-102, from garnet
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amphibolite, were collected near the northernmost end of Dworshak Reservoir. Hornblende

age spectra for both samples are complex. Hornblende sample 84-14H, from the tonalite,

yielded a strongly convex upward, saddle-shaped, age spectrum, characteristic of samples

containing excess 4Ar (Lanphere and Dalrymple, 1976). In such cases, the minimum apparent

age (saddle minimum) gives only an upper limit to the time when the mineral closed to argon

diffusion (Lanphere and Dalrymple, 1976). Thus, hornblende 84-14H closed to argon diffusion

after about 110 Ma. Hornblende sample 86-102H, from the amphibolite, somewhat better

constrains the time of hornblende closure in this area. Although the age spectrum is dis-

cordant, apparent ages for 94% of the 39Ar released fall in the range 73-80 Ma, suggesting that

77 ± 4 Ma is a reasonable estimate for the time at which the amphibolite cooled to below

about 520° C (hornblende closure temperature). Biotite 84-14B, from the tonalite, has a well -

defined plateau date of 54.2 ± 0.4 Ma.

Samples 84-08 and 84-09 were collected from biotite-hornblende tonalite in the Pierce-

Headquarters area, about 20 km east of Orofmo (figure 21). Litho logic similarity and geologic

mapping by Hietanen (1963c) suggest that these two samples may belong to a single pluton.

The tonalite appears to be essentially undeformed with a locally developed weak foliation of

probable igneous origin. Hornblende 84-08H, from the western sample, has a plateau date of

63.8 ± 0.4 Ma; biotite 84-08B, from the same rock, has a plateau date of 57.3 ± 0.5 Ma. The

age spectrum for hornblende 84-09H, from the eastern sample, is more complex, but shows a

plateau date of 62.6 ± 0.5 Ma for 58% of the 39Ar released. Biotite 88-09B yields a plateau

date of 54.1 ± 0.4 Ma. Thus, the tonalite was emplaced prior to about 64 Ma and cooled to

below about 280° C by 54 Ma.

Significance of regional 40Ar/39Ar data

Although preliminary, available 'Ar/39Ar data for hornblende, muscovite, and biotite

from plutonic and metamorphic rocks allow some general conclusions to be drawn regarding

the thermal and magmatic history of the region. Important observations include: 1) all

hornblende (except sample 84-14H which contains excess ''''Ar) and biotite dates for samples
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north and east of the Ahsahka/Orofino area are younger than hornblende and biotite dates in

the Ahsahka /Orofino area; 2) hornblende and mica dates generally decrease to the north and

east, away from the boundary zone; 3) the youngest hornblende date is earliest Paleocene (62.6

Ma); biotite dates in the northern and eastern parts of the area are as young as Early Eocene

(ca. 55 Ma).

Several conclusions can be drawn from these data. First, the regular decrease in mineral

dates away from the boundary zone and the discordance between hornblende and mica dates,

observed in both metamorphic and plutonic rocks, strongly suggests that the dates record

cooling that began along the boundary and progressed away from it towards the north and east.

The hornblende data indicate that, after high-grade metamorphism, most of the sampled region

had cooled to below 520° C by about 72 Ma and by 62 Ma in the eastern-most area sampled.

Thus, the 'Ar/39Ar data provide evidence that amphibolite facies metamorphism and plutonism

in this region ended no later than earliest Paleocene time and is mainly Cretaceous in age.

Biotite dates indicate that in the northernmost and eastern-most parts of the area, final cooling

to below about 280° C occurred at about 55 Ma, in Early Eocene time. The data seem to be

most consistent with an interpretation that cooling was related to a regional uplift pattern, in

which uplift began along the terrane boundary during late Cretaceous time and progressed

towards the north and east through early Tertiary time.
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THERMAL AIMILEUELLUSIQRY

Because the characteristic temperatures below which hornblende, muscovite, biotite, and

K-feldspar retain radiogenic 4)Ar are reasonably well-known, m'Ar/"Ar data can provide

important constraints on the thermal history of an area, particularly when combined with

petrologic and structural information. In this section the 4°Art9Ar results, presented above, are

used to develop a model for the thermal history of rocks along the Orofmo segment of the

Salmon River suture zone.

As described above in detail, 4°Ar/"Ar mineral dates define three main groups that

correspond with structural/metamorphic packages defined by field and petrologic data. These

are: 1) quartz diorite and thermally metamorphosed country rocks below the BCCT; 2) lower

amphibolite fades mafic plutons, amphibolite, and metasedimentary rocks between the BCCT

and the AT; 3) high-grade metasedimentary and plutonic rocks within the boundary zone

(above the AT) and areas to the north and east. The 4DAr/39Ar data show that these packages

experienced distinctly different thermal histories and that the present configuration is due to

deformation after accretion of the Wallowa terrane to North America. Figures 22 and 23

summarize the spatial distribution of mineral dates in the Peck - Ahsahka- Orofino area and the

thermal history of each rock package, respectively, as discussed below.

The oldest event recorded in the study area is the emplacement of biotite-hornblende

quartz diorite exposed below the BCCT. Hornblende and biotite from the quartz diorite record

cooling from about 520° to 280° C between 138 and 135 Ma, following emplacement and

crystallization. Based on the argon data, the cooling rate from 138 to 135 Ma was about 83°

C/m.y. Extrapolation of this cooling rate to a reasonable emplacement temperature of about

800°-900° C (Naney, 1983) suggests intrusion at about 145 Ma, which corresponds to the contact

metamorphic hornblende date of 144 Ma from the amphibolite near the contact. Thus, 144-

145 Ma is the best estimate for the time of pluton emplacement. Significantly, the argon data

indicate that the rocks below the BCCT were cooler than about 280° C (biotite closure

temperature) by 135 Ma and were not affected by the subsequent dynamothermal events that

affected rocks that overlie the BCCT (figure 23A).
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Figure 22. Mineral date versus distance diagrams summarizing the spacial distribution of
mineral dates within the three domains separated by the BCCT and the AT, as discussed in the
text. Sample locations are projected along-strike to cross-section line A-B, shown in figures 3
and 6. A) Hornblende dates. B) Mica and K-feldspar dates. Plain symbols represent plateau,
isochron, or preferred dates. Symbols with brackets are total gas dates for samples with
strongly_ disturbed age spectra; brackets show the range of apparent ages for the main portion
of the 39Ar released.
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Figure 23. Temperature vs. time diagrams summarizing the interpreted thermal histories of
A) rocks below the BCCT, B) between the BCCT and the AT, and C) above the AT. Labels
indicate the relationship of thermal histories with recognized plutonic, deformational and
metamorphic events. Horizontal dotted lines mark mineral closure temperatures assumed in
this study (Hb, hornblende; Mu, muscovite; Bi, biotite; Ksp, K-feldspar). Box widths represent
either + 1 sigma uncertainty brackets (time axis) of a single sample or the upper and lower
limits of mineral dates for a group of samples. Vertical box dimensions show range of accepted
closure temperatures.
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Rocks between the BCCT and the AT record a complex thermal and deformational

history. The oldest hornblende dates are from rocks in the structurally lowest part of the lower

amphibolite fades rock package above the BCCT (figure 23B). The argon data indicate that

metamorphism of these rocks began by about 129 Ma (oldest metamorphic hornblende age).

The common occurrence of syn-kinematic (lineated) hornblende as part of the prograde

mineral assemblage indicates that metamorphism was accompanied by deformation. As was

argued previously, the temperature during this event probably was near, but not significantly

above, hornblende closure temperature. The argon data for coarse-grained muscovite (87-

39M-crs) from pegmatite that intrudes diorite along the Clearwater River dearly indicates that

at least parts of this rock package had cooled to below 300° C by about 98 Ma. Therefore,

lower amphibolite fades metamorphism, which began by 129 Ma, must have ended prior to

about 100 Ma. Final cooling to below about 280° C (biotite closure temperature) throughout

the package occurred by about 80-76 Ma.

Details of the late thermal history, within the constraints outlined above, are more

difficult to decipher. All hornblende age spectra for rocks within this package are at least

mildly disturbed. Minimum apparent ages for low temperature steps range from 104 to 81 Ma;

most fall in the range 94 to 81 Ma. This latter range corresponds almost exactly with the time

of ductile shear zone deformation as constrained by reset hornblende dates from shear zone

samples (87-18H, 87-42H, and 87-55H). Therefore, loss of 4°Ar from hornblende in rocks

within this package probably occurred during NE-over-SW directed ductile thrusting between

about 93 and 80 Ma. 4°Ar loss from hornblende would seem to indicate that the temperature at

least approached hornblende closure temperature during this event. Also, that new hornblende

(rather than actinolite) formed and relict hornblende was reset during shearing (eg. sample 87-

4211) suggests that temperatures within shear zones may have been elevated to at least

hornblende closure temperature during shear zone deformation. However, based on the 98 Ma

muscovite age for sample 87-39M-crs, this deformation event clearly post-dates lower

amphibolite facies dynamothermal metamorphism. Preserved hornblende apparent ages >119

Ma and the strong discordance between hornblende apparent ages from within and outside

shear zones at single outcrops, provide additional evidence against an ambient temperature of
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> / = 520° C. Combined, these observations suggest a complex thermal structure following

lower amphibolite facies metamorphism in which temperature within shear zones may have

been locally elevated to near (or above?) 520° C, but with the ambient temperature not above

300° C after about 100 Ma. Such a complex thermal structure may have resulted, at least in

part, from thermal effects of shear heating or hot fluids passing through the numerous shear

zones. Notably all samples from the massive metaplutonic rocks, except 87-16 (which has the

oldest hornblende date from this group), were collected from within several meters of shear

zones. It seems likely that processes responsible for resetting shear zone hornblendes affected

the nearby unsheared samples. This may explain the complex hornblende age spectra for these

samples and evidence that the ambient temperature was below hornblende closure temperature

during this shearing event. Local development of actinolite after hornblende in both sheared

and unsheared mafic metaplutonic rocks indicates that metamorphic conditions during late-

stage shear deformation were in the greenschist fades. Biotite dates between 80 and 77 Ma

may represent either cooling from temperatures above 280° C for an extended period of time or

cooling following a thermal pulse that reset originally older biotite cooling ages. In either case,

the biotite data indicate that rocks between the BCCT and the AT had cooled to below 280° C

by about 77 Ma.

'Ar/"Ar mineral dates from the high-grade rocks within the boundary zone and

adjacent areas to the north and east define a fairly simple cooling history following peak

metamorphic conditions in the sillimanite zone of the amphibolite fades (figure 23c). Peak

temperature during this event (see above) were probably in the range 550°-650° C. The

occurrence of hornblende and sillimanite lineations indicates that deformation accompanied

high-grade recrystallization. In the immediate area around Ahsalilca and Orofino, hornblende

plateau dates record cooling to below about 520° C at 84-80 Ma. All K-Ar isotopic evidence for

the earlier thermal history of these rocks was erased during this metamorphic event. Resetting

of hornblende immediately below the AT and the overlap between hornblende cooling ages

from the high -grade rocks and the time of shear zone activity in the lower-grade rocks below

the AT (figures 22 and 23) suggest that movement on the AT was syn-metamorphic and that

initial cooling (through hornblende closure temperature) of the high-grade rocks was the result
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of tectonic uplift during SW-directed ductile thrust faulting. Because hornblende and mica ages

younger than about 80 Ma decrease gradually from south (SW) of the terrane boundary zone

towards the north and east, major deformation along the Orofino segment of the boundary

probably ended by about 80 Ma; after 80 Ma all structural packages were coupled.

Cooling rates calculated from mineral pairs provide constraints on the late- to post-

thrusting history of rocks above the AT. As argued above, initial cooling of the high-grade

rocks within the boundary zone is interpreted to have been a function of tectonic uplift during

late-stage SW-directed thrusting. Assuming argon closure temperatures of 520° C, 300° C, and

280° C, for hornblende, muscovite, and biotite, respectively, calculated cooling rates following

cessation of thrust deformation range between 33° and 43° C/m.y. and average 39° C/m.y.

between about 82 and 75 Ma. Although the original depth of these rocks is not known, an

estimate for the rate of uplift can be calculated by assuming a reasonable paleogeothermal

gradient. Using the average cooling rate of 39° C/m.y. and assuming reasonable limits for the

paleogeothermal gradient of 2(r-30° C/km, calculated uplift rates range from 13 to 2.0 mm/yr

between about 82 and 75 Ma. These rates of uplift are only slightly less than rapid uplift rates

of 2 mm/yr estimated by Hollister (1982) for rocks east of the Work Channel lineament and 2-

3 mm/yr estimated by Lund and Snee (1988) for rocks east of the SRSZ near Riggins.

Muscovite-biotite pairs from samples 88-05 and 87-31 give cooling rates of about 33° and 15°

C/m.y. between 74.6-74.0 Ma and 75.4-74.1 Ma, respectively. The small difference in closure

temperatures between muscovite and biotite, and the overlap among muscovite and biotite ages

in the Ahsahka/Orofmo area makes detailed interpretation of these results difficult. Although

few data are available for the low-temperature part of the cooling history, biotite and microcline

from sample 87-27 provide some constraints. Based on the interpretation that the age spectrum

for microcline 87-27K is a function of slow cooling and assuming that the sample closed over

the temperature interval 130° -100° C (Harrison and McDougall, 1982), the cooling rate between

73.5 Ma (biotite plateau date) and 70.9 Ma (maximum apparent age for the microcline) was

about 58° C/m.y.; between 70.9 and 60.6 Ma (minimum apparent age for the K-feldspar), the

average cooling rate was only about 3° C/m.y. Using the same assumptions outlined above, the

estimated uplift rates for the intervals 73.5-70.9 Ma and 70.9-60.6 Ma are 1.9-2.9 and 0.1
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mm/yr, respectively. Because of the uncertainty due to the small time interval between biotite

closure and initial K-feldspar closure, it is not clear if the apparent short-lived increase in

cooling and uplift rates after 73.5 Ma is real. However, the data suggest that relatively rapid

cooling and uplift of the high-grade rocks within the boundary zone apparently continued to

about 71 Ma and subsequently slowed dramatically (figure 23C).

4°Ar/"Ar data from the areas north and east of Orofino indicate that cooling in these

areas occurred later and apparently at slightly slower rates than observed within the boundary

zone near Ahsahka and Orofino. Based on hornblende-mica pairs and assuming the same

closure temperatures used above, calculated average cooling rates for rocks along Dworshak

Reservoir range from about 34° C/m.y. between 76 and 69 Ma (sample 88-27 from gneissic

tonalite midway between Ahsahka and Dent) to 19°-26° C/m.y. between 75-72 and 63 Ma near

Dent. Estimated uplift rates in these areas range from 0.6 to 1.7 mm/yr for paleogeothermal

gradients of 30°-20° C/km. Near the northernmost end of Dworshak Reservoir (figure 12), the

large discordance between hornblende (ca. 77 Ma, sample 86-102H) and biotite (55.2 Ma,

sample 84-14B) dates suggests that either biotite (and not hornblende) was thermally reset

during Eocene time or average cooling and uplift rates between about 77 and 55 Ma were

significantly slower than observed elsewhere in the study area. That none of the older mica age

spectra for samples from adjacent parts of the area show evidence for Eocene disturbance

supports the latter interpretation.

Hornblende and biotite dates for samples 84-08 and 84-09 from the Pierce area, east of

Orofmo (figure 12), yield average cooling rates of 37° and 28° C/m.y. between about 63 and 55

Ma. These rates are comparable to cooling rates near Dent, but equivalent cooling near Pierce

occurred nearly 10 m.y. later than near Dent. The estimated uplift rate between about 63 and

55 Ma in the Pierce area is 0.9-1.8 mm/yr.
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DISCUSSION

Structural, petrologic, and mAr/39Ar data presented above provide evidence for three

main events along the Salmon River suture zone near Orofino as well as constraints on the final

cooling history of the area. These data bear on both the timing of island arc accretion in

western Idaho and the character and timing of post-accretionary events along the SRSZ.

Below, the results of this study are discussed in terms of both local and regional implications.

Timing of island arc accretion

The 145 Ma interpreted emplacement age of unmetamorphosed quartz diorite at Peck is

closely coincident with approximately 145 Ma (actual range of isotopic dates about 160-130 Ma)

tonalite to granite plutons, with island arc chemical affinity, that were emplaced into the

Wallowa terrane in several places and which post-date Jurassic and earlier deformation in the

Wallowa terrane (see Armstrong et al., 1977; Fleck and Criss, 1985; Snee et al., in press;

Walker, 1986). While approximately 145 Ma plutons occur within about 20 km west of the

Salmon River suture zone near Riggins (Sarewitz, 1982; Snee et al., in press) and closer in the

Orofino area (this study), in Idaho they have not been recognized on the continent side of the

SRSZ. Whether this apparent lack of pre-Late Cretaceous plutons east of the SRSZ is real or

high-grade metamorphism and voluminous Late Cretaceous Idaho batholith plutonism erased

the evidence for older plutons is not resolved. In addition, post-intrusion deformation has

moved these plutons closer to the terrane boundary than their original positions (this study;

Hamilton, 1963; Onasch, 1977; Myers, 1982; Lund, 1984; Lund and Snee, 1988; Manduca, 1988;

Aliberti, 1988). Despite these uncertainties, the lack of documented pre-Late Cretaceous

plutons on the continent-side of the SRSZ suggests that the island arc terrane was not adjacent

to the continent in western Idaho during this magmatic episode and that earlier deformation in

the Wallowa terrane preceded accretion to the continent (Lund and Snee, 1985; Fleck and

Criss, 1985; Lund and Snee, 1988).

mAr/39Ar mineral dates which record the 130-100 Ma dynamothermal metamorphic event
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in rocks above the BCCT, north of Peck, define the oldest well-documented metamorphic event

in rocks along the SRSZ. An older 144 Ma Nd-Sm garnet-whole rock "isochron age" from

garnet amphibolite west of the SRSZ and south of Riggins has been reported (Aliberti, 1988;

Aliberti et al., 1988). Based on the syn-kinematic character of the garnet and other fabric

arguments, 144 Ma was interpreted to be a metamorphic date related to metamorphism and

deformation during island arc-continent collision. However, the geologic meaning of this date is

uncertain since it is based on a two-point isochron from which the basic assumptions of isotopic

dating can not be evaluated (initial isotopic equilibrium, etc.; see Faure, 1986). Even if the 144

Ma date is real, it coincides with the ages of plutons described above, and could be related to

plutonism. Thus, at present, metamorphism and/or deformation prior to about 130 Ma that

can be related to tectonic activity along the SRSZ has not been documented. The timing of the

oldest dynamothermal event along the Orofmo segment of the SRSZ is similar to, but slightly

older than, the 118-93 Ma sequence of deformational and/or thermal events recognized west of

the SRSZ in the Riggins area (Lund and Snee, 1988; Snee et al., in press). It is also consistent

with a preliminary U-Pb date of 118 Ma for a post-early deformation pluton in the McCall area

(figure 1; Manduca 1988) which suggests that deformation along the SRSZ began prior to 118

Ma. The preservation of isotopic evidence for slightly older metamorphism and deformation

along the Orofmo segment of the SRSZ, relative to segments to the south, may simply be an

artifact of sampling due to different levels of exposure in the different areas. Alternatively, the

age differences may indicate that deformation and metamorphism was slightly diachronous

along the terrane boundary. Further work is needed to distinguish between these possibilities.

An important result of these studies is that the oldest documented dynamothermal event

in the belt of rocks along the terrane boundary began by between 130 and 118 Ma. Combined,

the spatial relationship and lack of evidence for prior metamorphism in rocks along the terrane

boundary support the interpretation that this dynamothermal event involved accretion of the

island arc terrane to the continent in western Idaho (Lund, 1984; Lund and Snee, 1988).

Data from the present study indicate that the accretion related metamorphic event ended

by about 100 Ma in the Orofmo area. In the Riggins and McCall areas, emplacement ages of

93 Ma (Lund and Snee, 1988; Snee et al., in press) and 111 Ma (Manduca, 1988) for plutons



98

which intruded both island arc and continental rocks define a lower limit for the time of terrane

juxtaposition (Lund and Snee, 1988; Snee et al., in press).

Post-accretion deformation and metamorphism

The overlap of hornblende cooling ages from high-grade rocks within the boundary zone

(above the AT) with the timing of shear zone activity in the lower-grade rocks (below the AT)

supports the interpretation that the high-grade rocks were juxtaposed with the lower -grade

rocks along the Ahsahka thrust during SW-directed thrust faulting between about 93 and 80

Ma.

Because final metamorphism of rocks within the boundary zone occurred at relatively

high-temperatures and all mineral dates for these rocks record cooling, the emplacement age of

orthogneiss units and time of deformation and fabric development is not directly constrained

from the 'Ar/"Ar data. However, field and available strontium isotopic data (Criss and Fleck,

1987) suggest that strong deformation within the boundary zone occurred late in the tectonic

history of the area. The 'Ar/"Ar data constrain the igneous emplacement age of the

orthogneiss units in the Orofmo/Ahsahka area to be greater than about 84 Ma (based on

hornblende cooling ages). Gneissic tonalite exposed along Dworshak Reservoir about 8 km

northeast of Ahsahka is lithologically identical to, and appears to be continuous with (Hietanen,

1962), tonalitic orthogneiss in the Ahsahka/Orofmo area (figure 2). The tonalite was strongly

deformed together with the metasedimentary rocks and quartz diorite which it intrudes, indicat-

ing that emplacement of the tonalite pre-dated this deformation. Strontium initial ratios (Sri) in

the northern exposures of the gneissic tonalite are >0.706; in the Ahsahka/Orofmo area, Sr, of

the tonalite and the earlier quartz diorite are <0.704-0.705 (Criss and Fleck, 1987). These

isotopic data indicate that the tonalite orthogneiss in the Ahsahka/Orofino area contains little

or no evidence for involvement of old continental crust, whereas clear evidence for a continental

crust component is found in the tonalite only 8 km to the north. This suggests that the tonalite

intruded both island arc and continental rocks and, therefore, post-dates terrane juxtaposition.

Thus, deformation described by Strayer et al. (1989) and in this study, that affected both the
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post-date juxtaposition of island arc rocks against continental rocks along the Orofino segment

of the SRSZ. A consistent NE-over-SW sense of shear is defined by both late-stage ductile

structures in orthogneiss near Ahsahka (Strayer et al., 1989) and structures within discrete

ductile shear zones that cut the mafic plutons below the AT. Combination of the 'Ar/"Ar

data with these field and strontium isotopic constraints suggests that much of the deformation

within the orthogneiss occurred during the 93-80 Ma event. Structures within the orthogneiss

which provide kinematic information (see Strayer et aL, 1989) probably formed during the latest

stages of this deformation when the rocks were below peak metamorphic temperatures and

deformation had begun to localize. The contrast in metamorphic grade across the AT indicates

that vertical displacement along this structure must have been of significant magnitude.

The narrow elongate outcrop patterns of the orthogneiss units near Ahsahka parallel to

foliation trends (particularly the smaller tonalite bodies; figure 6) suggests that the plutons may

be broadly syn-kinematic and owe their shape to deformation during emplacement. Although

speculative, it is suggested that emplacement of plutons within the boundary zone may have

provided an additional source of heat which contributed to the superposition of late-stage syn-

deformational sillimanite-grade metamorphism on rocks previously metamorphosed under

higher P/T conditions within the kyanite zone. U-Pb zircon analyses are dearly needed in

order to constrain the crystallization age of the tonalitic orthogneiss. Such data would provide a

lower limit for the time of accretion along the Orofino segment of the SRSZ , additional

constraints on the timing of deformation within the boundary zone, and constraints on whether

pluton emplacement can be temporally associated with high-grade metamorphism.

The documented 93-80 Ma time of NE-over-SW thrusting along the Orofmo segment of

the SRSZ coincides with 88-79 Ma deformation involving continent-side-up reverse movement

along the SRSZ near Riggins (Lund and Snee, 1988; Snee et al., in press). In the Riggins area,

this late deformation produced moderately to steeply NE-dipping foliations and/or lineations in

suture zone (stitching) tonalites. These late-formed fabrics cross-cut earlier fabrics and thrust

faults in older rocks. Similar structures have been described near McCall (Manduca, 1988) and

along the South Fork of the Clearwater River (Myers, 1982; Hoover, 1986). Although lineation
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trends vary along the boundary and structures tend to dip more shallowly near Orofino, from

Orofmo to McCall, sense of motion is continent-side-up (see Snee et al., in press). That the

deformation was of significant magnitude is demonstrated by up to 25 km vertical displacement

documented by cooling studies near Riggins (Lund and Snee, 1988; Snee et al., in press) and

the prominent metamorphic breaks across some structures that were active during this event in

the Orofmo area.

The regional tectonic significance of fmal-stage ductile deformation along the SRSZ is

not yet clear. An apparent close temporal correspondence between post-accretion Late

Cretaceous deformation in western Idaho and Late Cretaceous orogenic activity in the

northwest Cascades region of Washington (see Tabor et al., 1989, for a review of the geology of

the North Cascades) suggests that the belt of deformation in western Idaho may, in an as yet

poorly understood way, be a southern extension of the northwest Cascades system. On the

more local scale of western Idaho, this late over-printing deformation probably had a strong

effect on the accretion-related structural geometry of the terrane boundary. Locally, as in the

Slate Creek area (about 25 km NNE of Riggins; Lund, 1984), late structures probably cross-cut

and off -set the earlier-formed accretionary boundary (Lund et al., 1990). Along the Orofino

segment of the SRSZ, post-accretion deformation clearly involved significant shortening

approximately perpendicular to the terrane boundary. However it is unclear whether this

deformation involved re-activation of accretion-related structures or cross-cuts these structures.

Late-stage cooling and uplift

The regional cooling and uplift patterns described in this study suggest that post-80 Ma

uplift may have been related to isostatic relaxation and erosional unroofing following

underthrusting of the northern margin of the Wallowa terrane beneath the continental margin.

However, the relatively rapid estimated uplift rates point to the possibility that uplift was

tectonic in nature. In the Riggins area, Lund and Snee (1988) interpreted rapid uplift east of

the SRSZ to have occurred along recognized or inferred high-angle faults. In the Orofmo area,

this late uplift appears to post-date most movement on the AT and no other structures capable



101

of accommodating the necessary several kilometers of uplift have been recognized. Numerous

steeply SW-dipping ductile-brittle reverse faults occur within the orthogneiss near Ahsahka

(Strayer et al., 1989). However, the brittlely deformed parts of these faults are typically no

more than a few centimeters thick (total thicknesses on the order of 2 m including zone of

ductilely reoriented foliation) and it seems likely that displacements on individual faults are

small. Therefore, if post-80 Ma uplift was structurally controlled, the structures have not yet

been recognized.

Comments on the origin of "the bend" in the Sri "line"

As shown in figure 1, strontium isotopic data from granitic rocks suggest that the crustal

boundary between island arc and Precambrian continental rocks of North America bends

sharply to the west in the vicinity of Orofmo (Armstrong et al., 1977; Fleck and Criss, 1985).

The origin and tectonic significance of the west-trending segment of the terrane boundary has

been a subject of much speculation. Yates (1968) noted an apparent 320-640 km left-lateral

offset in major Precambrian to Mesozoic geologic elements along an interpreted northwest-

trending structure, the Trans-Idaho discontinuity (TID), which extends through the Orofmo

area. Yates suggested that the TID was a major left-lateral transcurrent fault, or fault zone,

along which activity began prior to Permian time and ended by the Late Cretaceous. Later,

Armstrong et al. (1977), based on strontium isotopic data, suggested that the TID trends due

west from the Orofmo area (figure 1). They proposed that this structure may have been a

transform fault during initial continental rifting in late Precambrian time (Armstrong et al.,

1977) and also acted as a transform (with the opposite sense of motion) during accretion of the

Wallowa terrane to the continental margin (Armstrong et al., 1977; Hillhouse et al., 1982). To

date, no field studies have attempted to test these hypotheses.

Because of extensive Tertiary basalt cover to the west, the Orofmo area provides

essentially the only opportunity to study the pre-Tertiary rocks near the apparently west-

trending segment of the SRSZ. Results of this and other studies provide some limited

constraints on the origin and history of this structure. Pertinent observations include the
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following. 1) Mapping for this study and by Hietanen (1962) suggest that structures in the pre-

Tertiary rocks are probably continuous around the bend. 2) No evidence for a west-trending

strike-slip structure has been observed between island arc rocks in the Ahsahka-Orofino area

and clearly continental quartzite, several several kilometers to the north along Dworshak

Reservoir (figure 2). 3) Major late-stage deformation along the Orofmo segment of the SRSZ

involved NE-over-SW thrusting between about 93 and 80 Ma after (and possibly during)

emplacement of the post-accretionary tonalitic plutons. This last ductile deformation event and

the late plutons obscurred most evidence for earlier tectonic events within the boundary zone.

4) Foliations, lithologic contacts, and shear zones in the Peck- Ahsahka- Orofmo area and in

adjacent areas to the north, east and southeast (Hietanen, 1962), trend to the northwest or

west-northwest and do not coincide directly with the E-W trend of the crustal boundary as

defined by the Sri "line" (Armstrong et al., 1977; Fleck and Criss, 1987; see figure 1).

The observations outlined above suggest that if the W-trending segment of the

SRSZ/TID ever acted as a transcurrent or transform fault boundary, this activity must have

occurred prior to emplacement of the late tonalitic plutons and syn- to post-pluton thrust

deformation (prior to about 84-93 Ma) within the boundary zone. That structures interpreted

to have have formed during the 93-80 Ma thrust event (generally continent-side-up reverse

motion along the SRSZ in western Idaho) appear to be continuous around the bend in the

terrane boundary also suggests that the bend existed prior to this late deformation event. Thus,

based on the available data, the primary constraint is that the bend in the terrane boundary

existed prior to late-stage pluton emplacement and thrust deformation. The kinematic

significance of structures associated with older events in the study area is not yet clear.

An intriguing question, raised by observation (4), above, is "Do structures along the

terrane boundary west of Ahsahka continue towards the northwest (as suggested by Yates,

1968), or, do structural trends continue to bend to the west and follow the Sri line?" Because of

the extensive Tertiary basalt cover to the west and northwest of the study area, the answer to

this question is not known. However, if structures continue towards the northwest, the

possibility is raised that continental rocks due west of Orofmo (Armstrong et al., 1977; Fleck

and Criss, 1985) occur as a distinct structural/tectonic block with respect to Precambrian Belt
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and pre-Belt rocks to the north. In this case, the hypothesized northwest extension of the SRSZ

would be a boundary between continental blocks and the anomalous west-trending segment of

the island arc-continent boundary, as defined by the strontium data, would be a different

structure from that observed in the Ahsahka-Orofino area. In addition, this would suggest that

the abrupt bend in the boundary may be unrelated to the actual configuration of the pre-

accretionary continental margin. At present, this possibility is only speculation and can not be

evaluated.

Because of the abundance of late-stage deformed plutons and the intensity of the last

ductile deformation event, it is uncertain whether any clear evidence for accretionary or pre-

accretionary kinematics is preserved immediately within the SRSZ, in the Orofmo area or

elswhere in western Idaho. It is likely that advancements towards understanding the early

history of this island arc-continent terrane boundary will require a combination of careful

analysis of structural overprinting relationships and more detailed knowledge of the

metamorphic histories of rocks to the west and east(?) of the SRSZ (where the effects of latest

deformation and metamorphism are less pronounced), geophysical constraints on the subsurface

structure, and better regional tectonic constraints.
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CONCLUSIONS

Geologic and 'Ar/39Ar thermochronologic results of this study provide new constraints

on the Cretaceous deformational, metamorphic and plutonic histories of rocks along the

Orofmo segment of the Salmon River suture zone. These results have direct importance for

interpretations of the history of tectonic interactions between the Wallowa island arc terrane

and continental North America in western Idaho, including both island arc accretion and post-

accretionary events. The principal conclusions of this study are outlined below.

1) Combined structural, metamorphic, and thermochronologic data define three distinct

domains that record different parts of the Cretaceous tectonic history along the Orofmo

segment of the Salmon River suture zone. These domains are presently separated by shallowly

to moderately NE-dipping brittle and ductile thrust faults or fault zones, the Big Canyon Creek

thrust and the Ahsahka thrust.

2) The oldest event, recorded in the structurally lowest rocks farthest outboard

(southwest) of the terrane boundary, was pre-accretion emplacement of a quartz diorite pluton

and associated thermal metamorphism of its country rocks at about 145 Ma. These rocks were

not affected by subsequent metamorphism or ductile deformation. This pluton is probably one

of a suite of approximately 145 Ma plutons recognized in several parts of the Wallowa terrane

in northeastern Oregon and western Idaho.

3) The oldest documented dynamothermal metamorphic event along the terrane

boundary began by 129 Ma and ended by about 100 Ma in the study area. Evidence for this

event is preserved in lower amphibolite facies island arc metasedimentary, metavolcanic and

metaplutonic rocks between the Big Canyon Creek thrust fault and the Ahsahka thrust. Mafic

plutons within this domain were emplaced prior to or during the early stages of metamorphism

(probably before about 120 Ma). This event, which has also been documented to the south,

near Riggins (where it appears to be slightly younger), probably involved accretion of the
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Wallowa island arc terrane to North America in western Idaho.

4) Tona lite to granodiorite orthogneiss within the boundary zone appears to have

intruded both island arc rocks and continental rocks prior to about 84 Ma (minimum age).

Thus, emplacement and deformation of these plutons post-date island arc accretion.

Emplacement of these magmas may have had a role in final sillimanite-grade syn-kinematic

metamorphism of rocks within the boundary zone (and to the north and east of Orofmo?).

5) Post-accretion southwest-directed thrusting along the Orofmo segment of the terrane

boundary began by about 93 Ma and ended at about 80 Ma. This event resulted in strong

deformation of high-grade metasedimentary rocks and orthogneisses within the boundary zone

and resulted in their juxtaposition over lower amphibolite fades island arc rocks towards the

southwest. The lower amphibolite fades rocks underwent localized shearing and variable

retrograde alteration (mainly greenschist fades). Emplacement of these rocks over

unmetamorphosed quartz diorite along the brittle Big Canyon Creek thrust fault probably

occurred during this event. Regionally, in western Idaho, the 93-80 Ma thrust event

corresponds to a time of generally ductile deformation that has been recognized within a

narrow zone along the Salmon River suture for which sense of motion was reverse continent-

side-up. Deformation during this event probably significantly altered accretion-related

structural geometries along the Salmon River suture zone.

6) Following cessation of thrust faulting moderately rapid cooling from high-grade

metamorphism began along the terrane boundary and proceeded generally towards the

northeast. Mineral cooling ages from the Orofmo/Ahsahka area as well from areas to the

north and east indicate that high-grade metamorphism and pluton emplacement are Cretaceous

in age. The observed regional cooling pattern probably resulted from a corresponding pattern

of uplift, possibly due to isostatic relaxation and erosional unroofing following the end of thrust

deformation and associated crustal thickening.
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Appendix A. 40Ar/3gAr age spectrum data for the Orofino, Idaho area: Denver analyses.
Sample numbers are given in the form: field #/lab #/irradiation package. Subscripts used in
table headings indicate derivation of isotopes or isotopic ratios. These include: a, atmospheric;
R, radiogenic; K, K-derived. Isotopic values are given in volts of signal and are corrected for
radioactive decay and interfering isotopes.
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Sample # 87-52H/1 /DD11; hornblende; amphibolite; wt.-360.1 mg;
measured "Ar/36Are.299.5; J-value-0.007692+0.25%

Temp 40ArR 3°ArK F 3°Ar/37Ar %4°Ark
( °C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .06402 .01205 5.312 .10 14.7 .5 72.2 2.8

600 .11681 .01705 6.853 .12 19.2 .7 93 10

650 .05386 .00821 6.561 .10 55.0 .4 88.8 4.7

700 .06368 .00941 6.765 .09 64.2 .4 91.5 7.2

750 .05156 .00835 6.174 .09 59.2 .4 83.7 3.5

800 .09116 .01261 7.229 .08 76.0 .6 97.6 5.7

850 .10738 .01443 7.441 .08 81.0 .6 100.4 5.3

900 .11651 .01385 8.414 .06 77.1 .6 113.1 4.4

950 .53400 .05073 10.527 .07 86.9 2.2 140.5 3.1

1000 9.8646 .91604 10.769 .07 94.4 40.2 143.6 0.4

1050 2.24199 .21428 10.463 .07 95.8 9.4 139.6 0.5

1100 1.23312 .11696 10.543 .07 92.1 5.1 140.7 0.5

1150 5.0371 .46946 10.730 .07 94.7 20.6 143.1 0.4

1200 3.50486 .32361 10.831 .07 94.1 14.2 144.4 0.4

1250 .39650 .03658 10.840 .07 89.8 1.6 144.5 0.6

1450 .58344 .05483 10.641 .07 59.7 2.4 141.9 0.7

Total-Gas
Date 10.560 140.9 0.7

Isochron

Date (1000° and 1150°-1250°C steps) 144.3 2.0

Sample 87-01H/32/DD11; hornblende; amphibolite; wt.-383.5 mg;
measured 40Ar/36Ars-299.5; J-value-0.007229+0.25%

Temp "Ara 39ArK F 39Ar/37Ar %4°ArR

( °C)

839Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .03725 .00355 10.502 .32 10.6 .1 132 24

600 .21654 .02256 9.597 1.06 69.6 .4 121.0 2.9

700 1.0026 .09454 10.604 3.11 63.3 1.7 133.3 1.6

750 .56280 .05455 10.318 2.58 89.5 1.0 129.8 0.8

800 ,42447 .04205 10.095 .90 88.4 .8 127.1 0.8

850 .47743 .04616 10.344 .59 87.5 .8 130.1 0.8

900 .54145 .05033 10.758 .40 87.0 .9 135.1 1.0

950 1.73565 .15514 11.188 .16 90.9 2.8 140.3 0.7

975 5.87175 .53212 11.035 .15 93.8 9.5 138.5 0.4

1000 18.4178 1.67782 10.977 .16 97.1 30.0 137.8 0.4

1025 10.7614 .98124 10.967 .16 98.5 17.5 137.6 0.4

1050 2.78245 .25355 10.974 .17 98.2 4.5 137.7 0.4

1075 2.62976 .24007 10.954 .16 97.5 4.3 137.5 0.4

1100 3.69637 .33544 11.020 .15 98.3 6.0 138.3 0.4

1150 5.54530 .50253 11.035 .15 98.5 9.0 138.5 0.4

1200 3.1812 .28727 11.074 .15 98.5 5.1 138.9 0.5

1250 1.11005 .10103 10.987 .15 95.2 1.8 137.9 0.7

1450 2.35805 .21384 11.027 .15 94.9 3.8 138.4 0.4

Total-Gas
Date 10.968 137.7 0.4

Plateau

Date (975 ° - 1450 °C steps) 91.6 138.0 0.4
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Sample 87-01B/60/DD11; biotite; quartz diorite; wt.-55.3 mg;
measured "Ar/36Are-299.5; J-value-0.007510+0.25%

Temp "Ara "Ark F 3°Ar/37Ar 10°Arit %39Ar Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .65743 .08919 7.371 27.6 58.9 1.0 97.2 0.9

600 8.2824 .81973 10.104 125 89.4 9.3 131.9 0.4

650 12.4538 1.20848 10.305 232 97.9 13.8 134.5 0.4

700 10.4641 1.01220 10.338 278 98.9 11.5 134.9 0.4

750 4.9003 .47328 10.354 152 98.2 5.4 135.1 0.4

800 3.67622 .35358 10.397 93.0 98.0 4.0 135.6 0.4

850 6.3885 .61263 10.428 65.2 98.1 7.0 136.0 0.4

900 8.5567 .82385 10.386 51.7 98.5 9.4 135.9 0.4

950 12.9829 1.25713 10.327 8.3 98.6 14.3 134.8 0.4

1000 12.7977 1.23695 10.346 17.3 98.8 14.1 135.0 0.4

1050 8.2668 .79684 10.374 30.2 98.7 9.1 135.4 0.4

1150 .78166 .07519 10.396 10.5 95.3 .9 135.6 0.7

1300 .13911 .01354 10.272 6.7 76.4 .2 134.1 2.8

Total-Gas
Date 10.299 134.4 0.4

Plateau
Date (650°-1150°C steps) 89.5 135.1 0.4

Sample 84-02AN/7/DD12; hornblende; amphibolite; wt.-412.1 mg;
measured 40Ar/36Ar,-299.5; J-value-0.007487+0.25%

Temp °Ark 39ArK F nAr/"Ar 10°ArR OM' Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .41996 .00260 161.817 .09 38.2 .1 1432 15

600 .28801 .00775 37.174 .22 49.1 .3 443 10

700 .21016 .01651 12.730 .14 24.8 .7 164.2 5.2

750 .08844 .01201 7.363 .21 40.7 .5 96.8 4.9

800 .08530 .01229 6.940 .18 47.8 .5 91.4 6.0

850 .14845 .02073 7.161 .11 59.6 .9 94.2 2.2

900 .16836 .01971 8.544 .04 59.2 .9 111.9 3.0

950 .65360 .07133 9.163 .04 68.1 3.2 119.7 0.6

975 2.24488 .23326 9.624 .06 77.5 10.4 125.5 0.5

1000 6.12827 .62475 9.809 .06 74.1 27.7 127.9 0.3

1025 1.43531 .14786 9.707 .07 75.1 6.6 126.6 0.8

1050 .50065 .05252 9.533 .05 72.5 2.3 124.4 0.8

1100 2.8941 .29964 9.659 .06 85.3 13.3 126.0 0.4

1150 5.5256 .55806 9.901 .06 87.3 24.8 129.0 0.4

1200 .80863 .08069 10.022 .06 82.0 3.6 130.5 1.0

1250 .54259 .05512 9.844 .06 71.9 2.4 128.3 1.7

1450 .36260 .03684 9.843 .06 50.7 1.6 128.3 1.1

Total-Gas
Date 9.995 130.2 0.6

Plateau
Date (1150°-1450°C steps) 32.5 129.1 1.0
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Sample 87-04H/29/DD11; hornblende; amphibolite; wt.-396.9 mg;
measured 4°Are6Ar,-299.5; J-value-0.007193+0.25%

Temp 40ArR "Arc F 39ArP7Ar %4°ArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sims)

500 .05267 .00547 9.623 .16 13.3 .4 121 12

600 .05025 .00833 6.036 .18 6.2 .5 77 19
650 .06235 .00672 9.277 .15 35.7 .4 116.5 9.0

700 .04128 .00395 10.462 .11 34.2 .3 131 18

750 .04408 .00435 10.131 .08 35.4 .3 127 12

800 .05701 .00770 7.407 .05 46.4 .5 93.7 6.8

850 .07351 .00736 9.985 .04 67.5 .5 125.1 5.0

900 .08871 .00993 8.934 .03 64.5 .6 112.4 4.7

950 .63114 .07673 8.225 .05 79.5 5.0 103.7 0.5

975 1.0717 .11482 9.334 .05 79.4 7.5 117.2 1.2

1000 2.5385 .25264 10.048 .04 86.9 16.5 125.9 0.3

1025 .31253 .03244 9.635 .04 76.1 2.1 120.9 1.6

1050 .22763 .02453 9.278 .04 76.5 1.6 116.6 2.1

1075 .94520 .10338 9.143 .05 88.3 6.7 114.9 1.3

1100 1.83472 .19190 9.561 .04 91.7 12.5 120.0 0.5

1150 4.3846 .44659 9.818 .04 91.7 29.1 123.1 0.3

1200 1.14633 .11492 9.975 .04 90.6 7.5 125.0 0.4

1250 .26686 .02694 9.906 .04 84.6 1.8 124.2 1.7

1450 .92635 .09430 9.823 .04 87.0 6.2 123.2 0.8

Total-Gas
Date 9.625 120.8 0.9

Preferred
Date (average of 1000° and 1150°-1450°C steps) 61.1 124.1 1.2

Sample A1887-5H/22/DD11; hornblende; hornblende gneiss; wt.-399.3 mg;
measured 4°ArPeAr,-299.5; J-value-0.007579+0.25%

Temp 4°ArR 39ArK F 39Ar /37Ar % 40ArR

(°C)

%nikr Apparent Age and Error
(Ma at 1 Sizma)

500 .08763 .00697 12.573 .22 25.1 .2 164.2 7.5

600 .08836 .00854 10.350 .27 9.1 .2 136.2 8.8

650 .04221 .00522 8.080 .25 35.3 .1 107 18

700 .03542 .00409 8.660 .19 36.0 .1 115 11

750 .05349 .00502 10.655 .16 53.0 .1 140.1 3.0

800 .09003 .01098 8.200 .12 65.4 .3 108.8 3.1

850 .1243 .01601 7.766 .09 67.4 .4 103.2 4.4

900 .1792 .02252 7.959 .09 74.0 .6 105.7 1.5

950 2.83617 .32944 8.609 .10 91.9 9.0 114.0 0.3

975 4.0139 .44160 9.090 .10 94.8 12.0 120.2 0.3

1000 4.5665 .48146 9.485 .10 96.6 13.1 125.2 0.3

1025 .5396 .05600 9.636 .10 94.6 1.5 127.2 1.6

1050 1.03156 .11331 9.104 .10 92.9 3.1 120.4 0.4

1100 7.5327 .80922 9.309 .10 96.8 22.0 123.0 0.3

1150 9.0891 .96933 9.377 .10 97.5 26.4 123.9 0.3

1200 1.7429 .18556 9.393 .10 96.6 5.1 124.1 0.6

1250 .40272 .04277 9.417 .10 90.2 1.2 124.4 1.2

1450 1.5580 .16603 9.384 .10 91.2 4.5 124.0 0.6

Total-Gas
Date 9.258 122.3 0.4

Plateau

Date (1150°-1450°C steps) 37.1 123.9 0.7
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Sample 87-05H/30/DD11; hornblende; hornblende gneiss; wt.-375.7 mg;
measured '°Ar/3°Ar,-299.5; J-value-0.007586+0.25%

Temp "ArR "Ark F 39Ar/37Ar %40ArR 113°Ar

(°C)

Apparent Age and Error
(Ma at 1 Sigma)

500 .06446 .00361 17.881 .15 12.9 .2 230 13

600 .07986 .00708 11.277 .21 12.6 .3 148.1 6.3

650 .05163 .00472 10.930 .19 19.3 .2 144 14

700 .05055 .00421 12.014 .17 35.2 .2 157 12

750 .06136 .00484 12.670 .12 38.4 .2 165.6 5.8

800 .09616 .01083 8.876 .08 54.1 .5 117.6 4.7

850 .14170 .01685 8.515 .07 66.9 .8 112.9 4.3

900 .26902 .03525 7.631 .08 74.2 1.6 101.5 1.1

950 3.5008 .42207 8.294 .07 87.4 19.5 110.1 0.4

975 1.65724 .18139 9.136 .07 89.2 8.4 120.9 0.4

1000 .51570 .05920 8.711 .07 83.6 2.7 115.4 1.5

1025 1.40530 .16431 8.553 .07 85.3 7.6 113.4 0.5

1050 3.86943 .43948 8.805 .07 91.5 20.3 116.6 0.3

1100 4.40667 .48922 9.007 .07 92.0 22.6 119.2 0.3

1150 1.94952 .21545 9.049 .07 90.7 10.0 119.8 0.4

1200 .26346 .02966 8.884 .07 70.7 1.4 117.7 2.7

1250 .27827 .03105 8.903 .07 67.8 1.4 118.7 1.1

1450 .39034 .04298 9.082 .07 51.1 2.0 120.2 1.5

Total-Gas
Date 8.812 116.7 0.5

Plateau
Date (1100°-1450°C steps) 37.4 119.4 1.2

Sample 84-02BH/8/DD12; hornblende; metagabbro; wt.-408.0 mg;
measured "Ar/36Ar,-299.5; J-value-0.007402+0.251

Temp "ArR "Ark F 39AreAr 164°ArR %3°Ar Apparent Age and Error
(Ma at 1 Sigma)(°C)

500 .46108 .00626 73.654 .16 32.8 .2

600 .16775 .01159 14.468 .36 21.9 .4

700 .21447 .01587 13.513 .47 38.6 .6

750 .09572 .01125 8.508 .33 36.1 .4

800 .13564 .01827 7.426 .24 48.1 .7

850 .22534 .03290 6.849 .17 55.9 1.2

900 .41807 .05997 6.971 .12 53.7 2.3

950 2.8260 .34664 8.152 .09 77.9 13.1

975 3.2298 .35838 9.012 .09 86.7 13.5

1000 .87079 .09501 9.166 .09 82.6 3.6

1025 .21007 .02500 8.403 .09 54.9 .9

1050 .87554 .09975 8.777 .09 78.1 3.8

1100 7.0256 .78887 8.906 .09 90.5 29.7

1150 6.8722 .75834 9.062 .09 90.7 28.6

1200 .25006 .02668 9.373 .09 47.4 1.0

Total-Gas
Date 8.994

Preferred
Date (average of 1000° and 1150° C steps)

785.0 9.6

183.5 5.6

172.0 3.9

110.2 5.0

96.5 4.0

89.2 2.3

90.8 1.4

105.7 0.5

116.5 0.3

118.4 0.5

108.9 2.1

113.6 0.5

115.2 0.3

117.1 0.3

121.0 2.1

116.3 0.5

117.2 0.9
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Sample 87-10H/12/DD12; hornblende; metagabbro lenses in felsic gneiss; wt.-403.2 mg;
measured 4°Ar/36Ar,-299.5; J-value-0.007480+0.25%

Temp 40Art
3°ArK F 39A.r/37Ar %40ArR fb"Ar Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .13565 .00166 81.497 .16 29.1 .1 859 44

600 .13494 .00483 27.920 .22 41.4 .2 342 11

700 .29178 .01215 24.019 .24 27.0 .5 298.1 5.9

750 .23805 .01401 16.986 .42 51.5 .5 215.8 7.5

800 .18607 .01261 14.759 .26 52.7 .5 188.9 8.3

850 .16964 .01836 9.241 .16 64.3 .7 120.6 1.9

900 .18166 .02344 7.752 .15 69.9 .9 101.7 2.9

950 .68139 .09054 7.526 .10 81.9 3.5 98.8 1.3

975 1.44319 .18234 7.915 .08 84.6 7.0 103.8 0.3

1000 4.8765 .56929 8.566 .08 91.2 21.9 112.0 0.3

1025 1.56318 .17610 8.877 .08 93.1 6.7 116.0 0.6

1050 .32948 .04120 7.997 .08 85.4 1.6 104.8 2.0

1100 3.5673 .42450 8.404 .08 92.7 16.2 110.0 0.4

1150 6.8873 .78312 8.795 .08 93.5 30.0 114.9 0.3

1200 1.54303 .17638 8.748 .08 92.4 6.7 114.4 0.5

1250 .23495 .02674 8.785 .08 77.5 1.0 114.8 6.2

1425 .46718 .05707 8.186 .10 72.4 2.2 107.2 1.9

Total-Gas
Date 8.771 114.6 0.6

Preferred
Date (average of 1025° and 1150°-1200° C steps) 115.0 0.8

Sample 87-16H/11/DD11; hornblende; meta-quartz diorite; wt.-396.5 mg;
measured 4OAr/36Are-299.5; J-value-0.007673+0.25%

Temp °Arst "Art( F 39Ar/37Ar %40Arit egAr Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .50196 .00417 120.444 .18 50.9 .1 1181 14

600 .19743 .01175 16.808 .38 20.5 .2 218.8 6.6

700 .15869 .01918 8.273 .50 55.3 .4 111.0 2.7

750 .09360 .01345 6.959 .39 58.6 .3 93.9 2.8

800 .11557 .01599 7.226 .23 66.1 .3 97.4 1.6

850 .13888 .01899 7.314 .17 67.1 .4 98.5 2.8

900 .3825 .04705 8.130 .11 78.8 1.0 109.2 1.1

950 3.0032 .36841 8.152 .12 90.8 7.5 109.5 0.3

975 7.9548 .90471 8.793 .13 93.8 18.4 117.8 0.3

1000 15.19714 1.69885 9.122 .14 96.6 34.6 122.1 0.3

1025 1.81202 .19961 9.078 .15 91.6 4.1 121.5 0.6

1050 1.2948 .14301 9.054 .14 90.1 2.9 121.2 0.6

1100 3.3586 .37159 9.038 .14 95.1 7.6 121.0 0.5

1150 7.2439 .79277 9.137 .14 95.5 16.1 122.2 0.3

1200 .93671 .10279 9.113 .14 92.4 2.1 121.9 0.8

1250 .60912 .06611 9.214 .14 91.3 1.3 123.2 0.7

1450 1.2471 .13635 9.146 .14 91.5 2.8 122.4 0.5

Total-Gas
Date 9.064 121.3 0.4

Plateau

Date 71.4 121.9 0.5
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Sample 87-20H/3/DD11; hornblende; metagabbro; wt.-408.3 mg;
measured "Ar/39Ar,-299.5; J-value-0.007453+0.25%

Temp "ArR "Ark F 39Ar /37Ar %"ArR
(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .11701 .00414 28.280 .22 24.2 .1 345.0 7.3

600 .19990 .01939 10.309 .73 58.1 .5 133.5 3.6

650 .12760 .01662 7.676 .97 16.8 .4 100.4 3.9

700 .15306 .02102 7.282 .93 60.8 .5 95.3 2.0

750 .11444 .01548 7.393 .62 61.7 .4 96.8 5.3

800 .15692 .02214 7.087 .28 66.3 .5 92.9 3.2

850 .23806 .03493 6.815 .21 71.8 .9 89.4 2.5

900 .36297 .05560 6.528 .12 74.0 1.4 85.7 1.2

950 2.18964 .31007 7.062 .10 87.7 7.6 92.5 0.3

975 4.3960 .55592 7.908 .11 93.0 13.7 103.3 0.3

1000 6.7465 .78790 8.563 .13 95.5 19.4 111.6 0.3

1025 1.62505 .18690 8.695 .14 92.4 4.6 113.3 0.4

1050 1.70524 .20898 8.160 .11 93.1 5.1 106.5 0.3

1100 8.26447 1.01807 8.118 .11 95.9 25.0 106.0 0.3

1150 4.84254 .59009 8.206 .11 96.2 14.5 107.1 0.3

1200 .50112 .06161 8.134 .11 87.9 1.5 106.2 0.8

1250 .49808 .06357 7.835 .11 84.0 1.6 102.4 1.1

1450 .74433 .09327 7.980 .11 81.0 2.3 104.2 0.8

Total-Gas
Date 8.112 105.9 0.4

No Plateau

Sample 87-18H/4/DD11; hornblende; sheared metagabbro; wt.-374.8 mg;
measured 40Ar/39Are299.5; J-value-0.007465+0.25%

Temp "ArR 39ArK F 39Ar /37Ar eilArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .19696 .01071 18.385 .29 29.4 .4 232.0 7.0

600 .38812 .04394 8.832 .66 34.0 1.7 115.2 1,9

650 .28364 .03804 7.457 .76 67.5 1.4 97.7 1.2

700 .18427 .02394 7.698 .53 69.0 .9 100.8 1.3

750 .20124 .02394 8.406 .29 70.0 .9 109.8 3.4

800 .24523 .03370 7.277 .18 77.2 1.3 95.4 2.7

850 .29821 .04491 6.640 .13 80.6 1.7 87.3 1.7

900 .62411 .09819 6.356 .10 83.6 3.7 83.6 0.7

950 3.91667 .60081 6.519 .08 89.8 22.9 85.7 0.3

975 .79434 .11877 6.688 .08 87.3 4.9 87.9 0.4

1000 .23208 .03523 6.588 .07 78.2 1.3 86.6 1.7

1025 .70427 .10729 6.564 .07 87.3 4.1 86.3 0.7

1050 3.5378 .51903 6.816 .08 90.9 19.7 89.5 0.2

1100 5.4732 .81386 6.725 .07 92.7 31.0 89.4 0.2

1150 .31637 .04812 6.574 .07 84.0 1.8 86.4 1.7

1200 .16828 .02475 6.799 .08 79.6 .9 89.3 2.3

1250 .18508 .02707 6.838 .07 81.3 1.0 89.8 2.9

1415 .11546 .01622 7.118 .07 28.9 0.6 93.4 4.1

Total-Gas
Date 8.797 89.3 0.5

Isochron
Date (1050°-1200° C steps) 88.3 1.5
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Sample 87-40H/28/DD11; hornblende; metagabbro; wt.-371.4 mg;
measured 4°Ar/39Ars-299.5; J-value-0.007460+0.25%

Temp "Ara 39ArK F 39Ar/37Ar %40Ar1

(°C)

%39Ar Apparent Age and Error
(Ma at 1 SiquO_____

500 .07105 .00784 9.057 .45 17.2 .4 118 11

600 .13244 .01965 6.741 .85 53.5 1.0 88.5 2.5

700 .18989 .02420 7.846 .70 24.6 1.2 102.6 9.5

750 .08396 .01285 6.533 .39 54.3 .7 85.9 6.2

800 .10338 .01728 5.984 .21 53.2 .9 78.8 5.4

850 .19271 .02946 6.542 .22 44.8 1.5 86.0 2.7

900 .30248 .04573 6.614 .22 79.7 2.4 86.9 1.1

950 .42513 .06642 6.400 .07 41.1 3.4 84.1 1.2

975 4.00415 .56360 7.105 .06 88.3 29.1 93.2 0.3

1000 1.16100 .15636 7.425 .07 84.1 8.1 97.3 0.7

1025 .28235 .04170 6.770 .07 69.2 2.2 88.9 2.5

1050 1.67656 .23771 7.053 .06 88.9 12.3 92.5 0.3

1100 3.8993 .54042 7.215 .06 91.5 27.9 94.6 0.3

1150 .70732 .09477 7.464 .06 80.2 4.9 97.8 0.5

1200 .49484 .04902 10.094 .07 54.1 2.5 131.0 1.2

1250 .35704 .02540 14.056 .07 37.1 1.3 179.9 4.2

1425 .13260 .00633 20.936 .08 18.8 .3 261.8 8.1

Total-Gas
Date 7.333 96.1 0.7

No Plateau

Sample 87-38H/25/DD11; hornblende; sheared metagabbro; wt.-413.9 mg;
measured "Ar/39Ars-299.5; J-value-0.007465+0.25%

Temp `°ArR 39ArK F 39Ar/37Ar 140Ar1

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .13429 .00901 14.910 .31 22.1 .4 190.4 6.5

600 .19218 .02757 6.970 .35 65.1 1.1 91.5 1.3

650 .23602 .03641 6.482 .38 23.7 1.5 85.3 1.9

700 .24989 .04393 5.688 .75 76.4 1.8 75.0 1.7

750 .24788 .04496 5.513 .78 83.8 1.8 72.8 3.9

800 .30261 .05818 5.201 .42 83.4 2.4 68.7 0.9

850 .30863 .05746 5.371 .19 83.6 2.4 70.9 1.7

900 .38540 .06287 6.131 .06 80.1 2.6 80.7 0.9

950 .80776 .12535 6.444 .06 81.4 5.2 84.8 0.4

975 2.37820 .34100 6.974 .06 85.1 14.0 91.6 0.3

1000 2.3790 .35182 6.762 .06 87.9 14.5 88.8 0.4

1025 .32850 .05209 6.306 .06 87.3 2.1 83.0 1.6

1050 .18881 .03209 5.883 .06 80.9 1.3 77.5 1.2

1100 3.0457 .47072 6.470 .06 89.3 19.4 85.1 0.2

1150 3.51109 .52352 6.707 .06 89.7 21.5 88.1 0.3

1200 .33179 .05020 6.609 .06 82.8 2.1 86.9 1.3

1250 .28279 .04376 6.463 .06 75.9 1.8 85.0 2.2

1450 .69257 .10061 6.883 '.06 32.4 4.1 90.4 0.6

Total-Gas
Date 6.581 86.5 0.6

No Plateau
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Sample 87-41H/34/DD11; hornblende; meta-quartz diorite; wt.-348.1 mg;
measured "Ar/36Ar,-299.5; J-value-0.007670+0.254

Temp 40ArR "tax F 39Ar/37 Ar 040,4 10°Ar Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .21251 .00221 96.205 .15 31.4 .1 997 24

600 .07055 .00497 14.207 .17 11.7 .1 186.6 9.1

700 .06716 .00772 8.703 .24 34.4 .2 116.6 4.3

750 .04004 .00673 5.951 .24 27.9 .2 81 11

800 .06677 .00991 6.740 .15 35.9 .3 90.9 4.0

850 .07829 .01093 7.160 .08 36.5 .3 96.5 7.9

900 .19581 .02928 6.687 .08 49.6 .9 90.2 1.8

950 1.9427 .28690 6.771 .10 80.9 8.5 91.3 0.3

975 4.4805 .62010 7.225 .11 90.5 18.4 97.3 0.3

1000 6.54842 .83470 7.845 .12 92.3 24.8 105.4 0.3

1025 .31253 .04024 7.766 .11 50.3 1.2 104.4 0.6

1050 .58701 .07905 7.425 .11 69.9 2.4 99.9 0.6

1100 4.4721 .61106 7.319 .11 91.6 18.2 98.5 0.3

1150 4.8753 .65275 7.469 .11 93.3 19.4 100.5 0.3

1200 .83675 .11159 7.498 .11 82.5 3.3 100.9 0.6

1250 .39845 .05395 7.385 .11 68.1 1.6 99.4 0.6

Total-Gas
Date 7.491 100.8 0.4

No Plateau

Sample 87-42H/24/DD11; hornblende; sheared meta-quartz diorite; wt.-337.1 mg;
measured 40Ar/36Ars-299.5; J-value-0.007405+0.25%

Temp

(°C)

40ArR 39Arg F 39Ar/37Ar
oArit %3°Ar Apparent Age and Error

(Ma at 1 Sigma)

500 .10956 .00252 43.497 .21 19.7 .1 504 27

600 .05219 .00571 9.147 .24 26.8 .3 118 13

700 .08190 .00948 8.640 .22 12.2 .4 111.9 6.7

750 .04832 .00749 6.455 .20 29.4 .3 84.2 5.6

800 .06094 .00970 6.281 .14 40.6 .4 82.0 4.7

850 .11017 .01659 6.639 .10 48.9 .7 86.6 3.0

900 .14279 .02316 6.166 .06 53.5 1.0 80.6 2.0

950 .65941 .10512 6.273 .08 80.6 4.7 81.9 1.1

975 .81948 .12898 6.354 .08 81.4 5.8 82.9 0.5

1000 2.63889 .40541 6.509 .08 87.8 18.1 84.9 0.2

1025 .90589 .13633 6.645 .08 80.0 6.1 86.7 0.4

1050 .1655 .02662 6.218 .07 46.7 1.2 81.2 1.7

1100 1.4428 .22356 6.454 .07 83.9 10.0 84.2 0.4

1150 4.2764 .6640 6.440 .08 91.6 29.7 84.1 0.2

1200 2.3575 .35814 6.582 .08 89.0 16.0 85.9 0.3

1250 .23065 .03615 6.379 .08 63.5 1.6 83.3 1.6

1450 .4925 .07623 6.461 .08 56.4 3.4 84.3 0.7

Total-Gas
Date 6.530 85.2 0.5

Isochron
Date (1000°-1450°C steps) 85.6 1.5
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Sample 87-55H/14/DD11; hornblende; garnet amphibolite; wt.-346.1 mg;
measured "Ar/36/kr,-299.5; J-value-0.007244+0.25%

Temp "ArR 39ArK F 39Ar/37Ar %40ArR 0.kr Apparent Age and Error
(°C) (Ma at 1 Sigma)
500 .08705 .00577 15.076 .19 21.7 .3 187 10

600 .11248 .00633 17.760 .15 14.4 .3 218 10

700 .15197 .00752 20.199 .16 48.5 .4 246.4 7.5

750 .07166 .00670 10.700 .14 45.4 .3 134.7 5.2

800 .08923 .01162 7.681 .12 49.0 .6 97.7 5.5

850 .11445 .01553 7.370 .16 55.0 .8 93.8 3.6

900 .22480 .03032 7.413 .12 47.2 1.5 94.4 0.8

950 2.3494 .29969 7.839 .07 87.4 15.2 99.6 0.5

975 1.75242 .24106 7.270 .07 86.2 12.2 92.6 0.3

1000 .33361 .04801 6.949 .08 61.0 2.4 88.6 1.7

1025 .18252 .02520 7.244 .07 53.3 1.3 92.3 1.8

1050 .69185 .09570 7.229 .07 81.0 4.9 92.1 0.4

1075 1.30546 .18285 7.139 .07 86.8 9.3 91.0 0.4

1100 2.69342 .38210 7.049 .07 92.2 19.4 89.8 0.3

1150 .83321 .11097 7.509 .07 86.5 5.6 95.6 0.3

1200 2.47679 .34231 7.236 .07 92.4 17.4 92.2 0.3

1250 .21345 .02991 7.135 .07 67.5 1.5 90.9 1.3

1450 .93122 .12676 7.346 .07 84.9 6.4 93.5 0.7

Total-Gas
Date 7.425 94.5 0.5

Isochron
Date (975°-1450°C steps) 92.5 3.0

Sample 87-47H/36/DD11; hornblende; metadiorite; wt.-387.9 mg;
measured "Ar/3844r,-299.5; J-value-0.007665+0.25%

Temp "°ArR 39ArR F 39Ar/37Ar it40Arit %39Ar Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .06167 .00610 10.113 .32 15.3 .2 134.7 4.2

600 .15916 .02480 6.418 .52 49.9 .8 86.6 2.7

700 .17792 .02467 7.212 .24 22.9 .8 97.1 2.5

750 .10562 .01609 6.566 .15 56.7 .5 88.6 3.5

800 .14975 .02351 6.370 .15 67.6 .7 86.0 3.7

850 .25530 .03862 6.611 .16 78.5 1.2 89.2 1.4

900 .25147 .04142 6.072 .17 74.9 1.3 82.1 2.1

950 1.43711 .24504 5.865 .10 88.8 7.7 79.3 0.3

975 2.01551 .33797 5.964 .09 90.7 10.7 80.6 0.3

1000 5.09490 .84060 6.061 .10 94.6 26.5 81.9 0.2

1025 .57778 .09518 6.071 .10 90.7 3.0 82.1 0.7

1050 .37177 .06095 6.099 .09 88.7 1.9 82.4 0.7

1075 1.35336 .22422 6.036 .09 91.9 7.1 81.6 0.4

1100 1.4433 .23891 6.041 .09 92.5 7.5 81.7 0.4

1150 3.97111 .65321 6.079 .09 94.4 20.6 82.2 0.2

1200 .91862 .15188 6.048 .09 92.5 4.8 81.8 0.5

1250 .24378 .03973 6.136 .09 86.2 1.3 82.9 0.9

1450 .66714 .10990 6.070 .09 87.1 3.5 82.0 0.7

Total-Gas
Date 6.069 82,0 0.4

Plateau
Date (1000°-1450°C steps) 76.1 82.0 0.5
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Sample 87-30H/31/DD11; hornblende; diorite gneiss; wt.-357.7 mg;
measured "Ar/36Ara-299.5; J-value-0.007608+0.25%

Temp "Ark "ArK F 39Ar/37Ar % °Ara %39Ar Apparent Age and Error
(°C) (Ma at 1 Simla)
500 .04707 .00145 32.398 .08 11.3 .1 398 37

600 .02610 .00234 11.175 .05 17.1 .1 147 32

700 .03953 .00263 15.010 .08 5.5 .1 195 50

750 .01335 .00193 6.915 .08 12.3 .1 93 48

800 .03392 .00543 6.244 .07 28.7 .2 84 11

850 .07147 .00968 7.386 .06 47.6 .4 98.6 4.9

900 .19528 .03236 6.031 .07 66.1 1.4 80.9 2.8

950 1.73578 .28259 6.142 .08 84.7 12.2 82.4 0.3

975 2.80133 .46039 6.085 .08 91.1 20.0 81.6 0.3

1000 .25931 .04373 5.930 .08 81.7 1.9 79.6 1.2

1025 .4388 .07373 5.952 .08 87.9 3.2 79.9 1.0

1050 3.44252 .57189 6.020 .08 91.4 24.8 80.8 0.3

1100 2.28117 .53832 6.095 .08 92.8 23.3 81.8 0.2

1150 .79902 .13035 6.130 .08 91.3 5.7 82.2 0.7

1200 .28069 .04749 5.911 .08 75.3 2.1 79.4 1.6

1250 .63349 .10254 6.178 .08 79.7 4.4 82.9 1.0

Total-Gas
Date 6.112 82.0 0.5

Preferred
Date (average of 900°-1250°C steps) 99.0 81.5 1.2

Sample 87-33H/23/DD11; hornblende; tonalite gneiss; wt.-401.3 mg;
measured 4OAr/36Ara-299.5; J-value-0.007593+0.25%

Temp °ArR 39ArK F 39Ar/37Ar 10°Arit
oc

%39Ar Apparent Age and Error
a at 1 i a

500 20.712 16.6 264 14

600

.10186

.03570
.00492
.00271 13.195

.25

.41 24.6 .1 172 17

700 .0635 .00706 8.990 .27 7.7 .1 119 11

750 .03303 .00522 6.333 .30 33.2 .1 85 14

800 .04085 .00670 6.096 .25 42.4 .1 82 15

850 .06628 .01051 6.306 .18 54.9 .2 84.4 7.7

900 .12915 .01893 6.824 .15 70.5 .4 91.1 5.1

950 .68247 .11076 6.161 .14 87.4 2.3 82.5 0.5

975 1.94819 .31261 6.232 .14 94.1 6.5 83.4 0.3

1000 3.59643 .57353 6.271 .13 93.5 12.0 83.9 0.2

1025 8.0084 1.28272 6.243 .13 95.6 26.8 83.6 0.2

1050 .57753 .09432 6.123 .14 92.7 2.0 82.0 0.5

1100 3.3796 .54433 6.209 .14 95.6 11.4 83.1 0.2

1150 7.8928 1.26569 6.236 .14 96.4 26.4 83.5 0.2

1200 2.37046 .37936 6.249 .14 96.1 7.9 83.6 0.2

1250 .32557 .05296 6.147 .14 89.0 1.1 82.3 0.8

1450 .71736 .11515 6.230 .14 87.5 2.4 83.4 0.6

Total-Gas
Date 6.260 83.8 0.3

Plateau
Date (975°-1450°C steps) 96.5 83.5 0.4
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Sample 85-03BH/33/DD11; hornblende; quartz diorite gneiss; wt.-395.0 mg;
measured "Ar/36Ars-299.5; J-value-0.007617+0.25%

Temp ArR "Ark F 39A037Ar 0°Ar1
(oo

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .14198 .00253 56.030 .21 23.4 0.0 641 15
600 .06404 .00859 7.458 .27 28.2 .1 99.7 8.7
700 .21382 .03301 6.477 .43 13.7 .6 86.9 3.4
750 .11594 .02301 5.039 .75 28.9 .4 68.0 2.1

850 .22381 .03891 5.752 .22 51.1 .7 77.4 1.3

900 .31281 .04916 6.363 .15 60.2 .8 85.4 1.5
950 1.25018 .20593 6.071 .14 80.1 3.5 81.6 0.3
975 5.1766 .85759 6.036 .15 87.2 14.6 81.1 0.2

1000 11.6210 1.90372 6.104 .17 92.0 32.4 82.0 0.2

1025 2.42307 .39885 6.075 .16 90.9 6.8 81.6 0.4

1050 1.11301 .18425 6.041 .17 88.9 3.1 81.2 0.4

1100 5.2600 .86339 6.092 .17 91.2 14.7 81.8 0.2

1150 5.9353 .96303 6.163 .17 91.9 16.4 82.8 0.3

1200 .79922 .13051 6.124 .17 89.0 2.2 82.3 1.1

1250 .60340 .09621 6.272 .17 83.5 1.6 84.2 1.4

1425 .74119 .12115 6.118 .17 77.4 2.1 82.2 0.4
Total-Gas
Date 6.122 82.2 0.3

Plateau
Date (1000°-1100°C steps) 57.0 81.9 0.3

Sample 87 -56H/35/DD12; hornblende; garnet amphibolite; wt.-398.1 mg;
measured °Ar/36Ar,-299.5; J-value-0.007482+0.25t

Temp °ArR 3°ArK F 39Ar/37Ar e°Ara
(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .02822 .00312 9.050 .17 14.9 .1 118 31

600 .03602 .00884 4,073 .27 28.5 .2 54.2 7.2

700 .09157 .01661 5,513 .25 14.2 .4 72.9 2.7

750 .08179 .01602 5.104 .22 49.0 .4 67.6 4.5

800 .10610 .01775 5.977 .18 15.1 .5 78.9 3.6

850 .1956 .02474 7.907 .14 3.1 .6 103.7 0.5
900 .3589 .04434 8.093 .11 3.7 1.2 106.1 0.6

950 1.5071 .23512 6.410 .11 13.8 6.1 84.5 0.4
975 1.8656 .29880 6.244 .11 19.0 7.8 82.4 0.2

1000 4.1651 .65578 6.351 .12 21.0 17.1 83.8 0.2

1025 2.8702 .45263 6.341 .12 22.5 11.8 83.6 0.2

1050 1.81673 .29916 6.073 .12 48.8 7.8 80.2 0.5

1100 5.4285 .88878 6.108 .12 81.5 23.2 80.6 0.2

1150 4.1283 .67332 6.131 .12 82.4 17.6 80.9 0.2

1250 1.19960 .19839 6.047 .12 64.0 5.2 79.8 0.3

Total-Gas
Date 6.229 82.2 0.3

Plateau
Date (1050°-1250°C steps) 53.7 80.6 0.3
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Sample 88-04H/10/DD11; hornblende; garnet amphibolite; wt.-402.2 mg;
measured 4°Ar/3°Ars-299.5; J-value-0.007677+0.25t

Temp "Ant "Ark F 39Ar/37Ar 10°Ark

(°C)

83°Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .01497 .00200 7.480 .13 2.1 .1 101 16

600 .01725 .00226 7.640 .24 8.4 .1 103 23

700 .02796 .00351 7.967 .14 3.3 .1 107 14

750 .01947 .00236 8.255 .14 21.4 .1 111 29

800 .02033 .00339 5.994 .12 19.7 .1 81 18

850 .05543 .00887 6.248 .11 45.0 .2 84.5 4.5

900 .10259 .01746 5.876 .11 56.4 .5 79.6 4.7

950 .34414 .05981 5.754 .11 78.4 1.6 78.0 1.6

975 .35355 .05973 5.919 .11 89.0 1.6 80.2 0.8

1000 2.08226 .35955 5.791 .11 94.4 9.3 78.5 0.4

1025 3.5799 .61309 5.839 .11 96.2 15.9 79.1 0.2

1050 .88193 .14766 5.973 .11 95.7 3.8 80.9 1.0

1100 3.82571 .65615 5.831 .11 95.2 17.0 79.0 0.3

1150 9.7007 1.65192 5.872 .11 97.6 42.9 79.6 0.2

1200 1.20624 .20427 5.905 .11 96.0 5.3 80.0 0.3

1250 .33099 .05693 5.814 .11 86.5 1.5 78.8 1.1

Total-Gas
Date 5.862 79.4 0.4

Plateau
Date (1025°-1250°C steps) 86.5 79.4 0.5

Sample 88-06H/6/DD12; hornblende; biotite-hornblende schist; wt.-411.8 mg;
measured 40Ar/36Ar,-299.5; J-value-0.007512+0.251;

Temp 40Ar1 "Arc F 39Ar/37Ar
voArit

(°C)

Ofir Apparent Age and Error
(Ma at 1 Sigma)

500 .05013 .00255 19.694 .20 16.2 0.0 249 43

600 .02791 .00334 8.354 .31 18.0 0.0 109.8 19.8

700 .05678 .00783 7.250 .27 8.5 .1 95.7 9.8

800 .08678 .01235 7.029 .29 6.0 .2 92.8 4.6

850 .17702 .01670 10.601 .22 2.3 .2 138.2 0.7

900 .49785 .06801 7.320 .21 6.3 .9 96.6 1.3

950 6.7486 1.11506 6.052 .23 69.2 15.1 80.2 0.2

975 5.7200 .94353 6.062 .23 63.0 12.8 80.3 0.2

1000 13.33297 2.20120 6.057 .23 61.4 29.8 80.3 0.2

1025 1.81488 .29519 6.148 .23 38.6 4.0 81.5 0.3

1050 2.22453 .36528 6.090 .23 79.7 4.9 80.7 0.3

1100 7.5423 1.24245 6.071 .23 94.2 16.8 80.5 0.2

1150 6.3845 1.05303 6.063 .23 94.1 14.2 80.4 0.2

1250 .41037 .06644 6.177 .23 37.5 .9 81.8 1.3

Total-Gas
Date 6.097 80.8 0.3

Preferred Plateau
Date (1050°-1150°C steps) 36.0 80.4 0.2
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Sample A2888-7H/17/DD12; hornblende; amphibolite; wt.-413.7 mg;
measured 4°Ar/36Ara-299.5; J-value-0.007498+0.25%

Temp "Ara "ArK F 39Ar/37Ar 840ArR %39Ar Apparent Age and Error

(°C) (Ma at 1 Sierra)

500 .02228 .00201 11.106 .18 6.2 0.0 144 32

600 .02994 .00406 7.373 .32 13.0 .1 97 20

700 .06349 .00676 9.390 .25 8.4 .1 123 10

800 .05932 .00911 6.512 .22 39.0 .2 86.0 8.1

850 .06306 .01072 5.880 .17 40.7 .2 77.8 5.4

900 .11737 .01969 5.961 .15 43.1 .4 78.9 2.1

950 .6502 .10957 5.934 .15 65.0 2.0 78.5 0.7

975 2.09586 .35352 5.929 .15 87.8 6.5 78.5 0.3

1000 4.06340 .67769 5.996 .16 46.4 12.5 79.3 0.2

1025 5.553 .91084 6.096 .16 28.9 16.8 80.6 0.2

1050 2.30254 .37803 6.091 .16 31.3 7.0 80.6 0.3

1100 4.97442 .83916 5.928 .16 87.7 15.5 78.5 0.2

1150 11.52947 1.93293 5.965 .16 94.4 35.7 78.9 0.2

1200 .73364 .12201 6.013 .16 63.5 2.3 79.6 0.3

1250 .18689 .03160 5.915 .16 32.8 .6 78.3 2.3

Total-Gas
Date 6.000 79.4 0.3

Preferred
Date (average of 1100°-1150°C steps) 51.3 78.8 0.2

Sample S388-3H/20/0D11; hornblende; biotite-hornblende gneiss; wt.-412.3 mg;
measured "Ar/36Are-299.5; J-value-0.007252+0.25%

Temp "Art "ArK F 39Ar/17Ar %40Ar1

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .11941 .00535 22.309 .32 22.0 0.0 271 12

600 .04533

650 .03931
.00546
.00562

8.300
6.989

.43

.48

36.9
6.8

0.0

.1

1:4 9.6

13

700 .04598 .00598 7.685 .48 39.6 .1 97.8 9.2

750 .04029 .00673 5.984 .43 42.4 .1 77 12

800 .05708 .00955 5.974 .41 51.9 .1 76.5 6.2

850 .09087 .01355 6.708 .34 69.7 .1 85.7 5.1

900 1.22674 .19332 6.346 .30 90.2 1.8 81.2 0.5

950 13.49533 2.13867 6.310 .31 96.4 19.5 80.7 0.2

975 12.5709 1.99802 6.292 Al 97.1 18.2 80.5 0.2

1000 17.8922 2.85284 6.272 .31 98.5 26.0 80.2 0.2

1025 8.7028 1.38056 6.304 .31 98.9 12.6 80.6 0.2

1050 1.99706 .31527 6.334 .31 98.3 2.9 81.0 0.3

1100 7.2955 1.15501 6.316 .30 98.0 10.5 80.8 0.2

1150 5.09644 .80668 6.318 .31 97.9 7.3 80.8 0.2

1200 .15384 .02501 6.150 .31 79.9 .2 78.7 1.8

1250 .10150 .01541 6.588 .30 69.6 .1 84.2 2.4

1450 .38396 .05964 6.438 .30 20.2 .5 82.3 0.6

Total-Gas
Date 6.309 80.7 0.3

Plateau
Date (900°-1150°C steps) 98.6 80.6 0.3
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Sample 88-17H/21/DD11; hornblende; amphibolite; wt.-409.1 mg;
measured 4°Ar/35Are299.5; J-value-0.007150+0.25%

Temp 40Ara 39ArK F 39Ar/37Ar %40ArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .01262 .00265 4.760 .13 2.9 .1 60 34

650 .01450 .00290 5.008 .20 2.2 .1 64 27

700 .03110 .00270 11.511 .14 24.5 .1 143 15

750 .03182 .00280 11.369 .12 28.4 .1 141.0 8.9

800 .03554 .00540 6.587 .16 35.4 .2 83 15

850 .04580 .00732 6.256 .13 41.3 .2 78.9 6.4

900 .11170 .01618 6.903 .13 55.0 .5 86.9 4.6

950 .92061 .14818 6.213 .11 83.3 4.3 78.4 0.4

1000 2.57850 .41754 6.175 .10 90.8 12.2 78.0 0.2

1025 5.45961 .87806 6.218 .10 96.7 25.7 78.5 0.2

1050 1.0566 .17063 6.192 .10 92.2 5.0 78.2 0.3

1075 3.48636 .56439 6.177 .10 93.9 16.5 78.0 0.3

1100 3.00309 .48528 6.188 .10 95.8 14.2 78.1 0.3

1150 3.8778 .62632 6.191 .10 96.3 18.3 78.1 0.2

1200 .18182 .02964 6.135 .10 83.1 .9 77.4 2.2

1250 .12978 .02060 6.300 .10 70.8 .6 79.5 3.7

1450 .27515 .04265 6.452 .10 15.4 1.2 81.4 1.8

Total-Gas
Date 6.208 78.4 0.4

Plateau
Date (950°-1250°C steps) 97.6 78.2 0.9

Sample 88-12H/18/DD11; hornblende; amphibolite; wt.-412.6 mg;
measured "Ar/36Are299.5; J-value-0.007131+0.25%

Temp 40ArR "Aric F 39Ar/37Ar %40ArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .11096 .00461 24.044 .27 15.1 .1 285.5 8.2

600 .07441 .01057 7.038 .61 29.9 .1 88.3 5.1

700 .09702 .01393 6.967 .53 14.6 .2 87.5 6.2

750 .08738 .01398 6.249 .41 46.3 .2 78.7 5.5

800 .09595 .01561 6.146 .38 51.3 .2 77.4 4.1

850 .16879 .02576 6.552 .27 64.0 .3 82.4 1.4

900 .52978 .08384 6.319 .22 81.2 1.0 79.5 0.6

950 9.9266 1.57556 6.300 .23 93.0 19.7 79.3 0.2

975 20.97275 3.32994 6.298 .24 97.5 41.6 79.3 0.2

1000 2.81823 .44701 6.305 .24 95.9 5.6 79.3 0.3

1025 4.3978 .69393 6.338 .24 97.1 8.7 79.7 0.2

1050 4.9828 .78384 6.357 .24 97.7 9.8 80.0 0.2

1100 4.3603 .68809 6.337 .25 97.8 8.6 79.7 0.2

1150 1.21529 .19170 6.340 .25 96.0 2.4 79.8 0.3

1200 .30392 .04796 6.316 .24 88.3 .6 79.5 1.8

1250 .51983 .08228 6.317 .24 84.3 1.0 79.5 0.8

Total-Gas
Date 6.326 79.6 0.3

Plateau
Date (900°-1250°C steps) 98.9 79.4 0.5
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Sample S1488-3H/5/DD11; hornblende; amphibolite; wt.-392.0 mg;
measured 40Ar/36Are-299.5; J-value-0.007680+0.25%

Temp 40ArR 35Arc F 3DArP7Ar %4°ArR %39Ar

(°C)

Apparent Age and Error
(Ma at 1 Sigma)

500 .18207 .00697 26.116 .17 26.9 .2 330 11

600 .10900 .01537 7.090 .34 13.4 .5 95.7 3.6

650 .09170 .01672 5.484 .39 45.7 .5 74.4 2.7

700 .09438 .01877 5.029 .34 50.9 .6 68.4 2.6

750 .10275 .02011 5.109 .27 56.2 .7 69.4 2.4

800 .15122 .03031 4.990 .15 59.2 1.0 67.8 1.5

850 .14068 .02509 5.607 .09 51.0 .8 76.1 2.8

900 .24070 .03890 6.188 .07 60.4 1.3 83.8 0.8

950 5.9089 .98961 5.971 .08 88.2 32.1 80.9 0.2

975 .56927 .09776 5.823 .09 82.6 3.2 78.9 0.6

1000 .96783 .16789 5.765 .09 85.2 5.5 78.2 0.5

1025 2.16488 .36929 5.862 .09 89.8 12.0 79.4 0.3

1050 3.09200 .51397 6.016 .09 89.6 16.7 81.5 0.3

1100 2.45985 .41222 5.967 .09 89.3 13.4 80.8 0.2

1150 .62479 .10434 5.988 .09 85.9 3.4 81.1 0.4

1200 .30868 .05253 5.877 .09 77.9 1.7 79.6 0.9

1250 .6841 .11485 5.957 .09 84.7 3.7 80.7 0.5

1450 .50421 .08389 6.010 .09 51.1 2.7 81.4 0.9

Total-Gas
Date 5.976 81.0 0.4

Plateau
Date (1050°-1450°C steps) 33.5 81.2 0.3

Sample 88-27H/16/DD11; hornblende; gneissic tonalite; wt.-401.9 mg;
measured 40Ar/3fiAr,-299.5; J-value-0.007440+0.25%

Temp 4°Art
39Arx F "Ar/"Ar 144°Ark

(°C)

109Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .05799 .00334 17.385 .29 9.8 0.0 219.4 6.5

600 .05165 .00437 11.810 .68 40.6 0.0 152 18

700 .07208 .01245 5.790 .60 8.6 .1 76.1 3.8

750 .08504 .01605 5.300 .90 58.0 .1 69.8 3.5

800 .08654 .01549 5.589 .66 64.6 .1 73.5 3.5

850 .07741 .01422 5.445 .45 61.1 .1 71.6 8.0

900 .50868 .08840 5.755 .35 89.1 .7 75.6 0.7

950 4.6745 .81311 5.749 .35 97.0 6.4 75.6 0.2

975 7.1757 1.24397 5.768 .35 98.0 9.7 75.8 0.2

1000 12.1939 2.11151 5.775 .35 98.3 16.5 75.9 0.2

1025 15.0636 2.6022 5.789 .35 98.8 20.4 76.1 0.2

1050 12.7578 2.19745 5.806 .35 99.1 17.2 76.3 0.2

1500 21.2326 3.64369 5.827 .35 94.4 28.5 76.6 0.2

Total-Gas
Date 5.799 76.2 0.2

Plateau
Date (1025°-1500°C steps) 66.1 76.3 0.2

Preferred
Date (1500°C step) 28.5 76.6 0.2
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Sample 86-102H/26/DD11; hornblende; garnet amphibolite; wt.-405.5 mg;
measured

Temp "Ark
( °C)

40Ar/36Ar,-299.5; J-value-0.007040+0.25%
"Ark F 39Ari77kr %44),Krit %39Ar Apparent Age and Error

(Ma at 1 Sizma)

500 .56496 .00612 92.324 .28 47.1 .1 903.4 9.1

600 .42609 .01510 28.212 .58 67.7 .3 326.8 4.6

700 .55817 .03290 16.967 .93 40.0 .5 203.6 2.8

750 .34160 .03166 10.790 .79 57.3 .5 132.1 1.3

800 .27988 .03686 7.594 .53 56.8 .6 94.0 1.7

850 .26878 .03799 7.075 .31 57.2 .6 87.7 1.8

900 .39933 .04934 8.093 .21 60.7 .8 100.0 1.7

950 .61391 .08837 6.947 .16 78.4 1.5 86.1 0.6

975 2.9873 .4987 5.990 .18 90.6 8.3 74.5 0.2

1000 3.11703 .50558 6.165 .18 93.1 8.4 76.7 0.3

1025 4.5703 .74859 6.105 .18 93.9 12.5 75.9 0.2

1050 7.2104 1.1750 6.136 .19 96.0 19.6 76.3 0.2

1100 4.33635 .73215 5.923 .19 92.8 12.2 73.7 0.2

1150 10.7517 1.67542 6.417 .19 93.3 27.9 79.7 0.2

1200 1.86729 .30165 6.190 .19 92.7 5.0 77.0 0.2

1250 .22754 .03527 6.452 .19 74.6 .6 80.1 1.5

1450 .18110 .02968 6.102 .19 51.1 .5 75.9 1.4

Total-Gas
Date 6.450 80.1 0.3

No Plateau

Sample 87-13M/41/DD11; muscovite; muscovite-quartz schist; wt.-98.3 mg;
measured "Ar/36Ark-299.5; J-value-0.007682+0.25%

Temp "Ark "Ark F 38Ar/37Ar %°ArR

(°C)

egAr Apparent Age and Error
(Ma at 1 Sizma)

400 .15699 .03841 4.087 86.6 23.3 .2 55.8 1.4

500 .71461 .12702 5.626 234 78.7 .7 76.3 1.1

600 2.92678 .47820 6.120 661 95.2 2.8 82.9 0.3

650 3.18227 .52596 6.050 660 88.3 3.0 82.0 0.2

700 5.8583 .97226 6.025 726 97.4 5.6 81.6 0.2

750 12.1118 1.93592 6.256 1545 98.2 11.2 84.7 0.2

800 20.5676 3.24444 6.339 1724 98.9 18.8 85.8 0.2

850 17.2990 2.83298 6.106 2258 98.7 16.4 82.7 0.2

900 10.8421 1.78140 6.086 1907 97.3 10.3 82.4 0.2

950 9.7473 1.55791 6.257 2170 98.0 9.0 84.7 0.2

1000 12.7623 2.00773 6.357 1667 97.7 11.6 86.0 0.2

1050 11.3893 1.73283 6.573 1897 97.2 10.0 88.9 0.2

1100 .11374 .01588 7.163 40.4 41.0 .1 96.6 3.1

1150 .02677 .00554 4.829 24.6 22.5 0.0 66 12

1200 .01981 .00353 5.615 12772 15.5 0.0 76 16

1400 .01900 .00418 4.547 19.1 2.8 0.0 62 14

Total-Gas
Date 6.241 84.5 0.2

No Plateau
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Sample 87-0815/61/DD11; biotite; biotite schist; wt.-48.3 mg;
measured "Ar/36Are299.5; J-value-.0.007070+0.25%

Temp "Ara "ArK F "Ar/"Ar 0Axt
( °C)

egAr Apparent Age and Error
(Ma at 1 Sigma)

450 .04244 .01413 3.003 28.6 20.3 .2 37.9 3.9

550 .73381 .12346 5.944 113 79.7 1.7 74.3 0.4

650 4.3267 .68766 6.292 230 87.7 9.6 78.5 0.2

700 5.1844 .82377 6.294 356 96.6 11.6 78.5 0.2

750 4.0739 .64508 6.315 268 96.7 9.0 78.8 0.2

800 3.9258 .62057 6.326 194 96.3 8.7 78.9 0.2

850 4.4454 .70384 6.316 167 96.0 9.9 78.8 0.2

900 5.6239 .89293 6.298 220 96.4 12.5 78.6 0.2

950 5.8309 .92887 6.277 192 96.6 13.0 78.3 0.2

1000 5.6653 .90343 6.271 87 96.6 12.7 78.3 0.2

1050 4.28714 .67906 6.313 17.9 97.0 9.5 78.8 0.2

1150 .59623 .09427 6.325 5.6 90.2 1.3 78.9 0.5

1300 .09136 .01374 6.649 2.9 37.8 .2 82.9 3.8

Total-Gas
Date 6.286 78.5 0.2

Plateau
Date (650°-1150°C) 97.9 78.6 0.2

Sample 87-07H/44/DD11; muscovite; sheared felsic dike; wt.-45.3 mg;
measured 0Ar/36Ara-299.5; J-value-0.007552+0.25%

Temp "Are 39Arc F "Ar/"Ar OAre
(°C)

1179Ar Apparent Age and Error
(Ma at 1 Sigma)

400 .02341 .01491 1.571 17.3 8.0 .3 21.3 2.3

500 .17235 .06930 2.487 27.8 62.7 1.2 33.6 1.2

600 1.42345 .24735 5.714 39.8 85.0 4.3 76.2 0.3

700 3.41382 .54544 6.259 31.5 87.8 9.4 83.3 0.2

750 3.0468 .51293 5.940 24.0 98.0 8.9 79.2 0.2

800 3.43036 .59072 5.807 19.3 98.0 10.2 77.4 0.2

850 4.8414 .83899 5.770 19.0 96.9 14.5 77.0 0.2

900 5.2871 .90968 5.812 17.4 95.5 15.7 77.5 0.2

950 5.5244 .95484 5.786 8.1 97.9 16.5 77.2 0.2

1000 5.2780 .90871 5.808 15.9 97.0 15.7 77.4 0.2

1050 1.06883 .18085 5.910 2.7 85.4 3.1 78.8 0.8

1100 .10558 .01548 6.823 .4 37.4 .3 90.6 5.5

1200 .03324 .00349 9.536 .3 9.5 .1 126 11

Total-Gas
Date 5.807 77.4 0.3

Plateau
Date (800°-1000°C) 72.6 77.3 0.2
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Sample 87-39M-crs/39/DD11; course muscovite; sheared pegmatite; wt.-76.5 mg;
measured 4OAr/mAr1-299.5; J-value-0.007679+0.25%

Temp 40Arit
nAric F 3°Ar/37Ar %40ArR

( °C)

10°Ar Apparent Age and Error
(Ma at 1 Siema)

400 .07780 .01084 7.176 20.4 9.1 .1 96.8 4.8

500 .18854 .02624 7.184 55 34.7 .2 96.9 2.3

600 .96552 .13638 7.079 112 41.8 1.0 95.5 0.5

650 1.76533 .24825 7.111 323 52.3 1.8 95.9 0.4

700 5.9361 .83230 7.132 707 61.4 6.1 96.2 0.3

750 25.9443 3.53807 7.333 1682 88.2 25.7 98.8 0.3

800 31.5654 4.37397 7.217 1410 96.0 31.8 97.3 0.3

850 11.2875 1.54914 7.286 941 91.5 11.3 98.2 0.3

900 5.3536 .73062 7.327 999 82.8 5.3 98.8 0.3

950 7.5380 1.02389 7.362 751 86.7 7.4 99.2 0.3

1000 7.3466 1.02002 7.202 1184 93.7 7.4 97.1 0.3

1050 1.70367 .24004 7.097 779 93.0 1.7 95.7 0.3

1100 .11473 .01660 6.912 100000+ 65.8 .1 93.3 3.7

1150 .05112 .00642 7.961 27.0 43.8 0.0 107.0 4.9

1350 .01277 .00186 6.855 10.8 13.5 0.0 93 31

Total-Gas
Date 7.259 97.9 0.3

Isochron
Date (all steps) 97.5 0.8

Sample 87-39M-fn/40/DD11; fine muscovite; sheared pegmatite; wt...55.0 mg;
measured 4°Ar/36Ar,-299.5; J-value-0.007325+0.25%

Temp 4°ArR "ArR F 39Ar/37Ar %4°ArR %3°Ar Apparent Age and Error

( °C) (Ma at 1 Siama)

400 .05234 .00755 6.929 6.9 9.2 .1 89.3 4.6

500 .12439 .01916 6.492 14.6 38.4 .3 83.8 2.6

600 .60479 .09586 6.309 12.2 69.3 1.3 81.5 0.5

650 .96333 .15072 6.391 25.6 61.7 2.0 82.5 0.6

700 1.83889 .29233 6.291 31.4 70.8 3.9 81.3 0.3

750 4.4565 .69971 6.369 50.5 59.9 9.3 82.3 0.3

800 12.9515 2.02210 6.405 98.3 82.2 26.8 82.7 0.2

850 8.1478 1.29204 6.306 70.6 86.8 17.1 81.5 0.2

900 3.8967 .62076 6.227 49.5 74.4 8.2 81.1 0.2

950 3.7274 .57946 6.433 70.7 69.8 7.7 83.1 0.2

1000 7.2503 1.12265 6.458 126 79.4 14.9 83.4 0.2

1050 3.66214 .58642 6.245 35.4 87.5 7.8 80.7 0.3

1100 .30280 .04366 6.935 1.6 58.2 .6 89.4 0.9

1150 .04346 .00469 9.270 .3 21.0 .1 119 10

1350 .02918 .00283 10.320 .3 5.0 0.0 132 11

Total-Gas
Date 6.373

Isochron
Date (500°-1050° steps)

82.3 0.3

81.5 1.0
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Sample 87-4111/50/DD11; biotite; meta-quartz diorite; wt.-46.7 mg;
measured 40Ar/39Ar.-299.5; J-value-0.007018+0.25%

Temp °Art 39ArK F 39Ar/37Ar t'°Ark

(°C)

1139Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .18947 .06624 2.860 44.7 8.6 1.0 35.9 1.0

600 2.45012 .42408 5.777 143 63.8 6.2 71.7 0.2

650 6.0592 .99323 6.101 298 88.2 14.6 75.6 0.2

700 2.39785 .38745 6.189 266 94.3 5.7 76.7 0.2

750 2.3817 .38366 6.208 185 92.8 5.6 76.9 0.3

800 2.34153 .37608 6.226 110 93.8 5.5 77.2 0.2

850 2.8697 .45611 6.292 65 3 95.8 6.7 78.0 0.3

900 6.7202 1.08186 6.212 105 96.5 15.9 77.0 0.2

950 5.7572 .93107 6.183 25.1 96.1 13.7 76.6 0.2

1000 6.53764 1.06244 6.153 78.9 96.2 15.6 76.3 0.2

1050 3.5477 .57537 6.166 116 95.7 8.5 76.4 0.2

1150 .39368 .06256 6.293 73.9 90.2 .9 78.0 2.0

1300 .04805 .00809 5.937 11.1 37.4 .1 73.7 5.4

Total-Gas
Date 6.124 75.9 0.2

Isochron
Date (650°-1300°C steps) 77.1 1.0

Sample 87-428/62/DD11; biotite; sheared meta-quartz diorite; wt. -32.6 mg;
measured 4°Ar/3°Ara-299.5; J-value-0.007368+0.25%

Temp "Ark 39ArK F 39Ar/37Ar %4°ArR

(°C)

16391Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .14855 .04486 3.311 24.1 19.9 .9 43.5 0.5

600 2.0514 .35631 5.757 69.1 71.1 7.5 75.0 0.2

650 2.29400 .38595 5.944 100 89.7 8.2 77.3 0.3

700 1.82876 .30769 5.944 81.8 90.5 6.5 77.3 0.6

750 1.76231 .28948 6.088 48.7 89.6 6.1 79.2 0.3

800 1.90155 .31337 6.068 29.8 90.6 6.6 78.9 0.3

850 3.7806 .61878 6.110 13.3 91.2 13.1 79.4 0.2

900 4.4365 .73612 6.027 42.5 92.7 15.6 78.4 0.2

950 4.1273 .68999 5.982 22.2 91.7 14.6 77.8 0.2

1000 4.0206 .67799 5.930 29.5 92.5 14.4 77.2 0.2

1050 1.51129 .25366 5.958 22.6 85.0 5.4 77.5 0.3

1150 .2466 .03891 6.339 13.7 48.7 .8 82.4 1.4

1300 .06132 .01115 5.502 6.7 25.9 .2 71.7 5.5

Total-Gas
Date 5.963 77.6 0.3

Isochron
Date (650°-1300°C steps) 78.2 1.2
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Sample 87-558/59/DD11; biotite; garnet amphibolite; wt.-35.5 mg;
measured 40Ar/36Ar,-299.5; J-value-0.007030+0.25%

Temp 4°ArR 3°ArR F 3°Ar/37Ar %4°ArR
( °C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .03967 .02425 1.636 39.6 15.3 .5 20.6 2.3

600 .43369 .11043 3.927 63.2 67.8 2.1 49.1 0.5

650 1.18173 .18519 6.381 130 68.4 3.6 79.2 0.3

700 2.15929 .34053 6.341 167 93.3 6.6 78.7 0.3

750 2.51070 .39075 6.425 278 95.2 7.6 79.7 0.2

800 2.17250 .33373 6.510 137 93.9 6.5 80.7 0.3

850 2.3572 .36154 6.520 112 92.6 7.0 80.8 0.3

900 3.5728 .54351 6.574 159 96.1 10.5 81.5 0.2

950 6.1581 .94159 6.540 147 96.5 18.2 81.1 0.2

1000 5.4597 .84203 6.484 84.4 96.5 16.3 80.4 0.2

1050 4.3145 .67090 6.431 179 96.0 13.0 79.8 0.2

1150 2.50943 .39031 6.429 115 92.7 7.6 79.8 0.3

1300 .19151 .02836 6.752 26.4 38.2 .5 83.7 1.9

Total-Gas
Date 6.403 79.4 0.3

Isochron
Date (650°-1300°C steps) 80.2 1.3

Sample 87-31M/42/DD11; muscovite; tonalite gneiss; wt...64.8 mg;
measured 4OAre6Ar,-299.5; J-value-0.007548+0.25%

Temp 40ArR "ArR F 39Ar/37Ar %40ArR VgAr Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .12579 .02749 4.576 36.5 45.7 .3 61.3 2.3

600 .83947 .15006 5.594 46.2 60.3 1.5 74.6 0.4

700 1.84504 .32207 5.729 44.5 70.8 3.2 76.4 0.3

750 11.26748 1.99726 5.641 89.9 82.0 19.9 75.2 0.2

800 10.4622 1.83555 5.700 179 95.2 18.3 76.0 0.2

850 10.0070 1.77222 5.647 104 94.5 17.6 75.3 0.2

900 3.73610 .66364 5.630 62.5 89.8 6.6 75.1 0.2

950 7.2580 1.28971 5.628 124 90.3 12.8 75.1 0.2

1000 9.2799 1.63879 5.663 147 95.5 16.3 75.5 0.2

1050 1.85379 .32820 5.648 16.3 95.2 3.3 75.3 0.2

1100 .05786 .00989 5.849 1.3 71.4 .1 77.9 6.5

1200 .04172 .00788 5.291 2.1 11.1 .1 70.6 6.0

Total-Gas
Date 5.653 75.4 0.2

Plateau
Date (850°-1050°C) 56.6 75.3 0.2
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Sample 87-318/53/DD11; biotite; tonalite gneiss; wt.-49.6 mg;
measured '°Ar/mAr,-299.5; J-value -0.007045+0.25%

Temp °ArR "ArK F 3°Ar/37Ar ili"Arit

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sizma)

500 .53623 .10674 5.024 31.0 60.1 1.6 62.8 1.3

550 .80426 .14323 5.615 49.6 83.7 2.1 70.0 0.4

600 1.7674 .29972 5.897 87.1 92.2 4.4 73.4 0.3

650 4.52594 .76110 5.947 142 90.2 11.3 74.0 0.2

700 6.1727 1.03959 5.938 178 97.3 15.4 73.9 0.2

750 3.37776 .56848 5.942 128 96.4 8.4 74.0 0.2

800 2.24650 .37664 5.965 72.1 94.7 5.6 74.3 0.3

850 2.3153 .38818 5.965 42.0 94.3 5.8 74.3 0.2

900 2.9409 .49363 5.958 63.4 96.1 7.3 74.2 0.2

950 4.8683 .81877 5.946 126 97.4 12.1 74.0 0.2

1000 5.04065 .84473 5.967 107 97.9 12.5 74.3 0.2

1050 3.9472 .66319 5.952 58.3 97.4 9.8 74.1 0.3

1150 1.37739 .22991 5.991 14.8 96.0 3.4 74.6 0.3

1300 .04990 .00915 5.454 1.0 53.5 .1 68.0 4.3

Total-Gas
Date 5.928 73.8 0.3

Plateau
Date (650°-1150°C) 91.7 74.1 0.2

Sample 87-338/49/DD11; biotite; tonalite gneiss; wt.-51.6 mg;
measured "Ar/36Ar,-299.5; J-value-0.007537+0.25%

Temp °Ark "Arc F 39Ar/37Ar %4°Ark

(°C)

it"Ar Apparent Age and Error
(Ma at 1 Sims)

500 .18687 .08680 2.153 22.8 26.2 1.2 29.0 0.4

600 1.52453 .30582 4.985 57.4 78.2 4.1 66.5 0.2

650 2.82869 .50198 5.635 116 79.9 6.7 75.0 0.2

700 4.1635 .73377 5.674 181 94.3 9.8 75.6 0.2

750 2.61905 .45714 5.729 113 94.0 6.1 76.3 0.2

800 2.36100 .41216 5.728 71.6 92.3 5.5 76.3 0.2

850 2.82768 .49249 5.742 70.6 92.4 6.6 76.4 0.2

900 5.2442 .90117 5.819 56.9 94.0 12.0 77.4 0.2

950 6.6155 1.14918 5.757 28.5 95.8 15.3 76.6 0.2

1000 6.121 1.0659 5.743 7.5 96.2 14.2 76.4 0.2

1050 5.2684 .92163 5.716 30.6 96.6 12.3 76.1 0.2

1150 2.54982 .44297 5.756 48.7 96.7 5.9 76.6 0.2

1300 .14864 .02578 5.766 8.9 58.0 .3 76.8 2.0

Total-Gas
Date 5.664 75.4 0.2

Plateau
Date (950°-1150°G steps) 47.4 76.4 0.2
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Sample JY3188-3M/38/DD11; muscovite; granite; wt.- 92.2 mg;
measured "Ar/36Ari-299.5; J-value-0.007683+0.25%

Temp "Ark "Ark F 39Ary47Ar %°Ark

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .15043 .03118 4.825 5.7 11.6 .2 65.7 2.4

600 .58356 .16379 5.211 65.8 40.3 .9 70.8 0.5

650 1.69560 .31787 5.334 104 55.6 1.8 72.5 0.3

700 2.51087 .46877 5.356 214 66.2 2.7 72.8 0.2

750 5.39007 1.01090 5.332 134 59.7 5.8 72.4 0.2

800 19.4813 3.66367 5.317 228 76.0 20.9 72.2 0.2

850 26.4241 4.99551 5.290 284 89.7 28.5 71.9 0.2

900 12.6575 2.38879 5.299 544 93.6 13.6 72.0 0.2

950 7.5347 1.42333 5.294 342 71.1 8.1 71.9 0.2

1000 9.8847 1.86018 5.314 343 80.0 10.6 72.2 0.2

1050 5.94335 1.11763 5.318 236 90.0 6.4 72.2 0.2

1100 .33714 .06273 5.374 50.4 76.4 .4 73.0 0.8

1200 .12035 .02066 5.826 10.1 40.1 .1 79.0 1.9

Total-Gas
Date 5.306 72.1 0.2

Plateau
Date (750°-1100°C steps) 94.3 72.1 0.3

Sample 87-278/55/DD11; biotite; granodiorite gneiss; wt.- 49.0 mg;
measured 4°Ar/36Ar,-299.5; J-value-0.007555+0.25%

Temp "Ark 39ArK F 39Ar/37Ar %4°Ark

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .33440 .08121 4.118 60.3 36.0 1.0 55.3 1.2

600 3.9707 .73548 5.399 327 90.1 8.8 72.1 0.2

650 7.3910 1.34427 5.498 499 93.4 16.1 73.4 0.2

700 6.85867 1.24496 5.509 481 97.8 14.9 73.6 0.2

750 3.42781 .62635 5.473 257 96.0 7.5 73.1 0.2

800 2.53913 .46224 5.493 147 94.6 5.5 73.4 0.2

850 3.0472 .55020 5.538 172 95.7 6.6 74.0 0.2

900 4.4729 .81019 5.521 352 97.0 9.7 73.7 0.2

950 7.8043 1.42048 5.494 528 97.3 17.0 73.4 0.2

1000 4.50391 .81922 5.498 325 97.3 9.8 73.4 0.2

1050 1.16572 .20916 5.573 172 97.2 2.5 74.4 0.2

1150 .17235 .02969 5.806 69.3 88.9 .4 77.4 2.5

1300 .03007 .00480 6.264 7.2 15.4 .1 83.4 8.0

Total-Gas
Date 5.483 73.2 0.2

Plateau
Date (650°-1000°C steps) 87.3 73.5 0.2
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Sample 87-27K/45/DD11; microcline; granodiorite gneiss; wt.- 91.7 mg;
measured "Ar/36Ar,-299.5; J -value-0.007642+0.25%

Temp "ArR 39ArE F 39Ar/37Ar %4°ArR 109Ar Apparent Age and Error

(°C) (Ma at 1 Sigma)

500 .62296 .04794 12.996 10.8 49.0 .3 170.8 1.4

600 1.35948 .30432 4.467 17.4 88.9 2.0 60.6 0.2

700 7.9098 1.76420 4.483 18.4 91.7 11.6 60.8 0.2

750 8.4241 1.85625 4.538 13.9 98.3 12.2 61.5 0.2

800 8.3081 1.80613 4.600 10.6 98.5 11.9 62.3 0.2

850 5.7244 1.22735 4.664 9.0 98.1 8.1 63.2 0.2

900 3.2000 .68180 4.693 9.6 97.2 4.5 63.6 0.2

950 4.28363 .90168 4.751 14.2 97.2 5.9 64.3 0.2

1000 4.17322 .85372 4.888 13.8 96.0 5.6 66.2 0.2

1050 7.0385 1.37325 5.125 11.0 95.4 9.0 69.3 0.2

1100 14.7703 2.81546 5.246 22.9 96.4 18.5 70.9 0.2

1150 7.1599 1.36502 5.245 27.9 96.7 9.0 70.9 0.2

1200 .84268 .16322 5.163 14.3 62.4 1.1 69.8 0.3

1250 .12706 .02328 5.459 8.5 15.9 .2 73.7 2.5

1400 .16589 .03253 5.100 10.3 30.3 .2 69.0 1.4

Total-Gas
Date 4.870 65.9 0.2

Minimum Date 60.6 0.2

Maximum Date 70.9 0.2

Sample 88-068/47/DD11; biotite; biotite-hornblende schist; wt.- 56.6 mg;
measured "Ar/36Ar,-299.5; J-value-0.007350+0.25%

Temp "ArR "ArR F 39Ar/37Ar 114°ArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .27453 .08457 3.246 11.0 27.1 1.0 42.5 0.5

600 3.03871 .60266 5.042 26.9 70.7 7.2 65.7 0.3

650 5.0479 .90289 5.591 46.4 81.8 10.8 72.7 0.2

700 6.7202 1.18863 5.654 52.3 91.7 14.3 73.5 0.2

750 3.54227 .62208 5.694 22.5 89.9 7.5 74.0 0.2

800 3.30324 .57987 5.697 18.9 88.4 7.0 74.0 0.2

850 3.9178 .68746 5.699 11.7 89.9 8.3 74.0 0.2

900 5.2432 .92134 5.691 10.7 93.0 11.1 73.9 0.2

950 4.2686 .75347 5.665 12.0 95.2 9.1 73.6 0.2

1000 4.7811 .84774 5.640 27.6 95.6 10.2 73.3 0.2

1050 4.5212 .80077 5.646 52.2 96.6 9.6 73.4 0.2

1150 1.71271 .30213 5.669 23.8 95.1 3.6 73.6 0.3

1300 .18999 .03198 5.940 2.1 34.7 .4 77.1 3.9

Total-Gas
Date 5.593 72.7 0.2

Plateau
Date (750°-950°C steps) 42.8 73.9 0.2
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Sample 88 -0511/43/DD11; muscovite; muscovite-biotite schist; wt.-93.8 mg;
measured 40Ar/36Are299.5; J-value-0.007691+0.25%

Temp "ArR 39Aric F 3°Ar/37Ar 140ArR %39Ar Apparent Age and Error

(°C) (Ma at 1 Stems)

400 .06084 .02766 2.199 40.7 13.8 .2 30.3 1.6

500 .37688 .08357 4.510 79.3 61.1 .5 61.5 0.6

600 1.47472 .26349 5.597 158 62.8 1.5 76.0 0.4

650 1.89280 .33853 5.591 209 81.3 1.9 76.0 0.3

700 9.2038 1.66488 5.528 847 77.3 9.5 75.1 0.2

750 30.1976 5.48717 5.503 1143 94.5 31.4 74.8 0.2

800 16.0753 2.92914 5.488 1341 96.2 16.8 74.6 0.2

850 6.73136 1.22902 5.477 641 92.0 7.0 74.4 0.2

900 4.15776 .75962 5.473 682 90.2 4.3 74.4 0.2

950 7.97531 1.45869 5.467 884 92.2 8.3 74.3 0.2

1000 14.9884 2.72669 5.497 900 97.0 15.6 74.7 0.2

1050 2.70004 .48835 5.529 173 96.8 2.8 75.1 0.2

1100 .07984 .01353 5.900 10.1 58.9 .1 80.1 6.5

1200 .05053 .00971 5.202 8.7 21.2 .1 70.8 9.2

1400 .03114 .00613 5.078 2.3 9.3 0.0 69.1 9.7

Total-Gas
Date 5.490 74.6 0.2

Plateau
Date (750°-1000°C steps) 83.4 74.6 0.2

Sample 88-05B/54/DD11; biotite; muscovite-biotite schist; wt.-47.1 mg;
measured "°Ar/36Ar,-299.5; J-value-0.007318+0.25%

Temp "ArR 39ArR F 39Ar/37Ar 114°ArR inAr Apparent Age and Error

( °C) (Ma at 1 Sigma)

500 .07532 .02774 2.716 15.3 23.1 .4 35.5 4.1

550 .79193 .16186 4.893 48.4 73.4 2.3 63.5 0.4

600 2.61709 .47686 5.488 100000+ 87.0 6.8 71.0 0.3

650 5.5380 .96536 5.737 105 90.0 13.7 74.2 0.2

700 5.5140 .95308 5.785 196 96.0 13.6 74.8 0.2

750 2.73865 .47460 5.770 121 95.8 6.8 74.6 0.3

800 1.17224 .20512 5.715 61.3 91.6 2.9 73.9 0.3

850 1.51219 .26571 5.691 77.5 91.0 3.8 73.6 0.3

900 2.2715 .40473 5.612 106 91.1 5.8 72.6 0.3

950 4.3889 .77860 5.637 141 93.7 11.1 72.9 0.2

1000 5.44984 .95425 5.711 286 94.9 13.6 73.9 0.2

1050 4.1689 .72763 5.729 150 95.4 10.4 74.1 0.2

1150 3.24139 .56105 5.777 40.7 95.4 8.0 74.7 0.3

1300 .43228 .07353 5.879 5.2 84.1 1.0 76.0 0.3

Total-Gas
Date 5.677 73.4 0.3

Preferred
Date (average of 700°,750°,1050°, and 1150°C steps) 38.8 74.6 0.3



Sample S388-38/48/DD11; biotite; biotite-hornblende gneiss; wt.- 44.9 mg;
measured 4OAr/36Are299.5; J-value-0.007652+0.25%

Temp "Aril 39ArK F 39Ar/374Ar %4°Ar1

(°C)

500 .23727 .08330 2.848 26.7 23.3
600 3.2898 .67689 4.860 139 67.3
650 4.32773 .78834 5.490 244 80.1
700 6.23345 1.11582 5.586 326 90.7
750 3.9124 .70259 5.569 237 88.6
800 2.34532 .42202 5.557 191 80.3
850 1.67903 .30606 5.486 102 78.4
900 2.8140 .50784 5.541 101 87.4
950 3.7531 .67968 5.522 89.3 90.1

1000 3.48462 .62971 5.534 42.7 90.8

1050 4.3159 .78276 5.514 72.8 92.4
1150 2.4405 .44086 5.536 103 90.3

1300 .19477 .03335 5.841 24.0 36.9
Total-Gas

Date 5.444
Preferred

Date (average of 700°-1150°C steps, excluding 850°C)

Sample 88-208/52/DD11; biotite; amphibolite; wt.- 49.9 mg;
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inAr Apparent Age and Error
(Ma at 1 Sigma)

1.2 38.9 0.4

9.4 65.9 0.2

11.0 74.2 0.2

15.6 75.5 0.2

9.8 75.3 0.2

5.9 75.1 0.2

4.3 74.2 0.3

7.1 74.9 0.3

9.5 74.7 0.3

8.8 74.8 0.2

10.9 74.6 0.2

6.1 74.8 0.2

.5 78.9 2.1

73.6 0.2

73.7 75.1 0.3

measured 40Ar/36Are299.5; J-value-0.007132+0.25%
Temp "ArR 39Ar5 F 32Ar/37Ar %4°ArR

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .05307 .01806 2.939 7.8 18.5 .3 37.4 3.1

550 .05621 .01781 3.156 11.2 41.2 .3 40.2 5.2

600 .29971 .05537 5.413 12.6 65.4 1.0 68.3 1.0

650 1.20585 .20953 5.755 95.3 59.2 3.6 72.6 0.6

700 1.66225 .28955 5.741 80.9 83.3 5.0 72.4 0.3

750 .91283 .16069 5.681 69.8 84.3 2.8 71.7 0.3

800 2.41909 .42187 5.734 144 90.4 7.3 72.3 0.2

850 2.7155 .47294 5.742 114 93.8 8.2 72.4 0.2

900 2.6251 .45768 5.736 109 94.2 7.9 72.3 0.2

950 5.2002 .90202 5.765 154 94.8 15.6 72.7 0.2

1000 8.4828 1.4812 5.727 137 94.8 25.6 72.2 0.2

1050 4.7164 .82037 5.749 116 95.0 14.2 72.5 0.2

1150 2.59604 .44825 5.791 85.3 95.3 7.7 73.0 0.2

1300 .19040 .03224 5.905 7.6 79.8 .6 74.4 1.6

Total-Gas
Date 5.725 72.2 0.3

Plateau
Date (800°-1050°C steps) 78.7 72.4 0.2
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Sample 88-1211/56/DD11; biotite; amphibolite; wt.- 46,5 mg;
measured "Ar/315Ars-299.5; J-value-0.007380+0.25%

Temp "Ara 3°Ark F 39Ar/374Ar %40Ark

(°C)

%3°Ar Apparent Age and Error
(Ma at 1 Sigma)

500 .05173 .02551 2.145 1.8 10.7 .4 28.3 2.1

600 1.14532 .25154 4.553 13.1 58.1 3.7 59.6 0.4

650 2.4178 .44436 5.441 16.6 68.9 6.5 71.0 0.4

700 3.9012 .70175 5.559 40.6 83.3 10.2 72.5 0.4

750 3.23728 .57518 5.629 25.0 89.0 8.4 73.4 0.4

800 2.1305 .37606 5.665 16.4 87.7 5.5 73.9 0.4

850 2.0354 .35713 5.699 8.6 87.2 5.2 74.3 0.4

900 3.6282 .64260 5.646 11.1 85.9 9.4 73.7 0.4

950 5.4673 .96933 5.640 9.5 89.2 14.1 73.6 0.4

1000 5.6672 1.00817 5.621 8.1 90.0 14.7 73.3 0.4

1050 5.1628 .92009 5.611 27.7 90.3 13.4 73.2 0.4

1150 2.57406 .45756 5.626 23.0 90.1 6.7 73.4 0.4

1300 .70001 .12175 5.750 11.9 89.3 1.8 75.0 0.7

Total-Gas
Date 5.564 72.6 0.4

Plateau
Date (750°-1150°C steps) 77.4 73.5 0.4

Sample 88-27B/46/DD11; biotite; gneissic tonalite; wt.- 49.5 mg;
measured 40Ar/36Ar,-299.5; J-value-0.007669+0.25%

Temp 4°Arik "Ark F 39Ar/37Ar 144°Arit

(°C)

%39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 1.8546 .42434 4.370 69.8 54.2 6.1 59.5 0.3

600 5.4345 1.08123 5.026 128 83.6 15.6 68.2 0.2

650 6.6544 1.30266 5.108 253 93.9 18.8 69.3 0.2

700 6.654 1.3006 5.116 204 96.3 18.7 69.4 0.2

750 2.09824 .41208 5.092 163 94.3 5.9 69.1 0.3

800 .82230 .16397 5.015 61.5 87.6 2.4 68.1 0.4

850 .93199 .18880 4.936 94.7 85.9 2.7 67.0 0.3

900 1.30408 .26490 4.923 70.0 88.5 3.8 66.9 0.3

950 3.2071 .63272 5.069 119 93.8 9.1 68.8 0.2

1000 3.78715 .74072 5.113 157 95.1 10.7 69.4 0.2

1050 2.12096 .41350 5.129 120 95.0 6.0 69.6 0.3

1150 .06533 .01339 4.879 5.0 58.0 .2 66.3 3.0

1300 .03185 .00167 19.101 .2 24.8 0.0 247 51

Total-Gas
Date 5.038 68.4 0.2

Plateau
Date (650°-750°C steps) 43.4 69.3 0.2
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Appendix B. Abbreviated 0Ar/39Ar age spectrum data for the Orofino, Idaho area: Reston
analyses, reported by Snee et al. (1987). Sample numbers, table headings (subscripts), and units
for isotopic values are as described in appendix A.
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Sample # 84-05BB/18/RD43; biotite; quartz diorite gneiss; wt.-91 mg;
measured "Ar/36Ar,-296.5; J-value-0.004579+0.5%

Temp
(°C)

F 39Ar/37Ar %40ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 7.964 92.8 72.4 3.9 64.6 0.4

650 9.368 189 89.8 13.5 75.8 0.4

850 9.488 245 94.2 24.7 76.7 0.4

1050 9.414 16.1 89.5 15.6 76.2 0.4

1250 9.435 18.3 94.1 29.3 76.3 0.4

FUSE 9.399 22.8 91.7 12.9 76.0 0.4

Total Gas
Date 9.373 75.8

Plateau
Date (850°-fusion) 82.5 76.4 0.4

Sample # 84-06H/7,8/RD35; hornblende; amphibolite; wt.-1.0165 g;
measured "Ar/36Are-296.5; J-value-0.006323+0.5%

Temp
(°C)

F 39Ar/37Ar %"ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

700 10.821 .17 25.3 .8 119.4 1.2

950 8.699 .23 20.3 .5 96.6 0.7

1000 7.088 .21 16.2 .5 79.1 1.4

1050 7.632 .16 22.6 .6 85.0 1.0

1100 7.587 .15 36.5 1.4 84.5 0.5

1150 7.300 .16 70.8 6.5 81.4 0.5

1200 7.331 .16 91.3 32.0 81.7 0.4

1250 7.369 .16 86.2 22.2 82.2 0.4

1350 7.386 .16 85.7 13.2 82.3 0.4

FUSE 7.332 .16 89.6 22.5 81.8 0.4

Total Gas
Date 7.383 82.3

Plateau
Date (1050°-fusion) 96.4 81.9 0.4
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Sample # 84-12H/23,24/RD35; hornblende; amphibolite; wt.-1.0350 g;
measured 40Ar/36Ara-296.5; J-value-0.006170+0.5%

Temp
(°C)

F 39Ar /37Ar %"ArR OAr Apparent Age and Error
(Ma at 1 Sigma)

700 11.591 .41 24.8 .7 124.6 1.4

950 6.842 .36 36.8 2.9 74.6 0.5

1000 5.847 .15 37.5 2.0 63.9 0.5

1050 6.258 .08 55.3 4.1 68.4 0.4

1100 6.413 .08 69.7 9.8 70.0 0.4

1150 6.442 .09 73.9 13.7 70.3 0.4

1200 6.381 .10 78.9 19.8 69.7 0.4

1250 6.352 .11 81.4 18.5 69.4 0.4

1350 6.455 .10 83.5 16.5 70.5 0.4

1450 6.612 .10 73.1 6.0 72.1 0.4

FUSE 6.608 .10 72.9 6.2 72.1 0.4

Total Gas
Date 6.460 70.7

Plateau
Date (1100°-1350°C steps) 78.3 69.9 0.5

Maximum
Date 72.1 0.4

Sample # 84-11M/34/RD35; muscovite; mica schist; wt.-92.0 mg;

Temp
(°C)

measured 60Ar/36Ara-296.5; J-value-0.006318+0.5%
F 39Ar/37Ar % 40 ArR %39Ar Apparent Age and Error

(Ma at 1 Sigma)

550 5.671 18.8 54.5 6.6 63.5 0.4

650 5.776 21.9 68.5 5.8 64.7 0.4

800 5.730 30.7 84.0 17.5 64.2 0.3

900 5.709 36.4 87.6 24.0 63.9 0.3

1000 5.667 24.9 83.1 16.7 63.5 0.3

1125 5.711 55.6 81.2 16.9 63.9 0.3

FUSE 5.708 45.7 69.1 12.4 63.9 0.3

Total Gas
Date 5.707 63.9

Plateau
Date (900°-fusion) 70.0 63.8 0.2

Sample # 84-11B/19/RD43; biotite; mica schist; wt.-100.3 mg;
measured 40Ar/36Are-296.5; J-value-0.004602+0.5%

Temp
(°C)

F 39Ar/37Ar %"ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 7.115 157 73.6 3.5 58.1 0.3

650 7.789 453 88.4 10.6 63.5 0.3

850 7.855 571 94.6 16.8 64.1 0.3

1050 7.863 507 92.3 22.7 64.1 0.3

1250 7.906 742 96.2 36.9 64.5 0.3

FUSE 7.927 657 92.6 9.6 64.6 0.3

Total Gas
Date 7.850 64.0

Plateau
Date (650°-fusion) 96.6 64.2 0.5
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Sample # 84-13H/25,26/RD35; hornblende; amphibolite; wt.-1.0150 g;
measured 40,0a/36,0.ra-296.5; J-value-0.006255+0.5%

Temp
(°C)

F 39Ar/37Ar %40ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

950 8.497 .41 44.0 1.9 93.4 0.5
1000 6.450 .25 53.6 2.9 71.4 0.4
1050 6.644 .18 69.6 6.1 73.5 0.4
1100 6.718 .18 73.5 5.5 74.3 0.4
1150 6.730 .18 70.0 3.5 74.4 0.4
1200 6.822 .17 80.5 7.5 75.4 0.4
1250 6.715 .18 85.5 10.0 74.2 0.4
1350 6.773 .18 93.0 34.9 74.8 0.4
1450 6.824 .18 92.5 24.9 75.4 0.4
FUSE 6.807 .18 69.1 2.8 75.2 0.4
Total Gas

Date 6.795 75.1
Plateau
Date (1350°-fusion) 62.6 75.1 0.3

Sample # 84-13AM/33/RD35; muscovite; granite; wt.-100.5 mg;

Temp

(°C)

measured 40Ar/36Ara-296.5; J-value-.0.006290+0.5%
F 39Ar/37Ar $4°ArR %39Ar Apparent Age and Error

(Ma at 1 Sigma)
550 6.407 9.0 43.3 2,4 71.3 3.1
650 5.811 24.5 63.4 3.8 64.8 0.4
800 5.692 54.9 78.3 9.8 63.5 0.3
900 5.725 88.2 82.3 16.6 63.8 0.3

1000 5.712 77.1 85.8 20.4 63.7 0.3
1125 5.719 86.3 87.9 25.9 63.8 0.3
FUSE 5.778 33.3 88.2 21.0 64.4 0.3
Total Gas

Date 5.748 64.1
Plateau

Date (800°-1125°C steps) 72.7 63.7 0.2

Sample # 84-13A3/17/RD43; biotite; granite; wt.-119.4 mg;
measured 40Ar/36Ara-296.5; J-value-0.004596+0.5%

Temp

(°C)

F 39Ar/37Ar %"ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

550 7.388 89.4 85.9 15.1 60.2 0.3
650 7.623 225 95.8 23.9 62.1 0.3
850 7.624 236 94.9 16.5 62.1 0.3
1050 7.529 113 90.8 14.6 61.4 0.3
1250 7.600 54.3 96.0 22.5 61.9 0.3
FUSE 7.651 31.4 91.0 7.4 62.4 0.3
Total Gas

Date 7.571 61.7
Plateau

Date (650°-fusion) 84.9 62.0 0.5
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Sample # 84-14H/13,14/RD35; hornblende; tonalite; wt.-0.9535 g;
measured "Ar/36Are-296.5; J-value-0.006333+0.5%

Temp
(°C)

F 39Ar/37Ar %40ArR egAr Apparent Age and Error
(Ma at 1 Sigma)

700 172.817 .47 78.1 .8 1333 5
950 19.936 .51 55.7 1.5 214.5 1.1
1000 14.552 .23 40.1 1.1 159.0 1.1
1050 20.159 .20 20.2 .3 216.8 3.2
1100 13.614 .12 61.4 3.4 149.2 0.8
1150 11.579 .13 69.1 6.4 127.7 0.7
1200 11.372 .14 80.4 13.4 125.5 0.6
1250 9.901 .14 72.4 8.4 109.7 0.6
1350 10.188 .14 86.2 25.0 112.8 0.6
1450 11.828 .14 90.7 36.2 130.3 0.7
FUSE 11.488 .14 67.9 3.5 126.7 0.7
Total Gas

Date 12.655 139.1
Excess 40Ar

Sample # 84-14B/16/RD43; biotite; tonalite; wt.-97.2 mg;
measured 4°Ar/36Are-296.5; J-value-0.004592+0.5%

Temp
(°C)

F 39Ar/37Ar %"ArR egAr Apparent Age and Error
(Ma at 1 Sigma)

500 4.214 34.9 43.5 1.7 34.6 0.3
650 6.733 339 83.7 12.2 54.9 0.3

850 6.760 528 95.6 25.1 55.2 0.3

1050 6.809 279 93.5 19.0 55.5 0.3

1250 6.743 114 95.6 31.8 55.0 0.3
FUSE 6.836 71.1 93.5 10.1 55.8 0.3
Total Gas

Date 6.725 54.9

Plateau
Date (650 ° - fusion) 98.3 55.2 0.4

Sample # 84-09H/5,6/RD43; hornblende; quartz diorite; wt.-0.9676 g;
measured 40Ar/36Are-296.5; J-value-0.004585+0.5%

Temp F

(°C)

"Ar/"Ar %40ArR Oihr Apparent Age and Error
(Ma at 1 Sigma)

750 15.782 .23 34.6 2.6 126.3 0.8
850 8.814 .52 31.6 1.6 71.6 0.8

950 6.707 .34 26.9 2.4 54.8 0.6

1050 7.397 .11 40.3 4.7 60.3 0.4

1100 7.480 .10 53.6 11.5 61.0 0.3

1150 7.548 .11 63.5 17.7 61.5 0.4

1200 7.662 .12 80.0 30.9 62.4 0.3

1250 7.773 .11 82.7 14.6 63.3 0.3

1350 7.659 .11 81.8 8.8 62.4 0.3

1450 7.718 .11 78.3 3.8 62.9 0.3

FUSE 6.816 .12 60.2 1.4 55.6 0.4

Total Gas
Date 7.824 63.6

Plateau
Date (1200°-1450°C steps) 58.1 62.6 0.5
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Sample # 84-09B/13/RD43; biotite; quartz diorite; wt.-100.9 mg;
measured 4°Ar/36Ara-296.5; J-value-0.004482+0.5%

Temp
(°C)

F 39Ar/37Ar 840ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

500 5.631 19.1 59.8 3.9 45.0 0.3

650 6.784 117 82.2 6.9 54.0 0.3

850 6.756 181 90.9 14.9 53.8 0.3

1050 6.840 56.4 92.3 19.1 54.5 0.3

1250 6.771 38.4 96.9 43.3 53.9 0.3

FUSE 6.810 38.8 92.6 11.9 54.2 0.3

Total Gas
Date 6.743 53.7

Plateau
Date (650 ° - fusion) 96.1 54.1 0.4

Sample # 84-08H/5,6/RD35; hornblende; quartz diorite; wt.-0.8677 g;

Temp
(°C)

measured 40Ar/36Ara-296.5; J-value-0.006295+0.5%

F 39Ar/37Ar %"ArR %39Ar Apparent Age and Error
(Ma at 1 Sigma)

700 24.679 .55 36.8 .7 260.5 2.0

950 8.617 .35 28.7 1.4 95.3 0.6

1000 5.729 .21 39.6 2.2 63.9 0.3

1050 5.703 .20 69.0 7.9 63.6 0.4

1100 5.712 .20 72.6 11.5 63.7 0.4

1150 5.810 .20 54.6 4.3 64.8 0.4

1250 5.681 .20 81.1 26.6 63.4 0.3

1350 5.726 .21 82.6 25.2 63.9 0.3

1450 5.739 .21 75.2 16.5 64.0 0.3

FUSE 5.700 .21 61.5 3.6 63.6 0.4

Total Gas
Date 5.887 65.6

Plateau
Date (1000°-fusion) 97.8 63.8 0.4

Sample # 84-08B/15/RD43; biotite; quartz diorite; wt.-103.9 mg;

Temp
(°C)

measured "Ar/36Are-296.5; J-value-0.004602+0.5%
F 39Ar/37Ar %"ArR %39Ar Apparent Age and Error

(Ma at 1 Sigma)

500 5.359 44.1 46.3 1.4 44.0 0.3

650 6.929 205 75.3 9.5 56.6 0.3

850 7.041 399 95.1 23.4 57.5 0.3

1050 7.037 190 94.3 22.1 57.5 0.3

1250 7.006 111 96.0 33.7 57.3 0.3

FUSE 6.990 86.2 92.2 9.9 57.1 0.3

Total Gas
Date 6.988 57.1

Plateau
Date (650°-fusion) 98.6 57.3 0.5


