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Basin-Elba thrust fault and yielded results similar to those 
previously obtained from the footwall. This leads to several 
conclusions: (1) Both the hanging wall and footwall experi-
enced the same metamorphic event, (2) the paths document 
a previously unrecognized crustal thickening and synoro-
genic extension cycle that fills an important time gap in the 
shortening history of the Sevier retroarc, suggesting pro-
gressive eastward growth of the orogen rather than a two-
stage history, and (3) episodes of extensional exhumation 
during protracted convergent orogenesis are increasingly 
well recognized and highlight the dynamic behavior of oro-
genic belts.

Keywords Pressure–temperature path · Lu–Hf garnet 
geochronology · Sevier orogeny · Albion Mountains · 
Basin-Elba fault · Trace-element zoning

Introduction

Isochemical phase diagrams (“pseudosections”) have been 
used in many studies to construct P–T paths by consider-
ing the inferred sequence of mineral assemblages and their 
P–T fields; a limitation of this approach is that it commonly 
requires an assumption that the remaining unknown por-
tion of the path, for which the sequence cannot be inferred, 
is linear or clockwise in shape (e.g., Tinkham and Ghent 
2005; Cirrincione et al. 2008; Stowell et al. 2011; Cutts 
et al. 2014; Nabelek and Chen 2014). More sophisti-
cated techniques, based on chemical zoning in garnet that 
developed during garnet growth, can be used to extract 
more detailed P–T paths (e.g., Spear et al. 1984; Gaidies 
et al. 2008a; Moynihan and Pattison 2013a; Vrijmoed and 
Hacker 2014). Equilibrium thermodynamics predicts that 
changes in garnet composition during growth occur as a 

Abstract Rocks may undergo complex pressure–tem-
perature (P–T) histories during orogenesis in response to 
alternating episodes of synconvergent burial and exhuma-
tion. In this study, chemical zoning in garnets combined 
with textural and chemical evidence from the schist of Wil-
low Creek in the Albion Mountains of south-central Idaho 
(USA), reveals a complex P–T path during the early stages 
of Sevier orogenesis. The distribution of quartz inclusions 
combined with internal resorption features establishes a 
hiatus in garnet growth. Chemical zoning was simulated 
using a G-minimization approach to yield a P–T path con-
sisting of three distinct pressure changes during increas-
ing temperature, defining an “N” shape. Lu–Hf isochron 
ages from multiple garnet fractions and whole-rock analy-
ses in two samples are 132.1 ± 2.4 and 138.7 ± 3.5 Ma. 
The samples were collected from the hanging wall of the 
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result of changes in the P–T conditions (e.g., Spear 1995). 
However, there can be complicating factors, such as crystal-
lization histories in which periods of growth are interrupted 
by periods of consumption, changes in mineral assem-
blages and reactions during growth, temperature-dependent 
changes in garnet chemistry from intracrystalline cation 
diffusion, and the degree to which chemical equilibrium 
was attained upon garnet nucleation. This study provides 
an example in which all of these factors are considered in 
order to arrive at a robust P–T path.

Many geodynamic models of orogenesis predict clock-
wise P–T paths in the shape of a simple loop resulting from 
thrust burial, radiogenic heating, and extensional exhuma-
tion (e.g., England and Thompson 1984; Jamieson and 
Beaumont 2011). However, some petrologic studies show 
that metamorphic rocks can follow more complex paths in 
P–T space (Spear et al. 1984; Selverstone and Spear 1985; 
Spear et al. 1990; Florence and Spear 1993; Lang 1996; 
Zeh and Millar 2001; Hoisch et al. 2002; Harris et al. 2007; 
Gaidies et al. 2008b; Vorhies and Ague 2011; Wells et al. 
2012; Moynihan and Pattison 2013b; Dorfler et al. 2014). 
Such complexity may reveal important aspects of tectonic 
history and orogenesis. Alternations in contraction and 
extension, commonly referred to as tectonic mode switches 
(e.g., Lister et al. 2001), may be triggered by various fac-
tors resulting in changes in gravitational potential energy, 
horizontal compressive stress, or rock strength (Platt 1986; 
England and Houseman 1989; Willett 1992; Rey et al. 
2001) and may provide a framework for interpreting more 
complex P–T paths such as the one reported here.

Previously reported P–T paths based on garnet zoning 
have revealed alternations in thrusting and exhumation dur-
ing Sevier orogenesis, documenting complex departures 
from the simple model of a clockwise P–T path (Hoisch 
et al. 2002; Harris et al. 2007; Wells et al. 2012). In this 
study, we determine a P–T path from amphibolite-facies 
pelitic schist in the northern Albion Mountains, Idaho, in 
the hinterland of the Sevier orogenic belt. Samples for this 
study come from the hanging wall of a major thrust, the 
Basin-Elba fault. We also report two garnet Lu–Hf ages 
that date the path. From the footwall, previous work has 
reported both a P–T path and garnet Lu–Hf ages (Harris 
et al. 2007; Cruz-Uribe et al. 2015). The results of the pre-
sent study allow for a comparison between the footwall and 
hanging-wall P–T histories and an evaluation of the impli-
cations for Sevier orogenesis.

Geologic setting

The Albion Mountains are part of the Raft River–Albion–
Grouse Creek metamorphic core complex, one of many that 
occur along a north–south trend in the western USA in the 

hinterland of the Sevier orogen (Fig. 1) (Armstrong 1968a; 
DeCelles 2004). Samples were collected in the northern 
Albion Mountains of southern Idaho, in the hanging wall 
of a major thrust, the Basin-Elba fault (BEF). The hanging 
wall consists of overturned Neoproterozoic to Cambrian 
middle amphibolite-facies quartzite and pelitic schist of the 
Mount Harrison sequence, which represent the lower limb 
of a major fold nappe (Miller 1983). The footwall con-
sists of Neoproterozoic to Ordovician lower amphibolite-
facies metasedimentary rocks of the Raft River Mountain 
sequence (Miller 1980, 1983) that unconformably overlie 
the Archean Green Creek complex (Armstrong 1968b). 
The fault zone comprises a complexly folded and sheared 
mixture of metasedimentary rocks (pelitic schist, graphitic 
schist, quartzite, and metacarbonate lithologies), and lower-
grade slivers of Mississippian rocks that have been inter-
preted as evidence of late extensional reactivation (Miller 
1983; Hodges and Walker 1992).

Exhumation of the western part of the core complex is 
partly attributed to extension along the Middle Mountain 
shear zone (Saltzer and Hodges 1988). Two episodes of 
extension have been proposed based on a Middle to Late 
Eocene top-to-the-west-northwest shear fabric and a Late 
Oligocene–Middle Miocene top-to-the-west fabric in the 
Grouse Creek and Albion Mountains (Wells et al. 2004). 
The BEF represents the only fault with a clear older-over-
younger thrust relationship still preserved through Meso-
zoic and Tertiary extension in the region, and juxtaposes 
more than 3.4 km of Neoproterozoic to early Cambrian 
metasedimentary rocks over Proterozoic to Ordovician 
metasedimentary rocks; the low-angle fault separating the 
little-studied Robinson Creek sequence above from the 
Mount Harrison sequence below may also be a preserved 
thrust (Fig. 2).

Sample descriptions

Mineralogy

This study focuses on garnet schist from the middle schist 
member of the schist of Willow Creek (Miller 1983) in the 
hanging wall of the BEF (Fig. 2), in the lower limb of a 
fold nappe. Samples in this study were collected within 
2 km of each other in a single structural block, roughly 
2–3 km west of the trace of the BEF, and thus, it can be 
assumed that all samples shared the same P–T history.

The four samples studied are metapelites from three out-
crops and contain the mineral assemblage quartz + musco-
vite + biotite + garnet + plagioclase + ilmenite and minor 
or trace amounts of staurolite, apatite, zircon, monazite, 
and tourmaline (Fig. 3; Table 1). Garnet porphyroblasts are 
up to about 2 mm in diameter in three samples and up to 
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about 4 mm in diameter in the fourth sample (EKAL29A). 
The garnets are subidioblastic to idioblastic, and most show 
inclusion-rich cores and inclusion-poor rims. Inclusions in 
garnet primarily consist of quartz and ilmenite with some 
apatite, zircon, monazite, and tourmaline grains. 

One garnet crystal from each of the four samples was 
selected for analysis. In an effort to use crystal sections that 
capture the most complete history of chemical zoning from 
core to rim, the largest, most idioblastic grains were cho-
sen from among 20–50 crystals per sample. Three of the 
chosen crystals exhibit evidence of near-central sectioning 
(high Y in center of crystal section), and the fourth shows 
evidence of sectioning farther from the core of the garnet 
(low Y in center of crystal section).

Element zoning in garnet crystals

Garnet line traverses, and spot analyses of muscovite, bio-
tite, and plagioclase were generated using a Cameca MBX 
electron microprobe at Northern Arizona University. For all 
samples, the accelerating voltage was 15 kV. The beam cur-
rent was 25 nA for garnet and 10 nA for all other minerals. 

The beam was focused for garnet (<1 µm) and defocused 
to 5 μm for all other minerals. Natural and synthetic stand-
ards were used for calibration. Garnets were traversed with 
a consistent point spacing of 20–40 μm. Poor garnet analy-
ses were culled from the dataset and were attributable to 
cracks or overlaps with inclusions. The mineral analyses 
are given in Online Resources 1–4. Garnet major-element 
X-ray maps (Mg, Mn, Fe and Ca) were acquired using a 
JEOL JSM-6480LV scanning electron microscope with an 
Oxford EDS system at Northern Arizona University using 
an accelerating voltage of 20 kV and sample current of 
50 nA. X-ray maps of Y were obtained using the electron 
microprobe (JEOL 8200 Superprobe) at The University of 
Texas at Austin. The accelerating voltage was 15 kV, the 
beam current was 1 μA, the dwell time was 200 ms, and 
the pixel size was 4–5 μm. The maps were enhanced by 
adjusting the brightness, contrast, and levels of the raw 
images using image processing software to emphasize the 
relatively high and low concentrations of each element.

All of the garnets display chemical zoning with 
decreasing mole fraction of spessartine (Xsps) from core 
to rim (Figs. 4, 5). Two of the garnets (ALMO13A and 
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EKAL16A) show a steep change in almandine (Xalm) and 
grossular (Xgrs) midway through their core-to-rim profiles 
corresponding with a textural transition from inclusion-
rich cores to inclusion-poor rims. Sample TH203B shows 
a similar, but less pronounced change, and EKAL29A does 
not show a discontinuity in chemical zoning or a distinct 
inclusion texture transition. Mole fraction of pyrope (Xprp) 
generally follows changes in Xalm. 

With regard to the distribution of Y, two of the gar-
nets have a relatively narrow central Y peak at their cores 
surrounded by a relatively uniform region of elevated Y 

concentration (EKAL16A and EKAL29A). Sample TH203B 
also has a relatively uniform region of elevated Y concentra-
tion in the core but appears to lack a central peak, possibly 
due to sectioning slightly outside of the center of the crystal. 
The fourth garnet (ALMO13A) does not show an elevated 
Y concentration in the core, probably due to a cut through 
the crystal outside of the high-Y core region. Outside of the 
high-Y region displayed by three of the garnets, the Y con-
centration decreases outward and then rises sharply to form 
an annulus. The Y annulus occurs near the inclusion textural 
transition and the steep change in major-element zoning in 
three of the garnets, but the location of the annulus is not 
coincident with those features in all crystals.

Pertinent petrographic and chemical characteristics

The construction of P–T paths is aided by petrographic 
evidence and compositional zoning features: (1) Rare 
grains of small, ragged staurolite have been observed in 
three of the four samples (Fig. 6) and are likely present 
in the fourth (TH203B). (2) Garnet porphyroblasts show 

Fig. 2  Geological map of a portion of the northern Albion Moun-
tains. a The Mount Harrison Sequence contains the schist of Willow 
Creek, from which the samples were collected. The field area (boxed) 
is in the hanging wall of the Basin-Elba fault, a major thrust in the 
hinterland of the Sevier Orogen. b Geologic map of the field area 
located in sections 5, 6, 31, and 32 of the Mount Harrison 7.5-min 
quadrangle, Cassia County, Idaho. The Daley Creek quartzite, schist 
of Willow Creek, and Harrison Summit quartzite are overturned. 
Modified from Miller (1978). Bedding and lineation attitudes were 
measured in the current study and by Harris (2003)
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a distinct textural transition between an inclusion-rich 
core and an inclusion-poor rim (except EKAL29A). (3) 
In three of the samples, the major-element zoning in gar-
net changes markedly at the inclusion boundary, whereas 
EKAL29A displays a smooth zoning profile from core 
to rim, especially for the ratio of Mg to total Mg + Fe 
(Mg#). In general, Xalm and Xprp increase toward the rim, 
and Xgrs and Xsps decrease; however, along these trends, 
Xalm and Xgrs show more distinct changes (e.g., Xgrs 
increases, decreases, and then increases again from core 
to rim). (4) Yttrium maps reveal the locations of resorp-
tion features in some crystals. All of the garnets have an 
Y annulus outside of a low-Y trough. In each crystal, the 
inclusion boundary occurs near the Y annulus, but does 
not occur at a consistent radius relative to the inclusion 
boundary: In ALMO13A, the annulus corresponds with 
the inclusion boundary, but in EKAL16A and TH203B, 
the annulus appears to lie just outside of the inclusion 
boundary, and in EKAL29A, the inclusion boundary is 
absent. These key characteristics act as constraints in the 
evaluation of the shapes and locations of the P–T paths in 
P–T space.

P–T paths

Within the constraints of the observations above, and using 
the methods described below, a P–T path was constructed 
for each garnet. Recognizing that the rocks share the same 
P–T history, the paths were then aligned with each other 
through slight adjustments in absolute pressure and temper-
ature (within error) to create a composite P–T path.

Methods

Isochemical phase diagrams

Isochemical phase diagrams were constructed for each 
sample using the software package Theriak-Domino (de 
Capitani and Brown 1987; de Capitani and Petrakakis 
2010) and the Holland and Powell (1998) database with 
updates through 2010 and mixing models as described 
in Online Resource 5. Bulk compositions in the system 
MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2 (MnNCKFMASHT) were calculated from mineral 
compositions determined by electron probe microanaly-
sis (EPMA) by summing in proportion to mineral modes 
after converting the modes from volume percent to weight 
percent. The modes of the phases were determined from 
point counting with supplemental measurements derived 
from X-ray maps of portions of the thin sections of sam-
ples TH203B and EKAL29A. Plagioclase generally does 
not show twinning in these rocks and is easily mistaken 
for quartz in thin section; so the plagioclase modes deter-
mined from point counting were assumed to be minimum 
estimates, and those from X-ray mapping were assumed 
to be maximum estimates. Thus, the modes of plagioclase 
in samples ALMO13A and EKAL16A are higher than the 

Table 1  Mineral modes

Garnet mode from the X-ray map analysis was assumed the same as determined from point counting because the X-ray map either did not con-
tain garnet or did not cover a large enough thin-section area to accurately represent the garnet mode of the sample

Model input modes were used to calculate initial bulk compositions for P–T path modeling

Modes are in volume percent

Mineral abbreviations after Whitney and Evans (2010)

TH203B ALMO13A EKAL16A EKAL29A

X-ray map Point count Model input Point count Model input Point count Model input X-ray map Point count Model input

Qz 36.38 27.64 27.27 44.17 44.44 32.50 31.88 41.32 46.10 35.91

Ms 45.58 53.25 52.67 37.42 37.60 41.25 40.46 34.34 38.00 35.53

Bt 5.66 6.91 6.82 10.43 10.46 1.25 1.23 2.17 10.60 5.49

Grt (4.92) 4.88 4.84 4.60 3.69 13.75 7.97 (4.71) 4.70 4.65

Chl 4.58 4.88 4.84 1.23 1.21 9.17 8.99 8.13 1.00 8.84

St 0.00 0.41 0.40 0.31 0.30 0.42 0.40 0.11 0.00 0.47

Pl 2.41 0.00 1.98 0.31 2.01 0.00 7.85 8.47 0.30 7.44

Ilm 0.45 1.22 1.19 0.31 0.30 1.25 1.23 0.66 0.30 1.67

Total 99.99 99.19 100.00 98.77 100.00 99.58 100.00 99.90 101.00 100.00

Fig. 4  Garnet X-ray maps for major and minor elements. Backscat-
tered and secondary electron images are shown to highlight inclu-
sions. White lines show the locations of the electron microprobe trav-
erses. Lighter colors indicate higher concentrations in the element 
maps. Element concentration in each map is scaled independently of 
the others. Matrix is masked in the major-element images to empha-
size garnet zoning

▸
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point counting estimates but less than the maximum deter-
mined from X-ray mapping (Table 1). Chlorite in sample 
EKAL29A tends to be proximal to the analyzed garnet, 
but biotite is observed at greater distances from garnet; so 
the mode of chlorite was increased, and the mode of bio-
tite was decreased for modeling in order to approximate the 
volume of rock from which the garnet acquired nutrients.

For the purposes of estimating the contribution of garnet 
chemical zoning to the bulk composition of each sample, 
we assumed that all garnet porphyroblasts in the rock are 
the same size and contain the same chemical zoning. All 
samples except for EKAL16A have a relatively small gar-
net mode (<5 %); so the contribution of garnet to the bulk 
compositions is small, and the possible error associated 

with assuming a uniform garnet size is negligible (Zuluaga 
et al. 2005). For EKAL16A, the garnet mode is ~14 %, so 
there is a possibility of larger errors from our assumption. 
However, the modeling of all four samples produced con-
sistent results (shown below), so the error introduced to the 
EKAL16A bulk composition appears to be small. Table 2 
shows the bulk compositions used to model each sample, 
and Fig. 7 shows the resulting isochemical phase diagrams 
and locations of core garnet isopleths.

Garnet zoning and P–T path modeling

Using the bulk compositions and garnet zoning data 
from each sample, the automated routine of Moynihan 
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and Pattison (2013a, hereafter referred to as MP13) was 
employed to construct the P–T paths. The MP13 script runs 
in Matlab and calls Theriak-Domino to calculate an iso-
chemical phase diagram starting with our estimate of the 
bulk composition of the rock and a P–T point outside of the 
garnet stability field. The MP13 script uses an optimization 
function in Matlab to search the P–T grid for the smallest 
misfit between a modeled garnet core composition and the 
measured core composition (the intersection of garnet com-
positional isopleths) and then calculates the portion of the 
bulk composition that is sequestered in the newly formed 
garnet. The components sequestered in the garnet are sub-
tracted from the bulk composition to estimate an effective 
bulk composition for the next step of garnet growth. A new 

isochemical phase diagram is calculated from the effective 
bulk composition, and the process is repeated for all steps 
along one half of the garnet zoning profile from core to rim. 
The steps correspond to microprobe analyses except where 
inclusions or cracks prevented analysis. In these gaps, the 
garnet compositions were interpolated to maintain small and 
consistent spacing between points. For each step, the inter-
section of garnet compositional isopleths yields an estimate 
of the P–T conditions of incremental garnet growth, culmi-
nating in a P–T path (Online Resources 1–4, 6).

Results of modeling

As shown in Fig. 8, the simulated major-element garnet zon-
ing profile for sample TH203B fits the observed zoning very 
well for all four components. For the remaining three sam-
ples, Xgrs and Xsps fit well, whereas Xalm and Xprp are relatively 
more offset from the observed profiles. In all samples, the 
values of Mg# are consistently lower than the observed values 
with the largest difference displayed in samples ALMO13A 
and EKAL16A. The differences between the simulated and 
observed zoning profiles are reflected in the locations of the 
P–T points determined by the MP13 routine relative to the 
isopleths (e.g., Fig. 9). Each point plots near the intersection 
of Xgrs and Xsps and midway between Xalm and Xprp.

Three distinct segments in the P–T path are revealed 
from the model of sample TH203B (Fig. 9): The first seg-
ment (I), from step one to step 41, shows an approximately 
isothermal increase in pressure followed by an increase in 
pressure and temperature. The second segment (II), from 
step 41 to step 50, follows a trend of decreasing pressure 
and increasing temperature. The third segment (III), from 
step 50 to step 77, is a nearly isothermal increase in pres-
sure. The paths from the remaining samples (Fig. 10) 
exhibit all or some of the segments captured in sample 
TH203B. Sample EKAL16A yields a path that appears 
to contain all three of the major segments of the TH203B 
path, although the segments have steeper trends in P–T 
space due to mismatched model Xalm and Xprp slopes that 
reduce the magnitude of temperature change from core to 
rim. In sample ALMO13A, which lacks high-Y concentra-
tion in the center of the crystal section, only a small por-
tion of Segment I and the latter segments of the path are 
recorded, consistent with a rim-ward cut section that only 
contains zoning from the outer core through the rim of the 
garnet. Sample EKAL29A yields a path that does not show 
a decrease in pressure midway through garnet growth, so 
this sample could contain only Segments I and III with 
Segment II missing, or the entire modeled path is either 
Segment I or III. In the next section, we consider additional 
observations to make slight adjustments to the placement 
of the paths in P–T space, so that similar segments are 
aligned, to produce a composite path.

Table 2  Input for P–T path modeling

Compositions are in mole percent

Excess H and stoichiometric O were used in all models

TH203B ALMO13A EKAL16A EKAL29A

T (°C) 500 475 515 465

P (bars) 4275 4750 4350 3500

Na 2.25 1.79 2.66 2.28

Mg 2.39 2.54 2.20 2.62

Al 24.64 19.28 22.39 20.37

Si 50.15 60.31 54.12 55.89

K 6.13 5.13 4.38 4.76

Ca 0.39 0.33 0.86 0.63

Ti 0.82 0.37 0.78 1.11

Mn 0.14 0.10 0.19 0.13

Fe 4.35 3.47 5.04 5.05

0.5 mm

StQz

Bt

Ms

Ilm

Fig. 6  Photomicrograph of staurolite in plane-polarized light. Rare 
staurolite grains are ragged and small. Mineral abbreviations after 
Whitney and Evans (2010): Bt biotite, Ilm ilmenite, Ms muscovite, Qz 
quartz, St staurolite
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Discussion: P–T path construction

We use the following observations and considerations to 
help position the P–T path segments relative to reactions on 
the phase diagrams: (1) inclusion textural boundaries, (2) Y 
zoning characteristics that suggest garnet resorption, (3) the 
presence of staurolite in most samples, and (4) uncertain-
ties in the isochemical phase diagrams.

Inclusion texture

We interpret the change in the internal crystal texture from 
inclusion-rich (quartz-bearing) to inclusion-poor to reflect a 
change in the garnet growth reaction from one that produces 
quartz to one that consumes it (e.g., Farber et al. 2014). 

Isopleths of quartz mode on isochemical plots show that 
this change occurs across the staurolite-in reaction for rocks 
following a P–T path similar to the one determined for this 
study (Fig. 11). Along a prograde P–T path (Fig. 11, “Sim-
ple Path”), a pelitic bulk composition similar to our sam-
ples will experience garnet growth with increasing quartz 
mode at lower temperatures than the staurolite-in reaction 
and decreasing quartz mode at higher temperatures than 
the reaction. Thus, garnet growing at temperatures below 
the staurolite isograd is likely to occlude quartz grains 
(although in the immediate presence of garnet, quartz may 
be partially dissolved to supply some SiO2 to garnet). In 
contrast, because quartz is a reactant at temperatures higher 
than the staurolite isograd, it is more likely to be fully con-
sumed as the growing garnet surface approaches.
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Fig. 7  Isochemical phase diagrams for whole-rock bulk composi-
tions of all samples. Diagrams were constructed within the chemical 
system MnNCKFMASHT, and all labeled assemblages include mus-
covite, quartz, plagioclase, ilmenite, and H2O. Mineral abbreviations 
after Whitney and Evans (2010): Bt biotite, Chl chlorite, Grt garnet, 
St staurolite, Zo zoisite. Measured garnet core isopleths are shown for 
Mg# and mole fraction of almandine (Xalm), pyrope (Xprp), grossu-

lar (Xgrs), and spessartine (Xsps) with shading that spans two contour 
intervals of 0.01 mol fraction. Assuming the same span of contour 
intervals for all four isopleths provides a basis for determining the 
relative sensitivity of each. Narrower isopleth fields suggest tighter 
constraints. For clarity, isopleths are not plotted at higher temperature 
than the staurolite isograd
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A similar effect on quartz inclusions is expected for a 
more complex path (Fig. 11, “N Path”). A garnet grow-
ing along P–T path Segments I and IIa should be accom-
panied by the net production of quartz in the rock and 
the incorporation of quartz inclusions. Along Segments 
IIb and III, however, the garnet is either not growing 
(IIb) or follows decreasing quartz mode (III) and should 
result in inclusion-free garnet growth. If this model is 
correct, the dramatic change in quartz inclusion density 
marks the crossing of the staurolite-in reaction and sug-
gests that the rim segments of the garnets grew inside the 
staurolite field (e.g., Farber et al. 2014). Furthermore, the 
garnets are likely to have experienced a small amount of 
resorption along Segment IIb during staurolite growth 
(e.g., Florence and Spear 1993; Pyle and Spear 1999; 
Farber et al. 2014; Cruz-Uribe et al. 2015). Three of the 
four garnets analyzed in this study display the change in 
quartz inclusion density from core to rim. The one that 
does not, sample EKAL29A, does not have an inclusion-
poor rim, possibly suggesting that the staurolite isograd 
is located at slighter higher temperature for the bulk com-
position of this sample and that the entire garnet grew in 
the chlorite-bearing field.

Yttrium zoning

In our samples, the Y zoning in garnet provides evidence 
of whether thin-section cuts passed through the center 
of the crystals and whether apparent resorption took 
place in some crystals. Three of the samples (EKAL16A, 
EKAL29A, and TH203B) show, from core to rim, a plateau 
in Y concentration, a decrease in Y concentration, and a rise 
in Y concentration in the form of an annulus. The fourth 
sample (ALMO13A) shows only an Y annulus.

Garnet crystals in pelitic rocks commonly have high-
Y concentrations in their cores and lower concentrations 
in their rims, sometimes seen as an Y peak at the core 
and a smooth decrease in Y toward the rim (e.g., Hick-
mott et al. 1987; Pyle and Spear 1999; Skora et al. 2006; 
Moore et al. 2013). In some cases, garnets may show a 
central plateau or an Y annulus (Pyle and Spear 1999). 
These features can be used to infer the location of the 
thin-section cut through the crystal. Sample EKAL16A 
(and possibly TH203B) appears to show the full extent 
of the P–T path due to sectioning near the center of the 
crystal, indicated by the central Y peak. The modeled P–T 
paths of TH203B and EKAL16A show a longer history of 

Fig. 8  Modeled garnet chemi-
cal zoning compared with meas-
ured zoning profiles. One side 
of each garnet profile was simu-
lated from core to rim. Zoning 
from samples ALMO13A and 
EKAL16A have been reflected 
across a vertical axis to orient 
all profiles with their rims to the 
right side of figure. Dashed ver-
tical lines mark the boundaries 
between segments of the P–T 
path (e.g., Fig. 9)
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P–T changes relative to the other two samples, supporting 
the notion that these garnets were sectioned close to their 
cores. Sample ALMO13A lacks high-Y concentrations in 
the center, suggesting that the crystal was not cut through 
the center, and the P–T path generated from this crystal 
lacks the early portion of the P–T path, confirming that 
the difference in Y zoning is a result of sectioning rather 
than differences in garnet growth conditions or significant 
differences in rock bulk composition.

A common mechanism used to explain Y annuli in gar-
net in a pelitic rock is the breakdown of Y-bearing acces-
sory phases like xenotime during garnet growth (Pyle and 
Spear 1999; Spear and Pyle 2010). Figure 12 shows a sche-
matic xenotime zero-mode line after Spear and Pyle (2010) 
with an overlay of the hypothesized “N Path” from Fig. 11. 
Our bulk compositions and mineral suites (including mona-
zite) are typical of pelitic rocks and likely fall within the 
range described by Spear and Pyle (2010). Thus, the sche-
matic xenotime zero-mode line may explain how observed 
Y zoning patterns developed along the P–T path determined 
in this study. Keeping in mind that garnet only grows along 
Segments I and III, if garnet growth first occurred during 

the progressive dissolution of xenotime early along Seg-
ment I, the Y concentration would have been buffered and 
the Y zoning profile would develop a plateau like in sample 
TH203B. After xenotime was fully consumed (along Seg-
ment I), the garnet would record a low-Y concentration in 
its outer core. If the rock returned to the xenotime stability 
field (Segment IIb), xenotime could become stable again. 
A rise in pressure at the start of Segment III would con-
sume the xenotime again, producing an Y annulus in gar-
net. Because each of our samples exhibits unique Y annulus 
locations relative to the inclusion boundary, the locations 
of the stability fields associated with each rock were prob-
ably slightly different, and each rock crossed into and out 
of the xenotime field at different points along the P–T path. 
Sample EKAL29A is somewhat unique among our samples 
but could have crossed into the staurolite field briefly, and 
then, depending on the orientations of the mineral stability 
curves and the P–T path (staurolite-in reaction line is shal-
low relative to Segment III), crossed back into the chlorite-
bearing field.

The Y annulus in sample ALMO13A is especially 
revealing because it has an irregular and embayed 

Fig. 9  Isochemical phase 
diagrams for sample TH203B. 
The development of the path 
is illustrated with progressive 
adjustments to the effective bulk 
composition from modeling 
step 1 through the final step 
(77). Diagram construction and 
labeling follows that of Fig. 7. 
The locations of the inclusion 
boundary (i) and the outer edge 
of the Y annulus (Y) are shown. 
Portions of the P–T path that are 
consistent with the hypothesized 
path segments in the text are 
labeled (I–III)
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appearance (Fig. 4). We interpret this feature as the 
boundary between early growth of the garnet core and 
later growth of the garnet rim, with the irregular bound-
ary highlighting the partially consumed rim of the ear-
lier garnet crystal (e.g., Zeh and Millar 2001). Sample 
EKAL16A also shows an irregular Y annulus, suggesting 
that this crystal may have experienced a small amount of 

resorption as well. Sample TH203B has an annulus with 
a gradual rise in concentration toward the rim and a rela-
tively sharp outer boundary; yet, three visible embay-
ments are highlighted by the annulus at locations aligned 
with the corners of the crystal. However, given that the 
inclusion boundary is closer to the interior rather than 
the exterior of the annulus in this crystal, we suggest that 

Fig. 10  Isochemical phase dia-
grams for sample ALMO13A, 
EKAL16A, and EKAL29A. 
The development of each path 
is illustrated using modeling 
step 1 and the final step for each 
sample. Diagram construction 
and labeling follow that of 
Figs. 7 and 9
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resorption probably occurred before the annulus formed, 
and therefore, evidence of the resorption event is not vis-
ible in the annulus.

Presence of staurolite

Several of the samples contain small, ragged staurolite 
grains (Fig. 6), suggesting that they passed through the stau-
rolite field. The orientation of the P–T path in the staurolite 
field plays a role in whether or not staurolite grows or dis-
solves. In Fig. 11, along Segment IIb of “N Path,” garnet 
mode decreases and staurolite mode increases. This seg-
ment could be responsible for growth of a small amount of 
staurolite. Further along the path (Segment III), garnet mode 
will increase, while staurolite dissolves, potentially leaving 
the small, ragged grains observed in our thin sections.

Evidence of uncertainty in isochemical phase diagrams

Sources of uncertainties in isochemical phase diagrams 
include bulk composition estimates, thermodynamic data, 
and activity models (Powell and Holland 2008). In addi-
tion, the effects of disequilibrium in the form of thermal 
overstepping should be considered (Pattison and Tinkham 
2009; Carlson 2011; Pattison et al. 2011; Kelly et al. 2013; 
Spear et al. 2014; Carlson et al. 2015). Methods involv-
ing equilibrium modeling and isochemical phase diagram 
interpretations carry uncertainties that derive from the fact 
that crystallization likely began after thermal overstepping, 
i.e., nucleation of product crystals at higher temperatures 
than predicted by the calculated equilibrium reaction (e.g., 
Rubie 1998; Waters and Lovegrove 2002; Zeh and Holness 
2003; Pattison and Tinkham 2009; Ague and Carlson 2013; 
Kelly et al. 2013) as indicated by the rarity of garnet core 
isopleths intersecting along the garnet zero-mode line on 
an isochemical phase diagram (e.g., Stowell and Tinkham 
2003; Zeh et al. 2005; Dragovic et al. 2012; Berg et al. 
2013; Spear et al. 2014). Even in the study by Berg et al. 
(2013), in which most sources of error were minimized 
greatly, garnet core isopleths intersected at higher temper-
atures than the zero-mode line by as much as 30–100 °C. 
Likewise, isopleth intersections for garnet nucleation con-
ditions in our samples occurred at temperatures higher than 
the garnet zero-mode line (Fig. 7). For our best-fit sample 
(TH203B), the difference in the equilibrium temperature 
and the isopleth intersection represents approximately 
50 °C of thermal overstepping. Spear et al. (2014) suggest 
that even isopleth intersections may underestimate garnet 
growth conditions. Nonetheless, we consider that differ-
ences in garnet composition along chemical zoning pro-
files should still provide a reliable basis for determining 
P–T path shapes from thermodynamic calculations (Kohn 
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1993), with overstepping contributing mainly to uncer-
tainty in the absolute location of the paths in P–T space.

Comparison of the modeled Mg# and the measured values 
shows that the modeled values tend to be lower than those 
measured in the natural samples (Fig. 8). Considering the tem-
peratures of crystallization, which are less than about 600 °C, 
and a reasonable duration of crystallization of less than 20 
Myr (Hoisch et al. 2008), the length scales of diffusion of Fe 
and Mg are likely to be small, in the order of 40–50 µm (Carl-
son 2006; Caddick et al. 2010). Thus, the Mg# measured in 
these samples should be well preserved, and the difference 
from the modeled value may indicate that the isopleth inter-
sections located by the automated routine represent underesti-
mated temperatures. We propose that this may be due to inac-
curacies in bulk composition estimates, garnet activity models, 
thermodynamic data, or effects of disequilibrium. Depend-
ing on the magnitude of the Mg# misfit, which is smallest in 
TH203B and largest in EKAL16A, shifting the paths to higher 
temperatures by 5–20 °C causes the paths to align with min-
eral assemblage fields and reactions in such a way as to permit 
a simple interpretation that satisfies the textural, mineralogical, 
and chemical constraints described previously (and further dis-
cussed in the next section). The shifts in temperature are well 
within uncertainties predicted for thermobarometry (Kohn 
and Spear 1991; Todd 1998; Powell and Holland 2008), and 
because the shape of each path is based on differential gar-
net compositions, the shape should be robust compared to its 
absolute placement in P–T space (Kohn 1993).

P–T path correlations

The relatively close fit of the model to the observed zon-
ing for TH203B justifies the use of this model as a start-
ing point for construction of a composite path. This model 
appears to encompass the changes in P–T conditions expe-
rienced by all of the garnet crystals we studied. The loss 
of quartz inclusions and the change in major-element zon-
ing from core to rim suggest that the path crossed the St-in 
reaction. To align this point in the path with the St-in reac-
tion requires a shift to higher temperatures of <20 °C and 
an increase in pressure of <500 bars. Figure 13 shows the 
paths after they have been shifted.

Three of the paths (TH203B, ALMO13A, EKAL16A) 
were shifted so that they account for the observed hiatus 
in the correct locations in the garnet profiles. Growth of the 

inclusion-rich cores (Segment I) took place during increasing 
pressure. The path then decreased in pressure, approximately 
following a garnet mode contour (hiatus in growth along 
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▸



 Contrib Mineral Petrol  (2015) 170:20 

1 3

 20  Page 16 of 22

Segment II), then crossed the staurolite-in reaction, causing 
resorption to take place (Segment IIb). Growth of the garnet 
resumed in the staurolite field with increasing pressure to form 
the rim (Segment III). Three of the samples fit this interpre-
tation well. However, sample EKAL29A lacks some charac-
teristics that were found in other samples: no loss of quartz 
inclusions in the rim, no decrease in pressure along the model 
P–T path, and no abrupt changes in major-element zoning. 
A plausible explanation is that EKAL29A experienced P–T 
changes that followed the garnet mode contour (hiatus) during 
Segment IIa and did not cross into the staurolite field (no con-
sumption) along Segment IIb. If this was the case, evidence of 
the path along Segment II would not be recorded. When rim 
growth resumed, the garnet was on the low-temperature side 
of the staurolite-in reaction and grew with quartz as a prod-
uct of the reaction making abundant inclusions in the rim. A 
difference in the bulk composition of sample EKAL29A com-
pared to the other samples could account for rim growth on 
the low-temperature side of the staurolite isograd.

Taking all of the shifted versions of the paths together, 
an overall composite path was constructed (Fig. 14a). 
While constructing the overall path, it became appar-
ent that the misfit of Xalm and Xprp in the model of sample 
EKAL16A produced a path that spanned too narrow of a 
temperature range to maintain consistency with the other 

samples. To simulate the effect of a better fit to Xalm and 
Xprp, we shifted the core portion of the path (low-T side of 
St-in reaction) about 10 degrees lower in temperature and 
kept the rim portion at higher temperature, producing an 
effectively larger temperature range, which is the case in 
the well-fit samples (TH203B and EKAL29A). The path 
is shown in the inset of Fig. 13 (EKAL16A Alternate) and 
used in the composite path construction in Fig. 14.

Putting all of the characteristics together, the path shown 
in Fig. 14b describes the preferred garnet growth history: 
(I) growth of the garnet core occurred at lower temperature 
than the staurolite-in reaction where quartz is a product of 
the reaction; (IIa) garnet growth paused (hiatus) as pressure 
decreased and the path followed the garnet mode contour; 
(IIb) partial consumption occurred during the decrease 
in pressure by one or more possible reactions: a reaction 
involving the loss of chlorite at the staurolite isograd, or 
a reaction that consumes garnet and grows staurolite with 
decreasing pressure in the staurolite field; (III) growth of 
the garnet rim occurred inside the staurolite field where 
quartz is a reactant (growth of the rim of sample EKAL29A 
occurred inside the chlorite field where quartz remained a 
product of the reaction). Note that the garnet zero-mode 
line migrates to lower temperatures and pressures when 
garnet is partially consumed. Therefore, the precise location 
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at which the rim began regrowth is unknown but probably 
close to the conditions determined from modeling.

Lu–Hf garnet geochronology

Two samples of the schist of Willow Creek were analyzed 
for garnet geochronology by the Lu–Hf method (Anczkie-
wicz et al. 2007; Cheng et al. 2008): samples MW07AL-1 
and MW02AL-1a. Sample MW07AL-1 is of a similar bulk 
composition to the pelitic schist analyzed in this study, 
whereas sample MW02AL-1a is from a more Al-rich 
bulk composition. The two samples differ primarily in the 
amount of staurolite present; MW07AL-1 contains less 
than 1 % staurolite as very small anhedral grains, whereas 
MW02AL-1a contains abundant staurolite (~10 %) as 
large idioblastic grains. The garnet crystals in both sam-
ples have core-rim structures similar to those analyzed in 
this study for P–T paths. Consequently, we interpret the 
garnets in both dated samples to have grown concurrently 
and as a result of the same reaction history as the garnets 

for which P–T paths were determined in this study. The 
analyses were performed at Washington State University 
using the methods described in Cheng et al. (2008). Ana-
lytical results are shown in Table 3, and isochron plots are 
shown in Fig. 15.

Four 200–250 mg fractions of visually clear garnet 
and two 250 mg of bulk rock were prepared from sam-
ple MW07AL-1 for isotopic analysis. For the whole-rock 
analyses, one was prepared by partial digestion by hotplate 
dissolution in a Savillex beaker and one prepared by com-
plete digestion in a sample bomb. All data together yield 
an isochron age of 132.1 ± 2.4 Ma (2σ), with an MSWD 
of 5.8 (Fig. 15), which is our preferred age for this sample. 
Exclusion of either the Savillex or bomb whole rock in the 
isochron calculation does not change the resulting isoch-
ron age within error (132.4 ± 3.5 and 131.9 ± 3.9 Ma, 
respectively). We determined two-point garnet–whole-
rock ages for each garnet fraction using the 176Hf/177Hf 
and 176Lu/177Hf ratios for the garnet fraction and for the 
Savillex whole rock to assess potential intrasample garnet 
age variability. Garnet–whole-rock isochron ages for the 

Table 3  Lu–Hf isotope data for the schist of Willow Creek, northern Albion Mountains

a Lu and Hf concentrations determined by isotope dilution with uncertainties estimated to be better than 0.5 %
b Uncertainties for 176Lu/177Hf for the purpose of regressions and age calculations are estimated to be 1.0 % based on duplicate analysis of rock 
standards (Vervoort et al. 2004; Cheng et al. 2008)
c 176Hf/177Hf ratios were corrected for instrumental mass bias using 179Hf/177Hf = 0.7935 and normalized relative to 176Hf/177Hf = 0.282160 
for JMC-475 (Vervoort and Blichert-Toft 1999). Epsilon Hf values calculated with Lu–Hf CHUR values of Bouvier et al. (2008) and the 176Lu 
decay constant value of Scherer et al. (2001) and Söderlund et al. (2004)
d Reported errors on 176Hf/177Hf represent within-run uncertainty expressed as 2σ, standard error. Estimated total uncertainty on individual 
176Hf/177Hf measurements is 0.01 % or about 1 εHf unit. These are added to the within-run uncertainties in quadrature for the purpose of regres-
sions and age calculations
e Garnet–whole-rock isochron ages reported for each garnet fraction using the 176Hf/177Hf and 176Lu/177Hf ratios for the garnet fraction com-
bined with the 176Hf/177Hf and 176Lu/177Hf ratios from the Savillex whole-rock analysis

Sample Lu (ppm)a Hf (ppm)a 176Lu/177Hfb 176Hf/177Hfc,d Grt–WR ages (Ma)e Error (2σ Ma)

MW07AL-1

G1 3.18 0.113 4.002 0.292206 ± 39 132.6 1.0

G2 3.35 0.238 2.003 0.287180 ± 33 130.3 1.6

G3 3.47 0.364 1.354 0.285644 ± 32 132.7 2.5

G4 2.03 0.154 2.898 0.289342 ± 32 130.0 1.2

WRS 0.551 0.218 0.3581 0.283170 ± 32

WRB 0.927 8.21 0.0160 0.282289 ± 29

MW02AL-1a

G1 6.85 0.126 7.755 0.302936 ± 31 141.8 0.8

G2 5.57 0.083 9.608 0.307156 ± 33 137.9 0.7

G3 6.94 0.112 8.849 0.305162 ± 34 137.7 0.7

G4 7.06 0.178 5.637 0.297205 ± 32 140.7 0.8

G5 7.01 0.153 6.516 0.299163 ± 32 137.8 0.8

WRB1 0.577 6.16 0.0133 0.282168 ± 28

WRB2 0.505 5.54 0.0129 0.282177 ± 28

WRS1 0.356 0.121 0.4193 0.283440 ± 29

WRS2 0.566 0.367 0.2193 0.282959 ± 29
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garnet fractions are 132.6 ± 1.0 (G1), 130.3 ± 1.6 (G2), 
132.7 ± 2.5 (G3), and 130.0 ± 1.2 (G4) (Table 3; Fig. 15), 
identical within analytical error.

For sample MW02AL-1a, we processed seven garnet 
fractions and four whole-rock fractions (two bomb, two 
Savillex). Two of the garnet fractions showed high inter-
ferences and are not further considered in our analysis. All 
data (five garnet fractions and four whole-rock fractions) 
taken together yield an age of 140.7 ± 2.9 Ma with an ini-
tial 176Hf/177Hf of 0.28224 ± 4 but with an elevated MSWD 
(54). The whole-rock bomb analyses plot below the isoch-
ron and have elevated Hf contents (5.5–6.2 ppm), consistent 
with incorporation of unradiogenic Hf from detrital zircons 
(Scherer et al. 2000), and are excluded from our preferred 
isochrons. To test for sensitivity of included or excluded 
garnet aliquots to calculated isochron age, various com-
binations of isochrons with three or more garnet fractions 
and one or more whole-rock fractions yield isochron ages 

varying from 141.4 ± 4.2 to 137.8 ± 0.5 Ma; we use the 
isochron age from all five garnet fractions and two whole-
rock Savillex fractions of 138.7 ± 3.5 (MSWD = 23) as 
our preferred age (Fig. 15). Garnet–whole-rock ages for 
each garnet fraction, using the whole-rock Savillex analy-
sis with the lowest 176Lu/177Hf ratio, are 141.8 ± 0.8 (G1), 
137.9 ± 0.7 (G2), 137.7 ± 0.7 (G3), 140.7 ± 0.8 (G4), and 
137.8 ± 0.8 (G5) (Table 3; Fig. 15).

The interpretation of the significance of an age in rela-
tion to the P–T path depends on where the Lu is hosted in 
the garnets. Because Lu partitioning in garnet is similar 
to that of Y (Hickmott et al. 1987), the distribution of Y is 
a good indication of the Lu distribution. The X-ray maps 
of Y (Fig. 4) show that the principal Y reservoir (and pre-
sumed Lu reservoir) resides in the garnet core for three of 
the four garnets analyzed. However, considering the small 
volume of the core relative to the larger volume of the rim 
(e.g., Kohn 2009), large concentrations of Lu in the core 
are diluted by rim concentrations. Thus, we interpret the 
isochron ages of 132.1 ± 2.4 and 138.7 ± 3.5 Ma to date a 
mixture of Segments I and III of the composite P–T path.

Tectonic significance

The N-shaped P–T path described here provides another 
example of alternations in contraction and extension that 
serve to modulate crustal thickness within the hinterland 
of orogenic belts during plate convergence. Kinematic 
alternations, or tectonic mode switches, have been inter-
preted in the context of cycles of slab rollback followed by 
enhanced plate coupling due to slab shallowing or accre-
tion (e.g., Lister et al. 2001; Collins 2002), or delamination 
cycles (e.g., Wells et al. 2012). In contrast, the relatively 
small magnitude of exhumation (~3 km) associated with 
the Early Cretaceous N-shaped P–T path documented here 
(Segment II) is more consistent with a response to a per-
turbation in orogenic wedge mechanics, such as develop-
ment of supercritical taper by internal wedge thickening or 
underplating, or rheological weakening (Davis et al. 1983; 
Platt 1986; Willett 1992). Alternatively, the decompression 
may record erosional exhumation following shortening-
related topographic and relief development superimposed 
on punctuated shortening. In either case, the N-shaped P–T 
path shows that orogenic processes are not always steady 
state but rather have more complex, punctuated histories.

Our P–T path from the schist of Willow Creek in the 
hanging wall of the BEF is similar to the path derived by 
Harris et al. (2007) from the schist of Mahogany Peaks in 
the footwall (Fig. 16). The footwall path has been recently 
dated using Lu–Hf garnet geochronology; two samples 
of the schist of Mahogany Peaks in the Albion Moun-
tains (Fig. 3) yielded ages of 138.7 ± 0.7 and 132 ± 5 Ma 
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(Cruz-Uribe et al. 2015). The similarities in the P–T paths 
and in the timing of garnet growth between the footwall 
(Harris et al. 2007; Cruz-Uribe et al. 2015) and hanging 
wall (this study) of the BEF suggest that they share the 
same tectonic history during garnet growth. We view three 
structures as potential causes for tectonic burial that are not 
mutually exclusive: (1) Burial is due to crustal thickening 
associated with development of a major fold nappe repre-
sented by the >3.4 km of preserved overturned Cambrian to 
Neoproterozoic rocks of the Mount Harrison sequence. The 
magnitude of crustal thickening associated with this struc-
ture is unknown as the full thickness of the fold nappe is 
uncertain. (2) The low-angle fault separating the Robinson 
Creek sequence from the Mount Harrison sequence may 
represent a thrust responsible for burial (Fig. 2). The Rob-
inson Creek sequence is largely upright, allowing the pos-
sibility that it represents the upper limb of the fold nappe 
that has been displaced along a thrust fault near its axial 
surface; alternatively, it may represent a thrust of large dis-
placement (Miller 1983). (3) A major structure(s) may lie 
to the west, presently covered and obscured by Quaternary 
basin fill, Tertiary volcanic and sedimentary rocks, and 
upper Paleozoic to Triassic rocks.

Our current understanding of the history of motion 
along the BEF, together with the newly dated N-shaped 
P–T path in this study, suggests that the Early Cretaceous 
events occurred prior to thrust juxtaposition along the BEF. 
Motion along the BEF is thought to have occurred during 
two stages separated by a period of extensional exhuma-
tion: an early stage of Late Cretaceous (~85 Ma) motion 
and latest Cretaceous to Early Eocene thrust reactivation. 

The earlier period of BEF motion is recorded in near iso-
thermal, compressional P–T paths from the schist of Ste-
vens Spring in Basin Creek dated at ca. 85 Ma by Lu–Hf 
garnet geochronology (Hoisch et al. 2002; Wells et al. 
2012) (Fig. 2). The second period of motion along the 
BEF is recorded by latest Cretaceous to Early Eocene gar-
net growth in the schist of Stevens Spring at Basin Creek 
(Hoisch et al. 2008; Wells et al. 2012) and early Eocene 
garnet growth in the schist of Upper Narrows at the Upper 
Narrows (Fig. 2) (Lacy et al. 2014; Lacy 2014). Decom-
pression (~3 kbar) and heating between these burial paths 
define an N-shaped P–T path of latest Cretaceous to Early 
Eocene age (Hoisch et al. 2002; Wells et al. 2012). The new 
Early Cretaceous P–T path in this study predates these two 
periods of thrust motion along the BEF, contrary to the pre-
vious P–T path correlation (Harris et al. 2007) made prior 
to geochronologic constraints on garnet growth and the rec-
ognition that the hanging wall shared the same Early Creta-
ceous P–T path as the footwall.

The Sevier orogeny was the first tectonic event to struc-
turally bury the Cordilleran passive margin strata of the 
Raft River–Albion–Grouse Creek Mountains—tectonic 
burial related to earlier Paleozoic and Early Mesozoic oro-
genesis is restricted to areas to the west in central Nevada. 
The 7–15 km of structural burial required to bring the 
schist of Willow Creek from a stratigraphic burial depth of 
10–14 to 21–25 km depths recorded in the peak pressure 
conditions of ~6 kbar must be entirely of Sevier age. Tec-
tonic burial was ongoing in the Early Cretaceous, as indi-
cated by the Valanginian Lu–Hf garnet ages reported here 
and in Cruz-Uribe et al. (2015). Early Cretaceous crustal 
shortening supports a protracted Late Jurassic to Early 
Cenozoic deformation history for the Sevier orogeny in 
which initial shortening propagated to the east through time 
as the wedge lengthened (e.g., Davis et al. 1983), rather 
than a two-stage history (e.g., Smith et al. 1993). This is 
further supported by a Late Jurassic (158 Ma) Lu–Hf age 
obtained from garnets that preserve steep P–T paths indica-
tive of thrust burial in the Funeral Mountains of southeast-
ern California (Hoisch et al. 2014), representing the earli-
est evidence of deep thrust burial associated with Sevier 
orogenesis.

Conclusions

Metamorphic rocks may follow complex P–T paths during 
orogenesis, but some commonly employed methods of P–T 
path construction may not capture sufficient complexity for 
robust tectonic interpretations. Here we have used garnet 
chemical zoning in conjunction with evidence for a garnet 
growth hiatus and changes in phase assemblages and reac-
tions affecting garnet growth to describe Early Cretaceous 
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metamorphism during early Sevier orogenesis that was 
accompanied by alternations in pressure. The Lu–Hf garnet 
ages provide evidence of Early Cretaceous crustal thicken-
ing to suggest that shortening during the Sevier Orogeny 
was continuous rather than two stage, and we interpret the 
N-shaped P–T path as the result of tectonic mode switch-
ing, consistent with other evidence in the Sevier hinterland 
for synorogenic extension. Garnet P–T paths from other oro-
genic belts may also preserve evidence for tectonic mode 
switching. However, methods that ignore or simplify detailed 
changes in chemical zoning may overlook important charac-
teristics that reveal fundamental tectonic processes.
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