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ABSTRACT

The metamorphic rocks of the Salmon River suture zone (SRSZ) in west-central Idaho 

provide a unique glimpse into mid-lower crustal processes during continental growth by island 

arc accretion. The SRSZ, which separates island arc terranes of the Blue Mountains Province 

(BMP) from the Mesozoic margin of North America, contains medium to high grade tectonites 

that record multiple metamorphic and deformation events. The SRSZ is divided by the Pollock 

Mountain thrust fault (PMtf) into two structural blocks: the higher-grade Pollock Mountain plate 

(PMp), and the lower-grade, underlying Rapid River plate (RRp). Previous studies interpreted 

pre-144 Ma metamorphism within the SRSZ related to assembly of the BMP. Counter-clockwise 

P-T paths for metamorphism within the RRp [peak=8-9 kbar ~600°C, retrograde=5-7 kbar, 450-

525°C] were inferred to include prograde garnet growth during pre-144 Ma loading followed by 

garnet growth during rapid cooling due to lithospheric delamination. The PMp was interpreted to 

have subsequently been buried to increasing depth and metamorphosed again at 128 Ma as a result 

of the BMP docking with North America. New P-T-t paths for the RRp and PMp constructed from 

geochronology, geothermobarometry, pseudosections, and petrography suggest that after loading, 

slow cooling rates caused diffusion in garnet rims, which produced counter-clockwise P-T paths. 

Garnet Sm-Nd ages of 112.5±1.5 Ma from the RRp, and 141-124 Ma from the PMp suggest that 

metamorphism within the SRSZ is diachronous and that crustal thickening was protracted occur-

ring between 141-112 Ma. P-T-t paths between both plates indicate that the PMp reached peak 

metamorphism prior to peak metamorphism of the RRp. This suggests that the PMp was buried 

prior to the development of the PMtf. The RRp was subsequently buried along the PMtf, which 

was followed by development of the Rapid River thrust fault, which juxtaposed RRp schists onto 

the Wallowa terrane of the BMP. This model suggests that metamorphism in the SRSZ was con-

trolled by individual thrust faults instead of recording collisions between terranes and is consistent 
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with a prolonged burial of rocks in the SRSZ followed by slow cooling that does not require litho-

spheric delamination to account for retrograde P-T estimates. 
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Geologic unit abbreviations:

PMp	 Pollock Mountain plate

PMtf	 Pollock Mountain thrust fault

RRp	 Rapid River plate

RRtf	 Rapid River thrust fault

SRSZ	 Salmon River suture zone

Mineral abbreviations after Kretz (1983) and 

Whitney and Evans (2010):

Ab	 albite		

Amp	 amphibole

An	 anorthite

And	 andalusite

Bt	 biotite

Chl	 chlorite

Crd	 cordierite

Czo	 clinozoisite

Grt	 garnet

Hbl	 hornblende

Ilm	 ilmenite

Ky	 kyanite

Opx	 orthopyroxene

Pl	 plagioclase

Qtz	 quartz

Rt	 rutile

Spn	 sphene	

Zo	 zoisite
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Figure 74: Geologic map after Lund (2004) and Hamilton (1969) showing Rapid River plate li-
thologies to the east of the interpolated Pollock Mountain thrust fault location. The interpretation 
that these lithologies represent Rapid River plate exposures would require that the Pollock Moun-
tain thrust is located further to the east or the Pollock Mountain thrust is a complex fault system 
juxtaposing thrust slices of RRp and PMp together within the fault zone.
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difficulty identifying the Pollock Mountain fault along the Salmon River (Hamilton, 1963; Gray, 

pers. comm.). Most notably is Hamilton’s (1963) mapping of the Pollock Mountain thrust fault 

as a “gradational contact between arbitrary units”. Lithologies in this area become erratic and 

difficult to correlate to the PMp or RRp. Notable samples are a pelitic garnet + kyanite + biotite 

schist (10IDMM45) found well east of the mapped Pollock Mountain fault and a garnet + biotite 

schist (10IDMM48) near Ruby Rapids (Figure 74). These lithologies correlate better with the as-

semblages found in the RRp than the PMp and are therefore considered RRp samples in this study, 

even though they have been mapped as PMp. The Pollock Mountain thrust fault is either east of 
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these locations and is obscured by later magmatic activity or is a fault system juxtaposing pieces 

of PMp and RRp together within the complex structure. Using samples from within this possible 

transition zone is unavoidable with our current methods, because metamorphic grade increases 

towards the east and it contains higher grade mineral assemblages that are more useful for P-T 

estimation and geochronology. On the western flank of the RRp, primary sedimentary structures 

are still present in low grade schists and phyllites that make thermobarometry difficult and Sm-Nd 

geochronology nearly impossible, requiring sampling to the east. Therefore lithology is crucial for 

assigning samples to the RRp or PMp within the possible fault zone on the eastern margin of the 

RRp.  Schistose samples that are not dominated by amphibole are typically assigned to the RRp. 

Amphibolites and orthogneisses are more typical assemblages for the PMp. 

	 P-T paths and garnet growth

Selverstone et al. (1992) and Getty et al. (1993) determined counter-clockwise P-T paths 

from estimates for peak metamorphic conditions and later, lower temperature, retrograde condi-

tions (using garnet-biotite exchange thermometry and garnet-aluminum silicate-plagioclase-quartz 

barometry). Similar results were produced in this study with MnNCKFMASHT forward thermo-

dynamic models (Figures 43-62), garnet-hornblende and garnet-biotite thermometry, and garnet-

plagioclase-hornblende-quartz barometry (see Table 5 for a complete summary of P-T estimates). 

Prograde metamorphic paths are interpreted from isopleth estimation of initial garnet growth fol-

lowed by peak metamorphic assemblages ± inclusion thermobarometry. Garnet zoning also sug-

gests an increase in temperature and pressure by the change in Mg and Ca. A Mg increase suggests 

an increase in temperature while Ca is more preferentially incorporated into garnet at higher pres-

sures. These trends record an increase in pressure and temperature during prograde metamorphism. 

Some samples (10IDMM48) show a very slight decrease in Ca from core to rim, but this may be 

controlled by the whole rock composition (i.e. low Ca) instead of changing pressure. 

Following this prograde metamorphism, thin rims record a decrease in temperature. 

These P-T paths are interpreted as retrograde and record conditions after peak metamorphism.  
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Figure 75: 09IDMM03b (PMp) P-T path. Black area show inclusion barometry results only. Red 
area shows inclusion and rim thermobarometry estimates. Isopleths are garnet mode percent.  Ob-
served garnet mode is 6-8%. Rim (stage II) and core (stage I) P-T estimates are identical. This 
could be the result of resetting of exchange reactions during peak metamorphism. Barometry es-
timates would still record changes in conditions. Garnet mode does not match predicted mode at 
peak P-T.
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Figure 76: P-T path for 09IDMM07a (RRp) Berg Creek Amphibolite. Well constrained initial 
garnet growth through isopleths and peak mineral assemblage suggest nearly isothermic loading 
followed by re-equilibration of rim compositions. Ilmenite inclusions in garnet and rutile domi-
nance in the matrix support this interpretation. Rare, complex rutile-ilmenite textures within the 
matrix suggest that pressures did not greatly exceed the rutile-ilmenite stability field, otherwise, 
no ilmenite could be preserved. 
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Figure 77: P-T path for 09IDMM12 (RRp). Initial garnet growth estimated by isopleth intersec-
tion. Peak metamorphism estimated by assemblage stability field, inclusion thermobarometry, and 
garnet/hornblende mode. Rim P-T estimated by rim thermobarometry. This counter-clockwise P-T 
path is well defined and records the longest P-T path of all samples utilized in this study.
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Figure 78: P-T path for 10IDMM48 (RRp). P-T path from garnet isopleths and peak mineral as-
semblage fields is ambiguous since it does not show a significant change in P and T. 
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Selverstone et al. (1992) and Getty et al. (1993) interpreted these garnet rims to have grown dur-

ing rapid cooling, which they attributed to rapid exhumation during lithospheric delamination. To 

test this model, garnet mode (volume percent) models in DOMINO were used to predict whether 

garnet growth could occur along a retrograde path. Models for samples from both the Rapid River 

and Pollock Mountain plates (Figures 44, 48, 52, 56, 60) do not predict retrograde increase in 

garnet mode. In fact, any retrograde reaction including garnet is predicted to consume garnet, 

with mode decreasing along a down-pressure and/or down-temperature path. Therefore any garnet 

growth would have to grow at the expense of other garnet with mode decreasing but some garnet 

rims growing on other crystals. However, that scenario is unlikely because it would require lo-

cal disequilibrium. Garnet growth during consumption should also be texturally and chemically 

distinct, with Mn increasing where secondary garnet growth is occurring during cooling. Only 

sample 09IDMM03b exhibits any indication of complex garnet growth, and there is no textural or 

chemical evidence within samples that produced counter-clockwise paths for a change in garnet 

growth trends.

	 If garnet growth during cooling did not preserve retrograde conditions, then some oth-

er mechanism must be responsible. Diffusive re-equilibration during retrograde metamorphism 

would account for conditions estimated from rim thermobarometry and is compatible with the 

thermodynamic models. Diffusion during retrograde metamorphism would be controlled by  

SAMPLE Initial Garnet Growth Peak Metamorphism Retrograde Conditions
P (kbar) T (° C) P (kbar) T (° C) P (kbar) T (° C)

09IDMM03b (PMp) 4.25 ND >8 625-675° N/A N/A
10IDMM23 (PMp) ND ND >6.25 600-675° ND ND
09IDMM07 (RRp) 5-6 550-600° >7.5 550-650° 8-9 500-550°
09IDMM12 (RRp) 5.5-6.5 550-600° 8-9.5 600-650° 6.25-7 425-500°
10IDMM48 (RRp) 7 625-650° 8-9.5 625-675° ND ND

Table 5
P-T estimates for samples from the SRSZ. N/A = P-T conditions were not preserved and not 
available. ND=P-T estimate was not determined.
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factors such as temperature, crystal morphology, fluids, and composition. Since diffusion is ther-

mally activated, temperature is the most important variable (Spear, 1993). Diffusion occurs at 

crystal boundaries due to crystal morphology. In garnet, a spherical model can be assumed be-

cause of garnet’s crystal habit (isotropic, commonly dodecahedral). The most effective way to 

identify diffusion in garnet is by evaluating compositional zoning. In garnet, Mn diffuses more 

readily than Ca, and can be used to determine the radius of diffusion in a garnet crystal. High Mn 

concentrations in garnet cores are due to garnet’s preferential incorporation of Mn into its lattice 

during growth (Hollister, 1966). High Mn cores are preserved in most of the garnet studied within 

the SRSZ; therefore, diffusion did not fully homogenize the garnet and diffusion is confined to the 

rims. However, Mn concentration is low at the rims and would not readily exchange with nearby 

minerals during re-equilibration, so Mg and Fe compositions are better indicators of rim diffu-

sion. Along a retrograde path, Mg# should decrease in a diffused rim, and Fe# should increase 

since pyrope (Mg) concentration in garnet is directly related to temperature. Zoning observed in 

garnet from this study show that Mg#/Fe#, Mg, and Fe trends reverse near the rims, suggesting 

a change in conditions. Fe# increases, Mg decreases, and Fe increases in samples 09IDMM03b, 

09IDMM07, 10IDMM23, and 10IDMM48.

	 If diffusion occurred at mineral rims during retrograde metamorphism, exchange reactions 

could take place between garnet-biotite and garnet-hornblende without any garnet consumption 

or production. This would allow the use of exchange geothermobarometry to determine the retro-

grade conditions. Net transfer reactions would not occur by diffusion alone because it requires the 

consumption and production of phases. The predicted garnet modes and Mg# trends in garnet rims 

from the SRSZ suggest that diffusive re-equilibration caused the retrograde P-T estimates, instead 

of garnet growth during cooling. If garnet was being consumed overall, but still precipitating on 

some crystals, an increase in Mn should occur at the rims, because the retrograde garnet would 

incorporate the Mn from the consumed garnet. This was not observed in single stage garnet for 

which counter-clockwise P-T paths were created. The direct tectonic implications of this interpre-

tation are that if garnet did not grow during cooling as a result of rapid uplift and exhumation, more 
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Sample T ( C ) Mg diffusion rim (mm) Ma for diffusion
09IDMM07 525 0.3 1274
09IDMM07 575 0.3 152
09IDMM07 625 0.3 23
10IDMM23 550 0.5 1186
10IDMM23 600 0.5 161
10IDMM23 650 0.5 27
09IDMM03b 550 0.5 1186
09IDMM03b 600 0.5 161
09IDMM03b 650 0.5 27
09IDMM12 450 0.1 5932
09IDMM12 525 0.1 142
09IDMM12 625 0.1 2.6
10IDMM48 450 0.1 5932
10IDMM48 525 0.1 142
10IDMM48 600 0.1 6.4

Table 6: Models after Cygan and Lasaga (1985) for diffusion of Mg in garnet. Garnet diffusion dis-
tance observed from line scan compositions of Mg and Fe. D=9.8 x 10-9 (m2 sec -1) exp (-239000/
RT(K)) and t= h2/D. Diffusion radius measured from change in slope of Mg (and/or Mg#). The 
length of time required to achieve the observed diffusion  radius at temperatures calculated be-
tween peak and retrograde tempertures suggests diffusion was ongoing immediately following 
metamorphism at peak T and continued recording retrograde conditions.  At decreasing tempera-
tures, diffusion would take increasing longer to cause a recordable rim. This supports a prolonged 
time at a temperature to record retrograde conditions in an exchange reaction, and slow exhuma-
tion/cooling.

moderate uplift and exhumation rates could be responsible for the exhumation of the SRSZ rocks. 

In fact slow cooling would favor diffusive re-equilibration. In Table 6, the required lengths of time 

to achieve the observed diffusion radii (Figure 83) in Mg are calculated (Cygan and Lasaga, 1985) 

for several samples at temperatures between estimated peak and retrograde conditions. These cal-

culations support long time scales for the observed diffusion to occur.

Given the interpretation of diffusion as the cause of the retrograde P-T estimates, the pre-

ferred interpretation of these counter-clockwise P-T paths (Figures 81, 82) is that garnet growth 

and metamorphism occurred during nearly isothermal loading from ~5 kbar to 9 kbar. This is 

Table 6:    			    Diffusion model of Mg in garnet      
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Figure 81: P-T paths for Rapid River plate samples compiled together. 09IDMM07 and 09IDMM12 
have identical prograde paths and record different retrograde conditions. This could be explained 
by diffusion occuring until lower temperatures within some samples.
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tectonic loading followed by diffusive re-equilibration recording retrograde conditions, as previ-
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supported by the dominance of ilmenite in garnet cores and rutile in the matrix. Prior to this load-

ing event, rocks were relatively warm (~550°C at 5 kbar) compared to a steady-state geotherm, 

probably due to active magmatism in the area. Peak metamorphism occurred at P=8-10 kbar and 

T=550-675°C in both the RRp and PMp. Although PMp and RRp exhibit similar paths, PMp’s 

path is at a slightly higher temperature. Retrograde metamorphism was recorded in the outer ‘dif-

fusion controlled’ rim compositions from the RRp rocks. This suggests cooling at depth, which is 

compatible with slow exhumation. 

	 Timing of metamorphism

The timing of metamorphism was previously determined by Selverstone et al. (1992) and 

Getty et al. (1993) utilizing Sm-Nd geochronology. These papers report 144 Ma as a minimum 

age for metamorphism based on three cores from two-stage garnet. Due to the sampling technique 

and large mass of material needed for garnet Sm-Nd geochronology, all garnet ages were obtained 

from mixing of material that grew at different times. With limited spatial resolution, it is impos-

sible to microsample multiple garnets and obtain portions of the core that are identical in age. The 

three ages reported by Getty et al. (1993) for PMp cores were interpreted to result from inclusion 

of varying amounts of 128 Ma overgrowth material due to their sampling method (picking by in-

clusion density). 

This study utilized spatial milling to remove rims from cores. Ages for three garnets pro-

duced similar results ranging from 141.4-135.6 Ma. Sample 09IDMM03b-garnet 3 that was mi-

cromilled had the most “outer core” material removed and produced the oldest age. 09IDMM03b-

garnet7p and garnet 6b had less core material removed, but contained no overgrowth material. 

The thin stage II rims were also a very small percent of the mass present which, assuming similar 

Sm and Nd concentrations as the core stage I garnet, would not have greatly affected the result 

if extremely small amounts of rim remained in the separate. This demonstrates that the garnet 

sampling method of picking according to inclusion density may have been effective, assuming 

older inclusions within the garnet mixed with rim overgrowth material did not “balance” out the 
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age. Garnet ages from Getty et al. (1993) were based on garnet separates with 147Sm/144Nd < 1.6, 

which suggests inclusions were not effectively removed since inclusions decrease 147Sm/144Nd ra-

tio. However, most inclusions are quartz, which would lower the 147Sm/144Nd ratio but not affect 

the age significantly. 

Within the PMp, two garnet growth periods were resolved between this study and that of 

Getty et al. (1993). Getty et al. (1993) reported ages of 144, 141, 136 Ma with 147Sm/144Nd < 1.6. 

New results from sample 09IDMM03b (comparable to 422 from Getty et al., 1993) of 141.4 ± 2, 

137.5 ± 2.2, and 135.6 ± 1.9 Ma with 147Sm/144Nd > 1.4 from microsampled garnet confirm the 

previous results and define stage I garnet growth as 144-135 Ma within the PMp. The success of 

microsampling of the garnet stage I is supported by metamorphic zircon ages of 140 Ma from a 

nearby orthogneiss (10IDMM42). Zircon overgrowths, interpreted to be metamorphic due to their 

high U/Th (Wu and Zheng, 2004), within this orthogneiss record metamorphism at 140.5±5.1 Ma 

and coincide with garnet Sm-Nd ages. This confirms that rim material was successfully removed 

from core growths within two stage garnets. The texturally and chemically distinct rims have yet 

to be dated, but it could be assumed they grew at some future time, probably during the garnet 

growth period discussed next.

Getty et al. (1993) also report a 128 ± 3 Ma 8 point isochron (MSWD=1.2) with garnet 

147Sm/144Nd < 1.6 (598). New microsampled results for sample 10IDMM23 (collected near 598) 

produced a core growth age of 135 ± 2.4 Ma and a rim growth age of 123.9 ± 1.3 Ma with some 

garnet having 147Sm/144Nd > 2.5.  This time span for garnet growth overlaps the 128 Ma age from 

Getty et al. (1993). The previous results are within uncertainty of the new analyses and the in-

creased 147Sm/144Nd in the new results add increased precision to the age with similar analytical 

precision between the previous and new Sm and Nd data. Garnets contain inclusion rich cores; 

however, there is no indication of a cessation of garnet growth or multiple garnet growth events. 

Therefore, this study interprets the previously identified 128 Ma event to have spanned a period 

between 135-124, with the 128 Ma age of Getty et al. (1993) representing a mixed age between 
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initial and final garnet growth during the last garnet growth event. 

Results suggest that final metamorphism recorded by the core of 09IDMM03b correlates 

with the beginning of metamorphism within sample 10IDMM23. Even the best garnet ages are 

“mixed” between younger and older material, therefore it is reasonable to assume that metamor-

phic stage I garnet growth within sample 09IDMM03b extended beyond 135 Ma and garnet growth 

within 10IDMM23 began prior to 135 Ma. Additionally, 09IDMM03b rim overgrowths post-date 

135 Ma and likely correlate with later garnet growth in the PMp. Large age differences between 

rim and core growths suggest that garnet growth was slow in these < 1 cm garnets. Slow, initial 

garnet growth likely occurred before 135 Ma and may correlate to the 141 Ma event preserved 

within 09IDMM03b stage I garnet. Additionally, garnet growth may have been controlled by bulk 

rock composition rather than temperature. If initial garnet growth occurred at different P and T 

within samples 10IDMM23 and 09IDMM03b because of their different whole rock compositions, 

ages disparities similar to what are observed may occur. If this is the case, then one prolonged 

metamorphic event could be responsible for metamorphism in the PMp. If stage I and stage II 

growth are not temporally distinct events, then the cause for the texturally/chemically distinct rim 

overgrowths remains unknown. 

These new data do not discount the hypothesis that two distinct metamorphic events oc-

curred in the PMp. If this interpretation is correct, then why are two events preserved in one loca-

tion and only one event in another within a relatively small area? Complete recrystalization may 

have destroyed any traces of a previous metamorphic event in some samples while relict garnet 

may have been preserved in a rock with a different composition and/or larger garnet. Garnet may 

have been consumed at some point which is suggested by the textural observation that garnet 

boundaries at the stage I-stage-II interface are anhedral. Dissolution of garnet followed by re-

crystallization during a single, complex event could cause a stage I-stage II boundary that would 

not resemble the relict crystal face. Initial garnet growth depleted the matrix in Mn. Mn increases 

at the beginning of stage II growth suggesting that the rims grew at the expense of other garnet, as 
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Initial garnet growth Continued prograde growth

Mn Profile Mn Profile

Mn Profile Mn Profile

Garnet growth following garnet consumption

Figure 84: Hypothetical garnet consumption and growth for two stage garnet. Note that the Mn 
profile would produce the observed Mn compositions seen within 09IDMM03b-Pollock Mt two 
stage garnet.

garnet is typically the main reservoir of Mn in a rock. This Mn increase at the beginning of stage II 

growth is consistent with a dissolution-reprecipitation reaction during peak metamorphism (Mar-

tin et al., 2011) and is followed by a second depletion in the matrix of Mn from consumed stage 

I garnet by stage II garnet overgrowths. Stage II growth favoring larger crystal development to 

minimize surface free energy, could also cause a Mn increase in a rim overgrowth. In either case 

the stage II overgrowths may represent two events as suggested by Selverstone et al., 1992 and 

Getty et al., 1993 or a later portion of the same prograde event that is responsible for stage I garnet 

growth. This would account for the chemical discontinuity, and if the mechanisms responsible for 

the primary fabric were changing during metamorphism so as to produce rotated garnet, rims of 

stage I garnet that were parallel to the matrix fabric at the time may have been consumed, followed 
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Matrix Fabric
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Stage II

Figure 85: BEI with marked textural discontinuity within garnet from the Pollock Mountain 
amphibolite (09IDMM03b). Inclusion fabric terminates at an oblique angle to matrix fabric, sug-
gesting the core did not equilibrate with the matrix.

by rim growth giving the appearance that metamorphic crystal growth was not continuous. This 

would also explain the different textures between stage I cores of different garnets. 

Additionally, the previous models for the SRSZ assumed that metamorphism within the 

RRp occurred during the 144 Ma event. The 112.5 Ma age produced by this study shows that the 

RRp underwent metamorphism after the regional metamorphism within the PMp. Assuming that 

metamorphism is synchronous within the RRp, the previous models for the tectonic evolution of 

the area require revision. Juxtaposition could not have occurred at the previously proposed time 

(>128 Ma), since there is no indication of metamorphism within the PMp at ~113 Ma. 

Timing of Plutonism

Zircon U-Pb geochronology provides additional timing constraints on the tectonic under-

standing of the SRSZ. A deformed orthogneiss from the PMp contains a population of 220-200 Ma 
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zircons interpreted to date emplacement of a pluton into the protolith of the Pollock Mountain Am-

phibolite. Therefore the basaltic protolith of the Pollock Mountain Amphibolite must predate this 

magmatism at 220 Ma. The timing of pluton emplacement coincides with Olds Ferry magmatism 

(Lund, 2004), as Wallowa related magmatism is quiescent at this time period (Tumpane, 2010). 

Samples from the Payette River (PRC) and Little Goose Creek complexes (LGCC) along 

the Salmon River have U-Pb zircon ages that fall within the range of previously published ages 

(Manduca et al., 1993, Giorgis et al., 2008).  A U-Pb zircon age of 108 Ma for sample 10IDMM04 

is consistent with syn-deformational emplacement of the Little Goose Creek Complex between 

111-100 Ma (Manduca et al., 1993, Giorgis et al., 2008). Several cores of 150-135 Ma are inter-

preted as inherited. This suggests that the LGCC intruded the PMp, since no 150-135 Ma plutons 

have been identified within the RRp. The undeformed Payette River Complex exposed near French 

Creek yielded an emplacement age of ~90 Ma which is consistent with the previously published 

emplacement age of ~90 Ma (Manduca et al., 1993, Giorgis et al., 2008). 

	 Discussion of P-T-t paths

	 The timing and conditions of metamorphism are used to construct a tectonic model. Meta-

morphism within the PMp occurred over 10 Ma before metamorphism in the RRp; however, rocks 

in both plates reached similar metamorphic conditions during loading. This requires movement 

along the PMtf between 124 Ma and 112.5 Ma in order to juxtapose the two structural blocks. 

The RRp could have been buried along the PMtf while the PMp was overthrust during a long last-

ing collisional event. Following peak metamorphism, retrograde equilibrium conditions suggest 

isobaric cooling within the RRp. Garnet compositional zoning and isopleth models suggest that 

diffusion occurred at garnet rims, which would require slow cooling (<10°C/Ma). Magnesium dif-

fusion calculations support a slow cooling model and verify that this model would not completely 

erase garnet zoning, as suggested in Selverstone et al. (1992). The interpretation that garnet rims 

re-equilibrated during diffusion and slow cooling is compatible with slow exhumation as well. 

This could be accomplished by thrusting along the Rapid River fault post-112 Ma juxtaposing 
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Figure 86: Proposed tectonic model for the evolution of the Salmon River suture zone incorporat-
ing results from this study. Following emplacement of Triassic-Jurassic plutons the PMp under-
went regional metamorphism between 144-124 Ma. Underthrusting of the RRp beneath the PMp 
could create similar P-T paths at different times. Following metamorphism of the RRp, the Rapid 
River thrust fault developed and juxtaposed the RRp on top of the lower grade Seven Devils vol-
canics.

the hot rocks of the RRp on top of the cooler Seven Devils Volcanics (Figure 86, 87). If two stage 

garnets do not preserve separate events and record one event that included garnet dissolution-re-

precipitation then the collisions of Wallowa to Olds Ferry and the subsequent docking with North 

America may not have been manifest within the SRSZ as distinct metamorphic events. If the SRSZ 

rocks were part of the root of the Olds Ferry arc or related to a back arc basin it is not surprising 

that deformation between the colliding Olds Ferry and Wallowa arcs does not correlate to distinct 

metamorphic events during a polydeformational collisional sequence. 
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	 During the docking of the Blue Mountains Province, the collapse of the back arc between 

the island arc complex and the North American margin might cause thrust faults to first develop 

within the back arc and propagate arc-ward (west) (Figure 88). Thrust faulting may have occurred 

by the reactivation of normal faults related to previously active back arc extension. If thrust fault 

development led to metamorphism, the age of metamorphism within the upper plate of a thrust 

fault would be older than metamorphism in the lower plate (Figure 86, 88), as is observed above 

and below the Pollock Mountain thrust fault. 
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Figure 88-Schematic diagram illustrating Permian-Cretaceous tectonic evolution of the SRSZ.  
A.) Pre-collision back arc (Modified from Winter, 2001) 
B.) Thrust faults, possibly reactivated normal faults, developing during the collapse of  the back 
arc between the Blue Mountains Province and North America could control metamorphism in the 
SRSZ. PMtf=Pollock Mountain thrust fault, RRtf=Rapid River thrust fault, PMp=Pollock Moun-
tain plate, RRp=Rapid River plate, 7D=Seven Devils Volcanics/Wallowa terrane.
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CHAPTER 5: CONCLUSION

	 I present an alternate model for the evolution of the Blue Mountains Province and SRSZ 

which better explains new data from the SRSZ. The lithospheric delamination hypothesis de-

duced from the interpretation of garnet growth during rapid cooling is not compatible with the 

P-T-t paths, thermodynamic models, mineral compositional data, and ages presented here. Instead 

re-equilibration during diffusion more effectively explains the counter-clockwise P-T paths that 

record retrograde P-T conditions. The previous interpretation that the PMp separately records the 

collision of the Wallowa and Olds Ferry terranes and subsequent docking with North America 

may also be incorrect. Instead a single metamorphic event may have affected the PMp between 

144-124 Ma. Timing constraints for the collision of Wallowa and Olds Ferry bracket deforma-

tion before 150 Ma (Schwartz et al., 2010), which predates the 144-124 Ma metamorphic events 

resolved within the PMp. The interpretation that collision of the Blue Mountain Province and 

North America occurred at 128 Ma based on previous Sm-Nd garnet ages is no longer valid, since 

the previously identified 128 Ma metamorphic event had begun by 135 Ma.  The RRp records a 

temporally distinct metamorphic loading event at 112.5 Ma during widespread magmatism along 

the paleo-North American western margin. Both of these events could be related to a long-lived 

crustal thickening event, with metamorphism in each plate controlled by thrust fault development. 

Thrust faults would juxtapose higher-grade rocks upon lower-grade rocks that underwent later 

metamorphism. This new model suggests that multiple terrane collisions may not by be manifest in 

high-grade metamorphic rocks as individual events. Instead, high-grade metamorphic rocks record 

long term changes in crustal structure during continental growth.
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Sample ID UTM Zone Easting Northing Elevation (ft)
09IDMM03 11T 545409.9 5003486.5
09IDMM04 11T 545695 5003656
09IDMM05 11T 545678 5003655
09IDMM06 11T 545096 5003330
09IDMM07 11T 558557 5029042
09IDMM08 11T 561388 5027604
09IDMM09 11T - -
09IDMM10 11T - -
422? 11T 545409.9? 5003486.5?
598? 11T 546479.866? 5008884.916?
09IDMM11 11T 558557 5029042
09IDMM12 11T 563286 5028747
09IDMM13 11T - -
09IDMM14 11T 569360 5027874
10IDMM01 11T 574523 4980358 5183
10IDMM03 11T 575960 5030665 1958
10IDMM04 11T 569141 5027897
10IDMM05 11T - -
10IDMM06 11T 553408 5031815 1716
10IDMM19 11T 546448 5005509 7420
10IDMM20 11T 545028 5003346 6928
10IDMM21 11T 546843 5006869 7670
10IDMM22 11T 546878 5006974 7640
10IDMM23 11T 546401 5008963 6061
10IDMM24 11T 546416 5008943
10IDMM25 11T 542345 5001556 7122
10IDMM26 11T 542261 5001675 7112
10IDMM27 11T 542261 5001675 7112
10IDMM28 11T 552697 5032037 1888
10IDMM29 11T 553897 5032867
10IDMM30 11T 554085 5033373 1582
10IDMM31 11T 564159 5033380 3076
10IDMM32 11T 564159 5033380 3076
10IDMM33 11T 564159 5033380 3076
10IDMM34 11T 575270 499420 5328
10IDMM35 11T 546692 5007252 7779
10IDMM36 11T 546729 5007231

Appendix A- Sample locations
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Sample ID UTM Zone Easting Northing Elevation (ft)
10IDMM37 11T 546692 5007252 7779
10IDMM38 11T 546692 5007252 7779
10IDMM39 11T 546748 5007153 7796
10IDMM40 11T 545489 5006410 6862
10IDMM41 11T 545433 5006330 6726
Martin Bridge Lime-
stone

11T 542977 5005933

10IDMM42 11T 545638 5003564
10IDMM43 11T 560325 5027965 1873
10IDMM44 11T 563420 5028890 2047
10IDMM45 11T 564162 5030420 2996
10IDMM46 11T 563655 5029114 1847
10IDMM47 11T 564833 5029793 1882
10IDMM48 11T 563038 5028258 1880
10IDMM49 11T 553118.876 5028748
Datum A 11T 546748 5007153 7796
Datum B 11T 546692 5007252 7779
Datum C 11T 546823 5007029 7753

Sample UTM coordinates collected using WGS-1984 datum. Datum A, B, C refer to locations 
used for outcrop surveys.
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Appendix B-Zircon ages
Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±

Age (Ma) (Ma) Age (Ma) (Ma) Age (Ma) (Ma) (Ma) (Ma)
10ID03GR3A R 1.7 92.9 9.4 93.6 9.6 111.4 82.3 92.9 9.4
10ID03GR3B R 1.5 108.5 5.7 106.7 7.7 65.0 130.6 108.5 5.7
10ID03GR3C C 2.6 89.0 6.2 85.8 8.7 -2.9 192.4 89.0 6.2
10ID03GR4A R 1.9 94.0 2.0 88.0 12.0 -70.4 346.2 94.0 2.0
10ID03GR4C R 2.7 92.7 1.7 84.6 17.2 -139.5 526.2 92.7 1.7
10ID03GR5A R 2.9 91.2 1.7 92.2 8.1 118.3 212.8 91.2 1.7
10ID03GR5B C 3.5 110.7 1.6 117.1 7.3 248.5 147.3 110.7 1.6
10ID03GR5C C 3.6 106.9 1.4 105.8 3.8 80.9 84.8 106.9 1.4
10ID03GR5D C 2.9 90.7 2.0 84.6 6.5 -86.8 188.7 90.7 2.0
10ID03GR5E R 3.4 87.8 1.8 91.1 10.9 179.4 289.1 87.8 1.8
10ID03GR6A R 2.8 89.1 1.3 89.2 6.3 94.2 171.4 89.1 1.3
10ID03GR6B C 2.4 89.5 3.3 87.1 4.4 21.3 88.0 89.5 3.3
10ID03GR6C C 3.0 90.8 3.8 92.7 7.1 143.3 161.8 90.8 3.8
10ID03GR7A C 2.5 91.1 1.6 91.7 7.3 108.4 192.0 91.1 1.6
10ID03GR8A C 1.7 94.4 5.8 96.9 7.1 159.4 104.6 94.4 5.8
10ID03GR8B C 4.0 90.0 1.2 99.4 9.1 330.1 215.2 90.0 1.2
10ID03GR7B R 2.2 90.1 1.8 88.8 5.0 53.6 132.5 90.1 1.8
10ID03GR8C R 8.7 92.9 4.4 79.8 20.7 -295.9 689.3 92.9 4.4
10ID03GR1D R 2.7 90.8 1.9 90.9 8.9 93.4 237.5 90.8 1.9
10ID03GR2C R 3.3 93.4 1.3 94.7 5.6 127.4 141.6 93.4 1.3
10ID03GR2D R 3.5 88.3 2.7 87.7 3.7 72.2 74.6 88.3 2.7
10ID03GR2E C 2.4 87.6 1.3 89.0 4.7 126.6 125.6 87.6 1.3
10ID03GR1E C 2.8 92.1 2.8 91.7 9.4 81.8 243.4 92.1 2.8
10ID04-GR4D R 7.5 82.1 2.4 84.1 2.7 141.5 35.0 82.1 2.4
10ID04-GR6D R 19.6 100.3 2.3 101.1 3.2 120.4 55.2 100.3 2.3
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Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±
10ID04-GR6C C 13.1 104.5 3.4 104.6 4.0 108.5 52.8 104.5 3.4
10ID04-GR1C C 9.7 105.3 12.0 98.6 37.7 -60.9 970.1 105.3 12.0
10ID04-GR1E R 7.0 106.3 1.2 106.1 1.9 100.8 36.4 106.3 1.2
10ID04-GR1B C 3.1 108.3 3.1 110.5 8.8 156.2 186.1 108.3 3.1
10ID04-GR5A R 17.4 108.8 3.7 109.2 3.9 116.7 35.0 108.8 3.7
10ID04-GR6A R 12.0 109.0 4.1 108.0 4.3 85.3 40.9 109.0 4.1
10ID04-GR6E R 8.1 109.8 2.0 108.0 12.2 69.6 280.4 109.8 2.0
10ID04-GR2A R 23.5 110.3 4.5 111.1 4.5 128.2 21.1 110.3 4.5
10ID04-GR6B R 9.6 110.4 5.1 111.9 7.5 143.7 126.6 110.4 5.1
10ID04-GR1D R 4.1 111.2 1.5 107.5 3.7 26.4 81.7 111.2 1.5
10ID04-GR1A R 3.8 113.4 2.7 112.3 4.3 89.9 78.9 113.4 2.7
10ID04-GR2B C 6.3 131.1 2.3 130.2 2.6 112.9 25.1 131.1 2.3
10ID04-GR4B C 10.4 136.1 4.7 136.7 9.5 145.6 154.3 136.1 4.7
10ID04-GR5B C 12.9 136.2 7.0 136.7 7.0 144.3 38.2 136.2 7.0
10ID04-GR4A C 6.9 151.9 22.7 147.4 21.2 75.6 75.2 151.9 22.7
10ID04-GR5C C 5.4 194.6 8.0 193.7 7.8 182.4 35.5 194.6 8.0
10ID04G4E R 62.0 109.3 1.8 110.6 3.1 137.7 58.4 109.3 1.8
10ID04GR1F R 2.5 103.0 8.2 76.7 23.0 -682.6 847.5 103.0 8.2
10ID04GR5D R 46.9 100.6 5.7 98.3 7.6 43.3 137.1 100.6 5.7
10ID04GR6F R 14.1 110.7 4.5 110.0 10.6 95.7 220.5 110.7 4.5
10ID42-GR15A R 687.2 139.1 3.8 136.9 16.5 98.9 299.2 139.1 3.8
10ID42-GR11B C 4.2 164.3 10.9 173.5 25.2 300.5 328.1 164.3 10.9
10ID42-GR18B R 2.4 187.9 4.9 190.4 13.8 221.1 174.3 187.9 4.9
10ID42-16B R 3.8 190.4 14.7 158.5 35.0 -294.6 580.5 190.4 14.7
10ID42-GR10C C 2.8 190.9 9.9 202.6 24.6 340.6 279.6 190.9 9.9
10ID42-GR13A R 2.9 197.0 9.4 181.5 34.7 -16.6 495.6 197.0 9.4
10ID42-GR12A R 3.3 198.4 15.6 196.6 57.5 174.6 741.8 198.4 15.6
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Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±
10ID42-15E R 6.9 198.5 9.0 197.4 47.0 184.2 608.9 198.5 9.0
10ID42-GR17B C 4.9 200.0 13.4 186.0 88.6 11.9 1321.7 200.0 13.4
10ID42-16C C 2.4 200.1 10.7 211.4 35.8 339.4 409.0 200.1 10.7
10ID42-GR15B R 4.6 200.5 15.1 171.4 55.1 -214.7 877.2 200.5 15.1
10ID42-GR6A R 3.6 200.6 7.6 204.0 33.5 244.5 411.2 200.6 7.6
10ID42-GR14A C 3.6 200.6 12.1 185.7 53.9 0.7 767.0 200.6 12.1
10ID42-GR15C R 3.7 201.1 7.6 200.2 47.4 189.8 608.2 201.1 7.6
10ID42-16A R 5.5 201.2 5.4 191.7 14.6 77.0 188.5 201.2 5.4
10ID42-GR18A R 3.6 201.4 6.1 183.5 45.9 -41.6 669.8 201.4 6.1
10ID42-GR15D C 2.5 201.7 4.4 211.4 33.1 321.0 393.4 201.7 4.4
10ID42-GR10A R 5.0 203.2 6.5 188.7 40.7 12.1 568.8 203.2 6.5
10ID42-GR19A R 3.4 203.3 6.1 198.1 32.7 136.6 423.6 203.3 6.1
10ID42-GR4A R 2.6 204.2 11.6 186.5 32.7 -32.7 446.6 204.2 11.6
10ID42-GR1C C 4.8 204.4 12.8 199.3 108.0 140.3 1517.9 204.4 12.8
10ID42-GR5B R 4.5 204.5 3.8 252.7 34.2 728.1 323.5 204.5 3.8
10ID42-GR5C C 2.3 205.1 12.0 183.7 61.6 -83.2 910.2 205.1 12.0
10ID42-GR3A R 4.1 205.2 7.6 195.8 31.6 83.5 414.5 205.2 7.6
10ID42-GR11A R 6.0 205.6 5.0 210.1 18.3 260.6 214.1 205.6 5.0
10ID42-GR17A R 5.1 206.8 3.1 219.0 12.9 352.1 144.3 206.8 3.1
10ID42-GR5D R 4.5 207.0 9.0 206.4 20.5 199.6 233.6 207.0 9.0
10ID42-GR1 R 5.3 207.3 5.1 218.4 32.3 340.7 370.0 207.3 5.1
10ID42-GR18C C 4.1 207.8 9.6 209.7 36.1 231.1 429.8 207.8 9.6
10ID42-GR20C C 3.6 208.3 8.1 182.2 65.3 -144.1 996.6 208.3 8.1
10ID42-GR1B R 3.8 208.3 7.7 210.3 31.7 232.7 377.2 208.3 7.7
10ID42-GR20B R 3.2 209.1 13.5 238.2 50.6 535.5 507.2 209.1 13.5
10ID42-GR5A R 2.8 209.8 5.7 208.2 26.3 190.7 319.9 209.8 5.7
10ID42-GR20A R 2.8 209.8 6.2 232.1 35.1 464.2 371.2 209.8 6.2
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Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±
10ID42-GR9A R 3.8 210.9 7.8 218.1 35.9 296.6 410.6 210.9 7.8
10ID42-GR8A R 3.6 211.9 17.1 234.7 66.7 469.2 695.2 211.9 17.1
10ID42-GR5E R 3.5 212.1 5.4 173.7 54.1 -321.5 887.9 212.1 5.4
10ID42-GR7A R 2.9 213.0 18.7 181.0 50.4 -219.5 744.3 213.0 18.7
10ID42-GR2A R 5.9 213.5 6.4 209.2 13.3 161.2 148.0 213.5 6.4
10ID42-G1A R 5.8 207.1 21.5 182.2 68.9 -130.0 1021.6 207.1 21.5
10ID42-G2 R 2.3 199.5 22.4 218.4 122.8 427.7 1508.0 199.5 22.4
10ID42-G5 R 2.1 209.0 19.5 183.1 64.3 -139.1 947.3 209.0 19.5
10ID42-G6A R 4.6 200.6 19.1 181.4 93.5 -61.6 1452.6 200.6 19.1
10ID42-G6B R 7.4 208.4 26.8 174.8 91.6 -257.9 1510.3 208.4 26.8
10ID42-GR21C R 2.6 212.0 41.7 263.6 125.6 751.6 1126.8 212.0 41.7
10ID42-GR22A R 3.6 204.8 21.0 272.7 318.9 905.8 565.5 204.8 21.0
10ID42-GR25A R 4.9 200.9 11.8 287.5 392.2 1068.5 574.2 200.9 11.8
10ID42-23A R 3.9 213.3 27.4 226.3 116.1 363.8 1353.8 213.3 27.4
10ID42-23B R 4.7 198.8 20.4 278.7 268.6 1017.9 342.6 198.8 20.4
10ID42-GR11A R 5.4 217.7 5.6 219.5 15.4 238.5 169.9 217.7 5.6
10ID42-GR12A R 10.1 207.9 3.4 202.3 5.7 137.2 60.7 207.9 3.4
10ID42-GR13A R 2.9 192.3 9.1 214.3 24.3 462.9 258.2 192.3 9.1
10ID42-GR14A R 1.9 203.3 7.6 199.9 17.2 160.0 202.7 203.3 7.6
10ID42-GR36D R 1245.0 114.5 3.8 111.6 6.0 49.5 109.7 114.5 3.8
10ID42-GR15J R 438.0 133.1 11.8 140.1 14.5 260.5 149.1 133.1 11.8
10ID42-GR36C R 19.7 133.2 6.7 136.6 6.8 196.4 39.3 133.2 6.7
10ID42-GR15L R -3990.6 136.5 6.5 142.3 7.5 240.6 65.4 136.5 6.5
10ID42-GR15N R 6208.2 138.2 6.1 134.4 6.5 67.7 61.0 138.2 6.1
10ID42-GR15H R 108.8 142.9 4.6 143.4 4.6 152.8 26.4 142.9 4.6
10ID42-GR36A R 11.0 146.2 5.6 149.6 6.5 204.6 60.3 146.2 5.6
10ID42-GR15F R 346.0 148.3 7.3 156.3 8.6 279.4 72.5 148.3 7.3
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Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±
10ID42-GR37A R 23.0 148.7 14.2 149.4 13.5 160.5 26.3 148.7 14.2
10ID42-GR15O R 119.5 160.7 10.8 160.5 12.0 158.0 101.5 160.7 10.8
10ID42-GR30B R 8.1 173.8 8.8 182.9 11.1 303.3 95.8 173.8 8.8
10ID42-GR34A R 5.1 179.6 25.5 181.8 24.1 209.8 31.5 179.6 25.5
10ID42-GR31C R 2.5 181.0 16.3 195.5 17.6 374.3 86.4 181.0 16.3
10ID42-GR6B R 7.6 182.0 8.7 189.0 10.1 278.1 75.5 182.0 8.7
10ID42-GR24A R 6.4 183.1 13.1 184.9 12.6 208.2 36.8 183.1 13.1
10ID42-GR5F R 4.8 184.7 26.3 190.0 25.2 256.0 35.6 184.7 26.3
10ID42-GR37C R 7.8 188.0 19.5 189.2 18.4 204.1 40.6 188.0 19.5
10ID42-GR24D R 6.3 189.6 14.4 193.8 13.7 245.6 24.0 189.6 14.4
10ID42-GR9B R 4.5 190.4 28.4 195.5 27.1 257.0 38.9 190.4 28.4
10ID42-GR31A R 2.3 193.4 8.2 191.3 8.2 165.6 42.7 193.4 8.2
10ID42-GR24C R 2.5 193.6 10.8 192.4 12.1 178.0 93.0 193.6 10.8
10ID42-GR30A R 6.3 194.5 4.9 193.4 4.8 180.2 22.1 194.5 4.9
10ID42-GR24B R 6.1 196.2 4.9 197.8 5.0 216.3 26.7 196.2 4.9
10ID42-GR33A R 2.4 196.2 18.8 197.5 18.3 212.2 67.7 196.2 18.8
10ID42-GR35A R 5.9 197.3 8.3 200.7 10.5 240.8 88.4 197.3 8.3
10ID42-GR30C R 4.2 198.7 6.0 199.6 6.7 210.7 47.6 198.7 6.0
10ID42-GR26A R 3.2 198.8 20.4 201.0 19.3 227.8 45.9 198.8 20.4
10ID42-GR30A R 15.9 203.1 11.0 205.7 10.3 235.5 17.8 203.1 11.0
10ID42-GR14B 5.2 203.7 7.8 210.6 8.2 288.4 42.7 203.7 7.8
10ID42-GR30D R 15.3 204.5 8.2 205.2 7.7 212.8 17.3 204.5 8.2
10ID42-GR36B R 3.1 205.7 6.6 211.9 9.2 282.2 81.0 205.7 6.6
10ID42-GR37D R 48.7 207.4 3.1 201.8 3.4 137.0 25.4 207.4 3.1
10ID42-GR15I C 3.0 210.0 4.5 226.3 5.1 399.0 27.2 210.0 4.5
10ID42-GR15K R 5.0 211.1 5.2 199.8 9.7 68.1 112.7 211.1 5.2
10ID42-GR37B C 8.3 211.6 7.5 212.7 7.2 224.7 22.8 211.6 7.5
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Analysis U/Th 206Pb*/238U ± 207Pb/ 235U ± 206Pb/ 207Pb ± Best age ±
10ID42-GR30E R 3.9 212.5 6.1 207.8 7.5 154.8 63.1 212.5 6.1
10ID42-32A R 3.5 212.8 8.4 218.3 12.3 278.0 109.7 212.8 8.4
10ID42-GR15P R 2.9 213.3 5.3 211.6 5.2 192.5 25.9 213.3 5.3
10ID42-GR31B R 5.6 214.9 8.1 214.3 8.5 206.8 49.3 214.9 8.1
10ID42-GR15G C 4.5 215.0 4.6 214.4 7.5 207.5 74.4 215.0 4.6
10ID42-GR16D C 5.7 216.6 10.9 214.4 10.4 191.0 38.6 216.6 10.9
10ID42-GR39A R 10.3 217.2 7.2 217.5 6.7 221.2 16.0 217.2 7.2
10ID42-GR36G C 1.5 220.3 7.5 219.4 7.0 209.4 16.7 220.3 7.5
10ID42-GR36F R 4.2 221.8 9.4 220.1 10.8 201.8 77.1 221.8 9.4
10ID42-GR36H C 3.6 222.4 12.4 222.2 13.9 220.8 92.6 222.4 12.4
10ID42-GR38A R 5.6 224.2 4.7 234.3 6.0 336.8 43.3 224.2 4.7
10ID42-GR36E R 31.6 251.1 33.2 239.3 33.4 124.8 187.3 251.1 33.2

Ages calculated from data contained in the Electronic Appendix. 
R  Zircon rim analyses. 
C  Interior/Core analyses.
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