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ABSTRACT
High-precision U-Pb zircon and Sm-Nd garnet isotopic ages are used to investigate the
rates of geologic processes over timespans of millions of years and spatial scales ranging from
mountain belts (km) to thin-sections (µm). New techniques are presented to improve the
precision and spatial resolution of the isotopic data used for calculating garnet Sm-Nd ages.
Established analytical methods are used to determine U-Pb ages for complex zircon. These
techniques are used to address: (1) a tectonic problem in the North Cascades crystalline core; and
(2) to evaluate the fundamental process of chemical equilibrium in a garnet-bearing schist from
the central Appalachians.
Previously-published whole-grain detrital zircon ages for the Swakane Gneiss have been
interpreted to reflect post ca. 73 Ma deposition of the protolith sediments and used to propose
rapid loading of the Swakane protolith to ca. 35 km in < 5 m.yr. However, Swakane Gneiss
zircons have polyphase growth zoning and preserve a complex depositional and metamorphic
history. The rapid loading model is tested by correlating new garnet Sm-Nd ages with spot ages
of metamorphic zircon overgrowths to establish the timing of metamorphism. I also construct PT-t paths for the depositional and loading history of the Swakane Gneiss. Garnet-rock Sm-Nd
isochrons of 73.5±1.2, 71.3±2.8, and 65.8±0.7 Ma, document the timing of garnet growth.
Homogeneous metamorphic zircon rims have high U/Th (> 5) and define an array of concordant
U-Pb ages from 75 to 63 Ma. P-T-t paths for six Swakane Gneiss samples compliment these new
ages by documenting a metamorphic history involving: (1) loading of the protolith sediments to
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24-33 km, likely via overthrusting of arc rocks; (2) heating to peak temperatures of 650-710°C;
and (3) decompression and cooling during exhumation. The new P-T-t dataset documents that
regional metamorphism of the Swakane Gneiss protolith occurred during thrust loading and
subsequent heating between 75 and 63 Ma. A new model for pre-75 Ma deposition and 75-63
Ma metamorphism of the Swakane Gneiss is proposed that does not require rapid loading rates.
To evaluate the process of chemical equilibrium in rocks, I test the idea that Mn contents
and high-precision Sm-Nd ages of compositionally-equivalent garnet crystal segments should
correlate from garnet to garnet throughout an equilibrium volume of metamorphic rock from
Townshend Dam, VT. Major element zoning in garnet is concentric, with Mn-rich cores and Mnpoor rims. Garnets are HREE-enriched overall and show little-to-no zoning except for increased
MREE and HREE near the rims. Similar garnet compositions and zoning profiles throughout the
sample suggest that garnet growth occurred at the same P-T-X-M conditions over the sample
volume. Garnet-rock isochrons calculated for 35 compositionally-specific garnet crystal
segments range from 383.3±7.4 Ma to 374.9±1.8 Ma. Sampled Mn contents and Sm-Nd age
uncertainties make it difficult to evaluate the correlation of Mn and age for each
compositionally-equivalent crystal segments throughout the sample volume. However, 7 garnet
cores, 14 mantle zones, and 8 rims, define three distinct multi-point isochrons of 380.5 ± 2.0 Ma,
377.4 ± 1.2 Ma, and 376.6±0.9 Ma, respectively, yielding a garnet growth duration of 3.9±2.2
m.yr. These three composite Mn-age zones make up a Mn vs. age curve that reflects depletion of
Mn in the rock matrix as it is sequestered by growing garnet. Grouped isotopic ages and Mn
contents suggest that major element and isotopic equilibrium were generally maintained
throughout the short duration of garnet growth in the sample. However, a detailed correlation of
Mn and garnet age is precluded by the short duration of garnet growth in this sample.
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CHAPTER 1:
INTRODUCTION and PROJECT OVERVIEW

This dissertation consists of three scientific article-style papers, each designed to be
published separately in peer-reviewed scientific journals. Research presented herein utilizes
garnet major element and isotopic compositions to evaluate: (1) the rates and magnitudes of
crustal loading and associated heating during Cretaceous magmatic arc development in the North
Cascades, Washington, (Chapters 2 and 3), and (2) links between rock and mineral compositions,
garnet growth ages, and pressure-temperature (P-T) evolution, in order to constrain the scale and
nature of equilibrium in pelitic rocks from SE Vermont (Chapter 4). In addition to providing
information on the rates of and processes by which continental magmatic arcs evolve, this work
documents the chemical, spatial, and temporal scales at which regionally-metamorphosed pelitic
rocks chemically evolve. The results of this dissertation provide estimates of the rates of
mountain building processes [N. Cascades] and help to improve our understanding of the
metamorphic crystallization process [SE Vermont]. Below, an introduction to the
geochronological and petrologic techniques used in these studies is given followed by a
discussion of the specific goals for each project.
1.1. Geochronology of Metamorphic Rocks
Isotopic dating of metamorphic minerals and rocks is commonly used to (1) provide
timing constraints on tectonothermal events in the Earth's crust, and/or (2) to investigate the
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durations of and mechanisms by which metamorphic processes occur. Although the principles of
isotopic dating are relatively simple in practice, many factors affect isotope systematics during
tectonothermal events, thereby complicating the absolute age determination of metamorphic
samples. Faure and Mensing (2005) list the following assumptions that must hold true for
isotopic dating of geological materials:
1. The sample being analyzed has not gained or lost any parent or daughter atoms other than
daughter atoms resulting from the radiogenic decay of the parent isotope (i.e. the rock or
mineral being analyzed has remained a closed system since its formation).
2. Isotope decay constants (λ) do not change and are not affected by environmental
conditions to which the sample may have been subjected to.
3. The amount of initial daughter isotope present in the sample is known and used
appropriately based on knowledge of its behavior or knowledge of the chemical
properties of the rock or phase in question.
4. Measured isotope ratios are accurate and representative of the sample being dated.
Of the above, the first assumption is likely to be the least valid for metamorphic rocks, which
have undergone some solid-state diffusional processes and likely interacted with metamorphic
fluids. Faure and Mensing (2005) suggest that closed vs. open system behavior depends on
mineral phase retentivity of parent and daughter isotopes, physical/chemical properties of the
isotopes, metamorphic alteration history, and cooling rates.
The transition from open to closed system behavior for a mineral phase with respect to a
particular isotopic system is largely a function of temperature. A useful way to evaluate potential
loss of parent or daughter atoms is with closure temperatures. Dodson (1973) defined a closure
temperature as the temperature at which isotopic equilibration occurs for a particular mineral
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phase. Thus, the time at which a mineral phase cools to a temperature just below its closure
temperature represents t0, or the time at which the isotopic clock is switched on and the phase
begins to incorporate radiogenically produced daughter atoms. Because individual metamorphic
minerals fractionate elements differently during growth and have different closure temperatures,
different isotopic systems are appropriate for different geologic problems.
Two, widely-applied isotopic techniques for dating metamorphic minerals are Sm-Nd in
garnet and U-Pb in zircon, because these minerals preferentially incorporate the parent elements
during growth, while excluding the daughter elements and have closure temperatures suitable for
high-temperature metamorphic conditions (e.g. Cliff, 1985). Recent advances in the analytical
techniques for these two isotopic systems allow for high-precision isotopic dating of very small
sample volumes (e.g. Harvey and Baxter, 2008; Johnston et al., 2009). However, as documented
throughout this dissertation, every sample used for isotopic dating presents its own unique set of
challenges and care must be taken to find the analytical technique that will produce highprecision isotopic ages that are meaningful for the geologic problem being addressed. The
specific challenges for isotopic dating of samples for each project are discussed in the following
sections.
1.1.1. Garnet Sm-Nd Geochronology
Garnet is a ubiquitous metamorphic mineral in upper-greenschist to granulite- and
eclogite-facies metamorphic terranes and is widely used for metamorphic geochronology
because it nucleates and grows in Al-rich rocks during metamorphism. During prograde
metamorphism, a number of mineral reactions take place that are controlled by evolving P-T
conditions, many of which include garnet (e.g. Essene, 1989). Garnet strongly fractionates
available rare earth elements (REE) during growth by preferentially incorporating the heavy REE
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with respect to the light REE. This fractionation makes garnet extremely useful for Sm-Nd
geochronometry, because most (if not all) Nd atoms present in garnet are radiogenic decay
products of Sm, provided that the garnets are of sufficient age for radiogenic Nd atoms to
accumulate. Furthermore, published diffusion rates of Sm and Nd in garnet are slow enough
below granulite-facies conditions that present-day measured isotopic compositions should reflect
evolved growth compositions (e.g. Ganguly et al., 1998; Cohen et al., 1988). So, if potential
problems such as low Nd concentrations and disequilibrium between REE-rich inclusions and
host garnet can be accounted for, then garnet Sm-Nd ages provide a direct link to metamorphic
histories of rocks and should reflect the time at which rocks were at high P-T conditions. Sm-Nd
isotopic compositions are frequently used to study rates of metamorphic processes, because of
their slow diffusivities in garnet and because the P-T history of garnet can often be deciphered
from the petrology. If garnet shows distinct chemical zoning, ages of different zones (core and
rim) can be used to study its growth kinetics (e.g. Vance and O'Nions, 1990).
Sm is a rare earth element with seven isotopes, three of which are radioactive. Of these,
147

Sm is the only isotope with a decay constant that is useful for studying orogenic timescale

processes (λ = 6.54 x 10-12 yr-1).

147

Sm decays to

143

Nd via α -decay. Provided that the

assumptions for isotopic dating listed above are valid, this system can be used to calculate the
age of isotopic equilibration of a sample. Substituting the necessary isotopic ratios for Sm decay
to Nd into the generic decay equation gives:
 143 Nd 
 147 Sm
 143 Nd 
λt
 144  = (e −1) 144  +  144 
 Ndm
 Nd m  Ndi

where

144

Nd is the stable Nd isotope, the m subscript denotes measured isotopic ratios, the
€
subscript i denotes initial 143Nd/144Nd ratio, λ is the decay constant, and t is time. The above
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equation has the form y = mx + b, whose slope is proportional to the age of the sample. Solving
for t yields:
 143 Nd   143 Nd  
 144  −  144  
1
 Nd  m  Nd  i 
.
t = * ln
  147 Sm 

λ
  144  + 1 
  Nd  m


However, the initial 143Nd/144Nd ratio cannot be measured (because it has evolved since t0) and
€
must be solved for using the isochron method, which is accomplished pairing rock and/or matrix
isotopic compositions with those of minerals with which it is assumed to be in isotopic
equilibrium and graphically solving for the age (Fig. 1.1a). Once the required pairs of isotope
ratios and their associated analytical uncertainties are determined by mass spectrometry, a leastsquares regression (that considers the analytical uncertainties of both variables) can be used to
calculate the age of a sample (e.g. York, 1969). Extrapolation of the isochron to the ordinate
gives the initial 143Nd/144Nd of the sample.
Because tectonic and metamorphic processes occur over timespans of 106 to 107 years,
geochronologic studies of these processes require age uncertainties on the order of ± 1 m.yr.
Smaller age uncertainties may be required to resolve closely-spaced increments of geologic time
while larger uncertainties may be acceptable for constraining longer-time processes. The total
uncertainty of an Sm-Nd isochron age is a function of three factors: (1) analytical uncertainties
of the isotopic analyses; (2) the relative scatter of the isotopic ratios to the isochron; and (3) the
magnitude of the difference in the Sm/Nd ratios of paired rocks and minerals (Fig. 1.1b). The
individual magnitudes of the uncertainties can be reduced by considering sample-specific
characteristics that produce them and refining analytical techniques appropriately. Therefore,
good candidate rocks for Sm-Nd dating contain minerals that have measurable amounts of Sm
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and Nd and high Sm/Nd ratios.
Garnet contains very low concentrations of Nd, typically less than 1 ppm, making it
difficult to measure precisely (e.g. Thöni, 2002; Harvey and Baxter, 2008). Numerous studies
have shown that the precision of low-mass Nd isotopic analyses determined via thermal
ionization mass spectrometry (TIMS) is improved by addition of an oxidizing agent and
analyzing NdO+ instead of the Nd+ metal (DePaolo and Wasserburg, 1976; Thirlwall, 1991).
Converting Nd to NdO+ for mass spectrometry effectively increases the sample ionization
efficiency, thereby strengthening the Nd signal. All Nd isotopic analyses reported in this

Figure 1.1. Idealized Sm-Nd isochrons illustrating the isochron concept and sources of
uncertainty for isochron fitting. (A) Schematic of an Sm-Nd isochron for three cogenetic
samples (whole-rock, mineral 1, and mineral 2) that isotopically equilibrate at t0. Filled
circle represents the initial 143Nd/144Nd ratio. Different initial Sm/Nd ratios for each sample
reflect differing degrees of parent isotope fractionation. Bold arrows illustrate the
radioactive decay of 147Sm to radiogenic 143Nd from t0 to t1. (B) Cartoon showing a fictitious
garnet-rock Sm-Nd isochron and illustrating the three sources of uncertainty for fitting of
Sm-Nd isochrons. Data point error crosses reflect analytical uncertainties of the isotopic
ratios. Note the higher Sm/Nd ratios for the purified (leached) garnets. The position of the
unpurified garnet data point above the isochron and lower Sm/Nd ratios reflect some
isotopic disequilibrium between pure garnet and REE-bearing inclusions. Additional
uncertainty is associated with fitting the isochron to the scatter in the data points. Dashed
portion of isochron represents extrapolation to initial 143Nd/144Nd ratio of the sample.
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dissertation were analyzed as NdO+ by utilizing either an oxygen bleed valve (N. Cascades
samples; DePaolo and Wasserburg, 1976) or by loading in a Ta2O5 phosphoric acid slurry (SE
Vermont samples; Harvey and Baxter, 2008).
Scattering of measured isotopic ratios about an isochron reflects isotopic disequilibrium
between paired analytes. The mean sum of weighted deviations (MSWD) is a statistical
parameter that defines the goodness of fit of data points to a straight line (Faure and Mensing,
2005). The calculated MSWD value for an isochron provides an estimate of the extent of
disequilibrium between paired isotopic analytes, provided that the analytical uncertainties are
small. Scatter of pure garnet Sm and Nd isotopic ratios about an isochron may reflect sampling
across growth zones if the duration of garnet growth in a rock was sufficient to resolve via the
Sm-Nd isochron technique. Thus, it is very important to characterize any textural or chemical
discontinuities within garnets before sampling for Sm and Nd analyses because these may reflect
age zoning and isotopic disequilibrium within individual crystals.
Disequilibrium between pure garnet and inclusions may also lower isochron age
precisions by yielding data point scatter or mixed ages that do not reflect the timing of garnet
growth. Even if isotopic equilibrium is achieved between host garnet and inclusion phases,
inclusions will decrease isochron age precision by lowering the Sm/Nd ratio from that of pure
garnet. Thus, removal of problematic inclusions from garnet before full dissolution for TIMS is
critical for maximizing the garnet Sm/Nd ratio and eliminating potential effects of isotopic (and
age) disequilibrium. Again, each garnet-bearing sample contains a unique set of inclusions and
careful consideration of pre-dissolution procedures is necessary. All garnet separates for isotopic
analysis were crushed and sieved to a particular grain size, magnetically separated from more- or
less-magnetic inclusions, and subjected to a series of partial dissolutions in acids. Although the
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preparation of all garnet separates involved these steps, the partial dissolution procedures were
varied between the North Cascades and the SE Vermont samples because they contain different
inclusions (see the individual methods sections for details).
1.1.2. Zircon U-Pb Geochronology
Perhaps the most commonly applied radiogenic isotope system for geochronology is the
U-Pb system. There are several common metamorphic minerals that can be dated by the U-Pb
method, each with its own unique closure temperature. Zircon (ZrSiO4) is a tetragonal
orthosilicate that typically incorporates a number of trace elements during growth, primarily
those with ionic radii similar to Zr4+ and Si4+ (Hoskin and Schaltegger, 2003). Most importantly
for U-Pb geochronology, U4+ (0.10 nm ionic radius) readily substitutes for Zr4+ (0.084 nm ionic
radius), while Pb2+ (0.129 nm ionic radius) is too large to be compatible in the zircon lattice. The
fractionation of U over Pb in zircon makes it useful for U-Pb geochronology because very little
Pb is present at t0.
The common occurrence of zircon as an accessory phase in igneous, sedimentary, and
metamorphic rocks make it useful for a wide range of geochronologic applications. U-Pb ages of
zircon are useful for metasedimentary terranes with complex depositional and metamorphic
histories, because zircon does not readily isotopically re-equilibrate unless exposed to extremely
high temperatures for long periods of time. Thus, U-Pb ages of individual zircons from
metasedimentary terranes have the potential to fingerprint their source rocks (provenance),
provide upper limits to the timing of deposition (the age of the youngest detrital zircon), and
record polyphase metamorphic events.
U decays to Pb via a multi-step chain decay process; however, most intermediate isotopes
decay rapidly and secular equilibrium is typically achieved. Therefore, for rocks older than ca. 1
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m.yr., U decay to Pb can be treated as a one-step process. The U-Pb isotopic system is unique in
that U has two isotope decay schemes in which
(t1/2 = 707 m.yr.) decays to

207

238

U (t1/2 = 4.47 b.yr.) decays to 206Pb and

235

U

Pb. If the assumptions for dating (listed above) are valid and

secular equilibrium is achieved, U-Pb isotopic ages can be calculated by solving the following
equations for t:
206

Pb*
= e λ238 t −1
238
U

207

and

Pb*
= e λ235 t −1
235
U

where the asterisk designates radiogenic Pb produced by decay of U, λ is the decay constant
€
€
(λ238 = 1.55 x 10-10yr-1; λ235 = 9.85 x 10-10yr-1) and t is time. Plotting isotopically undisturbed
analyses of

207

Pb/235U vs.

206

Pb/238U defines a locus of ages for both

238

U and

235

U decay

(concordia curve), which itself is a test to the extent of isotopic disequilibrium (Fig. 1.2a;
Wetherill, 1956). Isotopic analyses that produce equivalent

206

Pb/238U and

207

Pb/235U ages are

referred to as "concordant" whereas those analyses for which the ages are unequal are
"discordant". Even discordant analyses can be useful for geochronology because they allow for
critical evaluation of Pb-loss events. Because of the relative incompatibility of Pb in zircon
compared to U, Pb will preferentially be expelled from zircon during post-crystallization thermal
events. In general, linear arrays of discordant data points plotting below the concordia curve
(discordia) can be interpreted to have petrological significance in that the upper intercept
represents the source age (crystallization), while the lower intercept records a subsequent Pb loss
event. An application of this logic is shown in Figure 1.2, which illustrates U-Pb evolution of
zircons that first crystallized ca. 1400 Ma, some of which experienced partial Pb loss ca. 75 Ma
(i.e. 1325 m.yr. after initial crystallization). Grains unaffected by Pb loss continue to evolve
along the concordia to 1400 Ma. Because Pb is lost from zircon without isotopic fractionation,
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Pb loss occurs linearly back toward the origin (t0). If all Pb is lost, then the isotopic clock is reset
to t0 and completely reset zircon will yield ages of ca. 75 Ma. However, most zircon will only
experience partial Pb loss and analyses of such crystals will produce discordant ages. After Pb
loss, partially reset (discordant) ages will evolve parallel to, but below the concordia. Analyses
of cogenetic zircons that experienced simultaneous Pb loss will define discordia curves with
upper and lower intercepts that record age of crystallization and Pb loss, respectively (Fig. 1.2).

Figure 1.2. Example U-Pb concordia plots. (A) U-Pb concordia diagram, after Wetherill
(1956) showing the locus for which dates calculated for measured 206Pb/238U are equivalent
to those calculated for 207Pb/235U. Diagram depicts hypothetical scenario in which ca. 1400
Ma zircon are partially reset by Pb loss at ca. 75 Ma. White error ellipses depict
hypothetical analyses of concordant and discordant zircon. Grey error ellipses show the
evolution of U-Pb ages during Pb loss. Inset shows an enlarged portion of the concordia
diagram from ca. 1000 Ma to ca. 1400 Ma to illustrate a Pb loss event at ca. 75 Ma (or 1325
Ma after initial zircon growth). Note that Pb loss occurs linearly back toward the origin,
while subsequent U decay to Pb follows the trend of the concordia. (B) Example concordia
plot illustrating how discordant U-Pb ages can be used to interpret multiple geologic events.
In the example used here, complex zircons from a sample of Swakane Gneiss (Chapters 2
and 3) preserve a polyphase growth history. Inset shows a cathodeluminescence (CL) image
of a zircon that contains textural evidence of a polyphase growth history. Note the distinct
differences in the CL response between the zircon core and rim and that some of the
ablation pits (spot ages) overlap adjacent textural domains.
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U-Pb dating of zircon is typically accomplished by one of two mass spectrometry
techniques: (1) in-situ, beam techniques (SIMS, LA-ICPMS), or (2) whole-grain digestion
techniques (TIMS). Both methods have advantages and disadvantages. In general, beam
techniques have higher spatial resolution and faster sample throughput, while whole-grain
digestion methods yield more precise ages. Although there are procedures to mitigate the
disadvantages of both techniques such as air abrasion and partial acid digestion, the choice of
method should always depend on one's samples and the problem being addressed. For example,
if one wishes to use zircon U-Pb ages to resolve pulses of magma that intrude on timescales of
105 years, the TIMS technique would be more appropriate because it would produce the
precision needed to resolve these timescales. However, if the zircons being studied have a
polyphase growth history, such as crystallization followed by metamorphism, then the spatial
resolution of a beam method would be needed to resolve these age zones within individual
crystals. An example of such a zircon is shown in the inset of Figure 1.2b.
Single zircon crystals from metamorphic rocks often retain isotopic evidence for multiple
magmatic and/or metamorphic events (e.g. Cherniak and Watson, 2003; Hoskin and Schaltegger,
2003). Metamorphic zircon growth may occur over a range of sub- to supersolidus conditions as
the result of several open or closed system processes, such as: (1) metamorphic net transfer
reactions involving the breakdown of a Zr-bearing phase (Fraser et al., 1997); (2) solid-state or
dissolution-recrystallization of protolith zircon (Pidgeon, 1992; Hoskin and Black, 2000); (3)
precipitation from a metamorphic fluid (Rubatto and Hermann, 2003); (4) crystallization from a
melt during anatexis (Roberts and Finger, 1997). Interpretation of zircon U-Pb ages commonly
benefits from the use of cathodoluminescence (CL) and/or back-scattered electron (BSE)
imaging for identifying textural and chemical domains within single zircon crystals that
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correspond to different tectonothermal events (Rubatto and Gebauer, 2000; Corfu et al., 2003).
In addition to the use of imaging techniques, attempts to correlate zircon growth with
petrogenetic conditions have involved: (1) the use of mineral inclusions in zircon (Gebauer et al.,
1997); (2) the identification of Zr-liberating metamorphic reactions (Fraser et al., 1997), and (3)
the use of zircon trace element contents (Rubatto, 2002). Although these methods are particularly
useful in some cases, inclusions in zircon are rare (Rubatto, 2002); it may not be possible to
identify Zr-releasing reactions if prograde metamorphic reactions have progressed to completion;
and zircon trace element compositions are susceptible to inherited components during
recrystallization of protolith zircon (Hoskin and Black, 2000; Hoskin and Ireland, 2000). Thus,
the interpretation of U-Pb ages from zircons that retain a polyphase growth history requires
careful consideration of textural and chemical domains within individual zircon crystals.
However, establishing that a zircon domain grew during an igneous or metamorphic event may
be insufficient for linking zircon age to P-T conditions if the metamorphic zircon domain grew
over an interval of several million years, or if more than one metamorphic age domain is present.
Chapter 2 presents the evaluation complexly-age zoned zircons in the context of garnet Sm-Nd
ages and LA-ICPMS spot age mixing of detrital and metamorphic zircon.
1.2. Pressure-Temperature-Time Histories of Rocks
Metamorphic minerals nucleate and grow in response to changes in temperature,
pressure, and chemical potential over time. Integration of metamorphic geochronology
(discussed above) with petrologic techniques allows for construction of Pressure-Temperaturetime (P-T-t) paths. Because metamorphic P-T-t paths of rocks are functions of the loading
mechanisms and heat sources that affected the rocks, P-T-t paths are useful for evaluating
tectonic processes (e.g. thrust loading vs. magma loading). In fact, testing tectonic and/or
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thermal-mechanical models of orogenesis
is often the motivation behind research
designed to extract P-T-t histories of rocks.
Several techniques exist for
constraining metamorphic P-T-t paths,
most of which use two or more isotopic
ages that are linked to different points in PT space (Fig. 1.3a). Age constraints may be
provided by comparison of: (1) multiple
ages on a single crystal (garnet cores and
rims); (2) ages of multiple minerals with
different closure temperatures (cooling
curves), or (3) two or more interpreted ages
(i.e. depositional, metamorphic, cooling,
etc). Finite P-T path segments can usually
be inferred from reaction textures, mineral
inclusions, chemically zoned minerals,
thermobarometry, and/or phase diagrams.
A hypothetical example is illustrated in
Figure 1.3a, in which dated garnet cores
contain sillimanite inclusions while
younger garnet rims contain kyanite
inclusions. The P-T-t path can therefore be

Figure 1.3. P-T-t paths. (A) Hypothetical P-T-t
path for a garnet-bearing metamorphic rock.
Filled circles represent P-T points determined
for the garnet core and rim. (B) Example
pseudosection using predicted isopleth P-T
estimates with thermobarometry and mineral
textures to produce P-T-t path.
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deduced using the garnet ages and the Al2SiO5 phase diagram.
Integrating high-precision garnet Sm-Nd ages with P-T phase diagram sections
(pseudosections) is a powerful technique for constructing P-T-t histories (e.g. Stowell and
Tinkham, 2003; Vance et al., 2003). Isochemical P-T phase diagram sections, which are
constructed for specific bulk-rock compositions, predict changes in mineral stabilities, modes,
and compositions, with changing P and T. Thus, they do not require assumptions about prograde
metamorphic reactions and equilibrium compositions of mineral assemblages. Pseudosections
are especially useful for rocks containing chemically-zoned porphyroblasts, because the modeled
intersection of measured chemical isopleths provide P-T conditions for initial porphyroblast
growth (Fig. 1.3b). Furthermore, stability fields for mineral inclusions that are not present in the
matrix and disequilibrium reaction textures between minerals may also provide constraints on
pseudosections. If the P-T conditions for initial porphyroblast growth can be deduced from the
chemical zoning and subsequent P-T conditions can be inferred from thermobarometry or
metamorphic textures, a finite P-T path for the rock is produced. An example P-T-t path
constructed using this technique is shown in Fig. 1.3b.
In Chapter 3, these techniques are used to support my interpretation of the metamorphic
P-T history of the Swakane Gneiss. By integrating the P-T histories of these rocks with their
depositional and metamorphic age constraints (Chapter 2), constructed P-T-t paths for the
Swakane Gneiss provide insight into the mechanisms by which these rocks were recycled into
the continental crust. As with the geochronology, each rock contains its own unique mineral
assemblage and textures and careful consideration of these is needed to its extract P-T-t history.
Detailed descriptions of samples and methods used for P-T-t work in this dissertation are given
in Chapter 3.
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1.3. Project Overview - North Cascades
1.3.1. Introduction
The rates of orogenic processes (i.e. burial rates, erosion/exhumation rates, uplift rates,
heating rates, etc.) are fundamental for understanding the development of mountain belts. These
rates are inherently linked in an orogenic system as the lithosphere dynamically responds to
loading and unloading. Rates of recent vertical motion in mountain belts can be derived from
geomorphological data, high-precision GPS data, and/or satellite data. These techniques only
provide data for processes occurring over <102 to 105 years. To understand the rates of processes
occurring on longer, orogenic timescales (106 – 107 years), we need geochronologic studies of
ancient orogenic belts. Large-scale crustal thickening (>60 km) and vertical motions of 20 km to
>30 km have been suggested for several continental magmatic arcs (e.g. Andes-Allmendinger et
al., 1997; Cascades-Matzel et al., 2004; Fiordland, NZ-Brown, 1996; Sierra Nevada-Grove et al.,
2003). However, the magnitudes and durations of these displacements are usually based on
inconclusive geochronologic data and the mechanisms required to produce such vertical motions
are debated. One such model for the rapid, ca. 70 Ma, burial of the Pelona-Orocopia-Rand (POR)
schists in California (a proposed analog of the Swakane Gneiss) calls for overthrusting of a
forearc or backarc basin or the underthrusting of trench sediments or an accretionary complex
(Grove et al., 2003; Haxel et al., 2002; Fig. 1.4). Matzel et al. (2004) interpreted coeval
depositional histories in similar tectonic settings for the POR and the Swakane Gneiss in the
North Cascades, based on their interpretation of ca. 73 Ma detrital zircons from the Swakane
Gneiss. If correct, this implies rapid loading along >1000 km of the western Cordilleran margin
during the Late Cretaceous. The analogy between the Swakane and the POR, however, rests
solely on their interpretation of ca. 73 Ma Swakane Gneiss zircon ages as detrital. Furthermore,
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Figure 1.4. Proposed models for coeval rapid loading of the POR schists and Swakane Gneiss
protolith involving (A) overthrusting of forearc sediments; (B) overthrusting of a back-arc
basin; or (C) subduction of accretionary prism sediments. Redrawn from Haxel et al. (2002)
and Matzel et al. (2004).
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this scenario requires separate loading and thermal histories for the Swakane terrane and adjacent
tectonostratigraphic terranes in the North Cascades because the Nason terrane to the west
underwent high-grade metamorphism 86-90 Ma. An alternative possibility is that ca. 73 Ma
zircon in the Swakane Gneiss are not detrital, but grew during metamorphism. In this case, rapid
loading is not required and the Swakane may share a similar depositional and loading history and
that growth of zircon occurred during or after high pressure metamorphism.
1.3.2. Tectonic Setting of the Swakane Gneiss
The North Cascades mountains expose part of a Cretaceous-Paleogene magmatic arc and
orogenic belt that developed along the western North American margin. The Swakane Gneiss is
the lowermost exposed unit in the Cascades core and is overlain by (from structurally lowest to
highest) the Napeequa complex, the Nason terrane, and the Ingalls Ophiolite Complex (Fig. 1.5).
It is a highly-deformed quartz-feldspar-biotite gneiss, with subordinate garnet amphibolite,
metapelite, calc-silicate, and ultramafics. Although the Swakane terrane contains no plutonic
bodies of appreciable size, it is locally intruded by thin (<10 m) leucogranite sheets and
pegmatites that are locally derived (Boysun and Paterson, 2002).
1.3.3. Metamorphism of the Swakane Gneiss: A Tectonic Problem
The age and origin of the Swakane Gneiss are controversial. Swakane Gneiss zircon yield
a range of ages from 1610 Ma to 73 Ma leading to a debate over a silicic-volcanic or a
sedimentary protolith for the Swakane Gneiss (Mattinson, 1972; Cater, 1982; Miller et al., 2000;
Matzel et al., 2002; 2004). Recent TIMS U-Pb zircon ages suggest that Swakane lithologies were
deposited as sediment possibly as late as 73 Ma (Matzel et al., 2004). Peak metamorphic
conditions of 640-750°C; 9-12 kbar (Valley et al., 2003) occurred ≤5 m.yr. after deposition,
because post metamorphic dikes and pegmatites have ages of ca. 68 Ma (Matzel et al., 2004).
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Figure 1.5. Simplified geologic map of the North Cascades Crystalline core in Washington
(after Tabor et al., 1989), showing the location of the Swakane Gneiss relative to other
terranes of the Cascades. Pluton ages follow the summary given in Miller et al. (2003).
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These constraints require burial to ~35 km and heating to partial melt conditions in <5 m.yr. after
deposition, suggesting loading rates of ca. 7 mm/yr, most likely due to overthrusting of
magmatic arc sequences. Although large fault systems could accommodate thrust loading rates
of this magnitude, heating to peak temperatures in <5 m.yr. is unlikely. Results of a 1-D heat
conduction models for instantaneous overthrusting of a 35 km-thick thrust sheet requires ≥11
m.yr. for the lower plate rocks to reach temperatures of 700-750°C (Fig. 1.6). Model results
indicate an additional heat source, such as intruding magma, would be required to achieve peak
temperatures of 640-750°C and partial melt conditions at a depth of 35 km in only 5 m.yr. The
absence of any significant plutonic bodies in the Swakane seems to negate this possibility.

Figure 1.6. Results of a 1-D numerical heat flow model for instantaneous
emplacement of a 35 km-thick thrust sheet. Initial crustal thickness (35 km) and final
crustal thickness (70 km) were chosen to simulate loading of the Swakane Gneiss
protolith to 12 kbar. Model results are a Crank-Nicolson finite difference solution with
boundary conditions of: near surface heat production = 2.1x10-6 W/m3; surface heat
flow = 0.07 W/m2; Mantle heat flux = 0.012 W/m2; density = 2750kg/m3; thermal
conductivity = 2.51W/m*K; thermal diffusivity = 1x10-6 m2/sec. (A) Relaxation of a
thermal perturbation caused by crustal thickening. (B) Temperature vs. time after
thrusting for selected crustal depths in the lower plate. Note that >10 m.yr. is required
to achieve peak metamorphic temperatures of 700-750°C.
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A robust age for high-grade metamorphism for the Swakane Gneiss has not previously
been documented and cited ages are loosely based on crystallization ages of intrusive sheets. An
alternative interpretation of the 73 Ma zircon ages is that peak metamorphism occurred before 73
Ma and that the 73 Ma zircon is either metamorphic in origin or that it is igneous zircon from
leucocratic sheets that have been sheared and incorporated into the surrounding gneiss. In
Chapter 2, the rapid loading model is tested by determining the ages of deposition and highgrade metamorphism of the Swakane Gneiss. To do this, discreet age zones within individual
zircon crystals (determined via LA-ICPMS) are correlated to Sm-Nd garnet ages that provide
robust ages for metamorphism. Distinguishing metamorphic and detrital zircon ages this way is
critical for constraining the duration of time between deposition and metamorphism, thereby
permitting a re-evaluation of the loading rate. Chapter 2 concludes by proposing a new
depositional setting and loading model for metamorphism of the Swakane Gneiss.
To compliment the geochronology in Chapter 2, prograde P-T-t paths for six Swakane
Gneiss metapelite samples are presented in Chapter 3. Previous metamorphic studies of the
Swakane Gneiss only documented the peak and/or retrograde portions of the P-T history (Valley
et al., 2004; Paterson et al., 2004). Metamorphic reaction textures, inclusion textures, garnet
zoning, conventional thermobarometry, and pseudosections, were used to resolve the prograde
metamorphic P-T history of the Swakane Gneiss, as described above. The patterns and
magnitudes of the P-T changes during garnet growth allow for evaluation of thrust vs. magma
loading models for this part of the Cascades core, which is another debated topic (e.g. Brown and
Walker, 1993; Whitney et al., 1999). Finally, contrasting the Swakane Gneiss P-T-t paths with
those published for adjacent terranes helps to elucidate the relationship of the Swakane terrane to
the remainder of the North Cascades Crystalline Core.
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1.4. Project Overview - SE Vermont
1.4.1. Introduction
Metamorphic rocks are generally considered as equilibrium chemical systems in which
mineral modes and compositions evolve through changes in Pressure-Temperature conditions
over time. Although this equilibrium view of metamorphism is widely-used for interpreting P-T
histories of rocks, it is chemical disequilibrium that drives metamorphic reactions and produces
mineral compositional zoning, and metamorphic textures. Therefore, to fully understand the
metamorphic process, we must consider the specific metamorphic reactions, and the spatial,
temporal, and compositional scales over which rocks achieve equilibrium. Research described in
Chapter 4 addresses the relationships between equilibration of major and trace elements during
garnet growth in a 1.21 x 104 cm3 volume of metapelite from Townshend Dam, VT.
During chemical fractionation, elements are preferentially incorporated into a growing
crystal, thereby changing the effective bulk composition of the rock matrix outside the growing
crystal. Porphyroblasts, such as garnet, may incorporate certain elements, such as Mn, which
becomes progressively depleted in the matrix as crystals nucleate and grow. Although the inner
part of zoned porphyroblasts are out of equilibrium with the matrix, growing porphyroblast rims
may continually maintain chemical equilibrium with the rock matrix during changing P-T-X
conditions. Thus, chemical zoning in garnet provides a record of these changes during garnet
growth and progressive metamorphism.
Chapter 4 evaluates Mn growth zoning in garnet as a proxy for age and for determining
the kinetics of garnet crystallization and chemical equilibration between garnet and the rock
matrix. The hypothesis is that garnet Mn concentrations should correlate with Sm-Nd ages within
individual garnets. Positive correlation would allow the Mn in garnet to be used as a readily
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obtained proxy for age. Electron microprobe data can then be used to calculate a large number of
garnet ages, useful for interpreting the rates of tectono-metamorphic processes and evaluating
porphyroblast nucleation and growth mechanisms. Garnets from Townshend Dam, VT were
selected for this study because pelitic schists from there are well exposed, only show evidence
for one metamorphic event, have Mn-rich bulk-rock compositions, and contain large synkinematic garnet crystals. Christensen et al. (1989) calculated an interval of ca. 10 m.yr. for
garnet growth in these rocks, making incremental growth durations resolvable via Sm-Nd dating.
Results from this study augment and test these rates by providing additional crystal growth rates
calculated from Sm-Nd isotope ratios for compositionally-specific garnet segments.
1.4.2. Geologic Setting of Townshend Dam, VT
During the Taconic orogeny (470-455 Ma), a passive margin sequence was thrust onto
the eastern Laurentian margin during collision of Laurentia with an island arc. The subsequent
Acadian orogeny deformed and metamorphosed the previously accreted passive margin sequence
during a series of collisional events that lasted from Late Silurian to Middle Devonian. The
spillway at Townshend Dam, VT, exposes four units of the aforementioned metamorphosed
passive margin sequence (Fig. 1.7). Rocks exposed in the spillway wall are structurally complex,
overturned, and dip steeply to the southeast. Helicitic structures in garnet porphyroblasts are
common in all pelitic lithologies and consistently indicate a counter-clockwise (when viewed to
the north) sense of rotation. Rosenfeld (1968) concluded that the rotated fabrics in these rocks
are the products of syntectonic garnet growth during nappe formation.
Karabinos (1984) showed that garnets from near Townshend Dam preserve textural and
chemical discontinuities, documenting two deformational and metamorphic events. However,
the rocks at Townshend Dam only preserve evidence of a single metamorphic event with peak
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Figure 1.7. (A) Regional geology of southeastern VT (after Doll et al. 1961), showing the
location of Townshend Dam (black circle). (B) Sketch map of the spillway wall beneath
Townshend Dam (after Chamberlain and Conrad, 1993). Black layers are amphibolite.
23

conditions reaching 550-600°C; 8-9 kbar (Rosenfeld, 1968; Kohn and Spear, 1990). Christensen
et al. (1989) used Rb and Sr isotopes to determine growth rates for garnet from Townshend Dam,
by analyzing core and rim segments of garnet. Their results showed that garnet grew over an
average time interval of 10.5±4.5 m.yr. This landmark paper was the first to show that
isotopically zoned garnet porphyroblasts could be used to calculate the rates of tectonothermal
episodes.
1.4.3. Mn vs. Age Relationship
Numerous studies have documented the fractionation of Mn into growing garnet (e.g.
Harte and Henley, 1966; Hollister, 1966; Kretz, 1973; Cygan and Lasaga, 1982; Tracy, 1982;
Spear and Daniel, 2001; Hirsch et al., 2003). My research tests the idea that rock wide
equilibrium should result in correlation between Mn concentration in garnet and garnet age. To
test for equilibrium during garnet growth I use major element compositional maps of garnet
(electron microprobe data; Fig. 1.8) and isotope ratios of compositionally-specific crystal
segments (microsampled for thermal ionization mass spectrometry) to evaluate the correlation of
garnet compositions and isotopic age. If equilibrium was maintained throughout garnet growth,
then Mn compositions and Sm-Nd isotopic ages should correlate from the core to rim of zoned
garnet crystals. If age and Mn correlate, then a calibrated curve should provide an age of any
garnet crystal segment from major element chemistry (Fig. 1.9).
A technique for micro-sampling individual garnet crystals was first described in Ducea et
al. (2003). Besim Dragovic and I used a similar technique with the Mn zoning as a guide to
separate 38 compositionally specific garnet crystal segments from 10 garnets for Sm-Nd isotopic
analyses. The work presented in Chapter 4 produced more isotopic ages of garnet for a given
volume of rock than any previously published study.
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Figure 1.8. Townshend Dam garnet chemical zoning and textures. (A) Mn X-ray map for
concentrically-zoned garnet porphyroblast. (B) Garnet composition profile (A-A' in (A))
showing the smooth, bell-shaped Mn curve
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Figure 1.9. Illustration showing the proposed garnet Mn - garnet age relationship.
Red curve is a fit to the data points (hypothetical data), which plot Mn contents of
garnet crystal segments as a function of the Sm-Nd isotopic age of the garnet crystal
segments. Blue region represents the uncertainty of the calculated curve. Green
arrows demonstrate the technique for determinnig the crystallization age of a garnet
crystal segment from an analysis of the Mn content of the crystal segment.

1.4.4. Significance of Project Results
This research is part of a collaborative effort to investigate rates of garnet nucleation and
growth and mechanisms of chemical equilibration during metamorphism and deformation. D.
Hirsch (Western Washington University) is utilizing High Resolution X-ray Computed
Tomography data of crystal size distributions in Townshend Dam schists to test models for
garnet nucleation and growth. My contribution includes rock and mineral chemistry
determinations, geochronology and evaluation of the Mn-age relationship. These data will be
used to augment and test the forward model predictions of garnet crystallization in these rocks.
The wealth of age data produced in this study will be also be used in future work to interpret
nucleation ages and strain rates of garnets in these rocks. My research to document the scale and
nature of equilibrium in this rock will lay the groundwork for future work to quantitatively test
empirical models of metamorphic mineral nucleation and growth. Furthermore, this study will
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enhance our understanding of spatial and temporal scales of equilibrium during metamorphism,
metamorphic reaction kinetics, heat transport in the crust, rates of material diffusion in solids,
and the relationship between deformation and metamorphism in the middle crust.
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CHAPTER 2:
LINKING ZIRCON U-Pb and GARNET Sm-Nd AGES TO DATE LOADING and
METAMORPHISM IN THE LOWER CRUST OF A CRETACEOUS MAGMATIC ARC,
SWAKANE GNEISS, USA

2.1. Abstract
Synorogenic basin development and subsequent collapse and loading provide important
constraints on the Late Cretaceous crustal structure of the North America Cordillera. High grade
metasedimentary rocks of the Swakane Gneiss in the North Cascades have been interpreted to
include ca. 73 Ma detrital zircon that require a protolith age considerably younger than
metamorphic ages of adjacent terranes. This detrital interpretation requires rapid loading rates of
7-8 mm/yr, heating to 750°C in <5 m.yr., and partial exhumation prior to ca. 68 Ma. New U-Pb
zircon and Sm-Nd garnet dates presented here for the Swakane Gneiss directly date
metamorphism and provide a basis for evaluating the proposed model of Late Cretaceous
deposition, loading, and crustal structure.
Garnet preserves compositional evidence for growth during high pressure amphibolitefacies metamorphism and little subsequent modification. New garnet-rock Sm-Nd isochrons of
73.5±1.2, 71.3±2.8, and 65.8±0.7 Ma, tightly constrain the timing of garnet growth. Swakane
Gneiss zircons preserve a complex magmatic, detrital, and metamorphic history. Most zircons
have distinct cores and homogeneous overgrowths. Detrital zircon cores include significant
Proterozoic and Mesozoic components with low U/Th ratios. Homogeneous metamorphic zircon
rims have high U/Th (> 5) and define an array of concordant U-Pb dates from 75 to 63 Ma. The
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new zircon U-Pb and garnet Sm-Nd ages establish that the youngest regional metamorphism was
diachronous and occurred between 75 and 63 Ma. This new dataset precludes post 73 Ma
deposition and instead suggests that sedimentation occurred after ca. 91 Ma and ended before ca.
75 Ma. Using these age constraints for deposition and metamorphism, new loading rates of 1-3
mm/yr are proposed and it is concluded that the Swakane Gneiss protolith was likely deposited
in a small, short-lived, intra-arc basin that subsided, filled in, and collapsed quickly due to
overthrusting of arc crust.
2.2. Introduction
Magmatic arcs are major tectonic features and are important sites of heat and mass
transfer in the Earth’s crust. In such settings, crustal heterogeneities develop as oceanic crust,
sediments, accretionary complex rocks, subduction-related magmas, and exotic terranes, are
incorporated into the arc. Structural complexities often obscure primary tectonostratigraphic
relationships, making it difficult to resolve the tectonic histories of exhumed portions of ancient
magmatic arcs. Therefore, geochronologic datasets are needed to establish the absolute ages for
the P-T path of each fault block through a tectonic cycle. Because metamorphic minerals grow
and lock in radiogenic isotopes at different P-T conditions, care must be taken to establish the
petrologic and structural context of the samples when interpreting geochronology datasets. In
this study we use zircon and garnet ages to document the depositional and metamorphic history
of the Swakane Gneiss and to evaluate the timing of intra-orogenic basin initiation, duration of
basin growth, timing of basin collapse, and the rates of crustal loading the Cretaceous North
Cascades.
The incorporation of pre- and synorogenic sediments into a continental magmatic arc is
one process by which arc crust grows. These sediments may be deposited in fore-arc, intra-arc,
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or back-arc basinal settings proximal to the arc. The Pelona, Orocopia, and Rand (POR) schists
of southern California are examples of ancient synorogenic basins that collapsed during their
incorporation into the arc (Haxel et al., 2002; Grove et al., 2003). Citing the deposition,
accretion, and metamorphism, of the POR schists as an analog for the Swakane Gneiss, Matzel et
al. (2004) interpreted ID-TIMS U-Pb zircon dates to indicate that the Swakane Gneiss was
deposited as sediment later than 73 Ma. Subsequent burial of the Swakane Gneiss protolith to 3540 km depth (9-12 kbar; Valley et al. 2003) must have occurred ≤5 m.yr. after deposition,
because cross cutting pegmatites have ages of ca. 68 Ma (Mattinson, 1972; Matzel et al. 2004).
These interpretations require a mechanism for rapid burial and heating to partial melting
conditions in <5 m.yr. after deposition. To account for the required rapid loading, Matzel et al.
(2004) called on deposition of the Swakane Gneiss protolith in a forearc or back arc basin setting
followed by underthrusting of these sediments beneath the arc. This mechanism for rapid
deposition and burial is similar to a model proposed for loading of the POR schists (Haxel et al.,
2002). Proposed ca. 73 Ma loading of the Swakane protolith would have also been coeval with
underthrusting of the POR schists beneath the southern Sierra Nevada magmatic arc, implying
rapid loading along >1000 km of the western Cordilleran margin during the Late Cretaceous.
Although loading rates of 7-8 km/m.yr. are reasonable for underthrusting of forearc or back arc
sediments, heating from near-surface temperatures to peak metamorphic and partial melt
conditions (700 - 750°C) in ca. 5 m.yr. would require a local heat source, such as intruding
magma. The lack of large arc-related intrusive bodies in the Swakane suggests that this scenario
is unlikely. Regardless of the timing of their loading, these synorogenic basins likely underwent
rapid collapse as they were accreted into the arcs in which they now reside. As an alternative
model for deposition and loading, Hacker et al. (2011) proposed that the Swakane Gneiss and
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Skagit Gneiss complex may be subducted sediments that were relaminated to the base of the
crust. In this model, oceanic sediments on the subducting slab or accretionary complex sediments
are subducted and then relaminated to the base of the arc. The proposed mechanisms would
result in initial ultra high pressure (UHP) - low to medium temperature metamorphism during
descent on or above the subducting slab followed by increased temperatures that would likely be
accompanied by decompression melting (Hacker et al., 2011).
Numerous studies have shown that single zircon crystals from metamorphic rocks often
retain isotopic evidence for multiple magmatic and/or metamorphic events (e.g. Cherniak and
Watson, 2003; Hoskin and Schaltegger, 2003). Metamorphic zircon growth may occur over a
range of sub- to supersolidus conditions as the result of several open or closed system processes
(Fraser et al., 1997; Pidgeon, 1992; Hoskin and Black, 2000; Rubatto and Hermann, 2003).
Interpretation of zircon U-Pb dates commonly benefits from the use of cathode luminescence
(CL) and/or back-scattered electron (BSE) imaging for identifying textural and chemical
domains within single zircon crystals that correspond to different tectonothermal events (e.g.
Corfu et al., 2003). In addition to the use of imaging techniques, attempts to correlate zircon
growth with petrogenetic conditions have involved: (1) the use of mineral inclusions in zircon
(Gebauer et al., 1997); (2) the identification of Zr-liberating metamorphic reactions (Fraser et al.,
1997), and (3) the use of zircon trace element contents (Rubatto, 2002). Although these methods
have been useful in some cases, inclusions in zircon are rare (Rubatto, 2002), it may not be
possible to identify Zr-releasing reactions, and zircon trace element compositions often depend
on inherited components during recrystallization of protolith zircon (Hoskin and Black, 2000;
Hoskin and Ireland, 2000). Thus, the interpretation of U-Pb dates from zircons that retain a
polyphase growth history requires careful consideration of textural and chemical domains within
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individual crystals. However, establishing that a zircon domain grew during an igneous or
metamorphic event may be insufficient for linking zircon dates to P-T conditions if the
metamorphic zircon domain grew over an interval of several million years, or if more than one
metamorphic age domain is present. In this study, we evaluate our zircon U-Pb spot ages in the
context of garnet Sm-Nd ages, U/Th concentration ratios, discordance, and zoning as revealed by
CL. A detailed description of the zircon U-Pb methodology is given below.
Garnet is a near ubiquitous metamorphic mineral in upper-greenschist to granulite- and
eclogite-facies metamorphic terranes and is useful for metamorphic geochronology because it
strongly fractionates heavy rare earth elements (REE) over light REE, and contains measurable
amounts of Sm and Nd. During prograde metamorphism, garnet grows by several mineral
reactions that are sensitive to P-T conditions (e.g. Essene, 1989). Thus, garnet Sm-Nd dates
provide a direct link to the metamorphic histories of rocks. A robust link between the timing of
peak metamorphism and Sm-Nd isotope results requires careful sampling and purification
(including leaching), and evaluation of potential postpeak modification processes. A detailed
description of the garnet Sm-Nd procedures is given below. Preservation of growth zoning, high
Sm/Nd ratios and low Sm and Nd concentrations in garnet indicate that Swakane Gneiss garnet
Sm-Nd ages directly date metamorphism and garnet growth. In this contribution, I use garnet
Sm-Nd age for comparison to U-Pb dates of complex zircon in order to establish the best
possible constraints on the timing of deposition and metamorphism of the Swakane Gneiss.
2.3. Geologic Setting
The North Cascades crystalline core exposes part of a Cretaceous-Paleogene magmatic
arc and orogenic belt that developed along >1000 km of northwestern North America during a
protracted period of subduction and terrane accretion (e.g. Monger et al. 1982). It is made up of a
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sequence of oceanic, island arc, and clastic-dominated terranes, that were mostly amalgamated
before mid-Cretaceous orogenesis and plutonism (Tabor et al. 1987, 1989). Today, the
lowermost portion of the arc is exposed as medium- to high-grade metamorphic rocks that have
been intruded by Cretaceous-Paleogene plutons (Fig. 2.1).
The Cascades core is divided into the Wenatchee and Chelan blocks by the postmetamorphic, high-angle Entiat fault (Fig. 2.1). Miller and Paterson (2001) used metamorphic
pressure estimates from the Cascades Core to reconstruct a crustal section consisting of (from
structurally lowest to highest): (1) Swakane Gneiss and overlying Napeequa complex (formerly
the Chelan Mountains terrane), (2) Nason terrane (Chiwaukum Schist and Nason Ridge
Migmatitic Gneiss), and (3) Ingalls Ophiolite Complex.
The Nason terrane, contained solely in the Wenatchee block, experienced a complicated
three-phase polymetamorphic history comprised of: M1 regional metamorphism occurring
sometime between 143 Ma and 103 Ma, M2 contact metamorphism 96 - 91 Ma, and M3 regional
metamorphism 88 - 86 Ma (Stowell et al., 2007). Thermobarometry indicates that metamorphic
pressure increased from southwest to northeast suggesting that M3 regional metamorphism
resulted from crustal thickening, most likely due to tectonic loading (Stowell et al., 2007;
Stowell et al., 2011).
The Dinkelman detachment juxtaposes the Swakane terrane with the overlying Napeequa
Complex (Fig. 2.1; Tabor et al. 1987; Miller et al. 2000). Paterson et al. (2004) proposed that it is
a SW-vergent thrust that originally emplaced the Napeequa over the Swakane and was
subsequently reactivated during extension. The dominant shear sense on this regionally extensive
structure, as well as the overall sense of shear in the Swakane and Napeequa units, is top-to-theNNE (Alsleben, 2000; Miller et al., 2000). Although the Dinkelman is a good candidate for an
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Figure 2.1. Simplified geologic map of the North Cascades Crystalline core. in Washington
(after Tabor et al., 1989), showing the location of the Swakane terrane relative to other
terranes of the Cascades. Pluton ages follow from the summary given in Miller et al. (2003).
Zircon and garnet geochronology sample locations are shown for the Swakane terrane. CP =
~72 Ma Cardinal Peak pluton; DF = ~91 Ma Dirtyface pluton; HP = ~88 Ma High Pass
pluton; RC = ~46 Ma Railroad Creek pluton; RP = ~77 Ma Riddle Peaks pluton; SM = ~96
Ma Sulphur Mountain pluton; WRG = Wenatchee Ridge Gneiss.
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initial thrust contact between the Swakane and Napeequa, the absence of early shear sense
indicators in the Swakane and Napeequa does not preclude the possibility that the initial contact
between the Swakane and Napeequa is no longer exposed.
Napeequa Complex and Swakane Gneiss rocks outcrop to the northeast of the White
River shear zone in the Wenatchee block and in the southernmost part of the Chelan block (Fig.
2.1). Valley et al. (2003) reported peak metamorphic conditions of 625-650°C, 9-11 kbar for
Swakane and Napeequa rocks in the Wenatchee block and slightly higher peak conditions of
640-740°C, 10-12 kbar for Swakane and Napeequa rocks in the Chelan block. The slight
difference in peak metamorphic conditions between the Wenatchee and Chelan blocks supports
the interpretation that these blocks expose different crustal levels of the same crustal section.
However, the Napeequa and Swakane units are the only ones that occur in both blocks of the
Cascades core as there is no evidence of a Nason terrane equivalent in the Chelan block and
Triassic-age Cascade River-Holden units do not outcrop in the Wenatchee block.
The Swakane terrane is probably the structurally lowest exposed unit in the Cascades
crystalline core. It is primarily made up of the Swakane Gneiss, a well-foliated, homogeneous,
quartz + biotite + plagioclase ± amphibole ± muscovite ± garnet ± kyanite ± staurolite gneiss
with subordinate garnet amphibolite, calc-silicate, k-feldspar orthogneiss, and rare ultramafics
(Cater, 1982; Tabor et al., 1987, 1989; Valley et al., 2003). Although the Swakane terrane
contains no plutonic bodies of appreciable size, it is variably intruded by thin (<10 m)
leucogranite sheets and pegmatites, most of which are deformed (Fig. 2.2). Boysun (2004)
concluded that these leucogranite and pegmatite sheets were locally derived and the Swakane
Gneiss partially melted under water-saturated conditions.
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Figure 2.2. Swakane Biotite Gneiss, North Cascades. Outcrops shown in A and B
produced 73 Ma zircon interpreted as detrital by Matzel et al. (2004). (A) Location for
sample 07NC22. Note the concordant and discordant intrusives. The zircon sample was
obtained from quartz-feldspar-biotite gneiss between intrusions. (B) Location for sample
07NC23 showing a reclined tight fold in gneissic layering. The zircon sample is quartzfeldspar-biotite gneiss. (C) Strongly deformed garnet-kyanite gneiss from Roaring Ridge,
near the Dinkelman decollment. Note the strong fabric parallel to compositional layering.
Garnet amphibolite used for Sm-Nd garnet geochronology (sample 00NC45d) was
collected from near this location. (D) Scanned thin section image for zircon
geochronology samples 07NC22. This sample contains the typical Swakane Gneiss
mineral assemblage: qtz + bt + pl + ilm + rt ± czo. Note the strong fabric present in this
sample
2.4. Previous Geochronology of the Swakane Gneiss
The age and origin of the Swakane Gneiss are controversial. U-Pb zircon ages that range
from 1610 Ma to 73 Ma (e.g. Mattinson, 1972; Matzel et al., 2004) and the lack of primary
structures hamper interpretation of the protolith. Although the “remarkable homogeneity” of the
Swakane Gneiss has been used to infer a volcanic protolith (Mattinson, 1972; Cater, 1982),
Miller et al. (2000) noted that the diversity of zircon ages would require inheritance from a
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highly diverse crustal column. Additionally, moderately negative to zero ε Nd values and the
interpreted post-73 Ma depositional age have been used to suggest that the Swakane Gneiss
protolith was a mixture of arc-derived and continental crust-derived sediments that have a
different depositional history from the rest of the Cascades core (Rasbury and Walker, 1992;
Matzel et al. 2004; 2008).
Rocks northeast of the White River shear zone in the Wenatchee block and east of the
Entiat fault (Chelan block) underwent higher-grade metamorphism than rocks of the Nason
terrane to the south and west (Stowell et al., 2007; Valley et al., 2003; Whitney et al., 1999).
Additionally, the only evidence for pre-72 Ma metamorphism of Swakane and Napeequa rocks,
or any rocks in the Chelan block is circumstantial, consisting of small, 91-88 Ma plutons (Black
Peak batholith, Eldorado pluton, Bearcat Ridge pluton) that were likely accompanied by regional
metamorphism (Miller et al. 1993). Other metamorphic ages for the Chelan block are sparse and
mostly based on U-Pb zircon ages of small intrusions, many of which are ca. 68 Ma (Mattinson,
1972; Matzel et al., 2004). For the Skagit Gneiss, Wernicke and Getty (1997) reported ages of
68±2 Ma (zircon U-Pb) and 60±1.2 Ma (garnet Sm-Nd) for partial melting and peak
metamorphism, respectively. These ages have been corroborated by a systematic zircon and
monazite study, which concluded that partial melting of the Skagit Gneiss occurred during 71-61
Ma metamorphism and continued episodically until 46 Ma exhumation (Gordon et al., 2010).
The discrepancy in metamorphic ages and conditions between the Nason terrane and rocks in the
Chelan block may indicate that rocks above and below the NE-dipping White River shear zone
may have different tectonic and metamorphic histories.
Published K-Ar and Ar-Ar cooling ages for the Swakane Gneiss and adjacent Napeequa
complex provide age constraints on metamorphism and subsequent cooling. Loading and peak
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metamorphism must have occurred before the 65-55 Ma stage of exhumation of the Cascades
Core, which is documented by hornblende and biotite cooling ages (Tabor et al., 1987; Haugerud
et al., 1991; Paterson et al., 2004). Although there are relatively robust age constraints for
cooling and exhumation of the Swakane Gneiss, there are insufficient ages available to constrain
the timing of prograde and peak metamorphism. Below, new garnet Sm-Nd and zircon U-Pb
dates are presented that tightly constrain the depositional and prograde metamorphic history of
the Swakane Gneiss.
2.5. Analytical Methods
2.5.1. Garnet Sm-Nd Geochronology Methods
Swakane Gneiss samples with inclusion-poor garnets (≥4 mm diameter) that preserve
compositional profiles indicative of growth were selected for Sm-Nd isotopic analyses. Inclusion
densities and compositions were evaluated petrographically. Garnet compositional zoning was
characterized by Ka X-ray mapping of central sections of garnet crystals with the JEOL 8600
electron probe micro analyzer at the University of Alabama.
Garnet growth ages were determined using garnet-whole rock-matrix Sm-Nd isochrons.
Matrix is defined as whole rock with garnet removed via milling and/or magnetic separation.
Individual (4-6 mm) garnet crystals were extracted from the samples via milling or with a
hammer and chisel, washed in acetone and HCl, wrapped in layers of aluminum foil, and crushed
to 50-200 um with a small hammer or percussion mortar. Crushed garnet was examined in
alcohol under a binocular microscope (mag = ca. 20X) to extract large inclusions. Garnet grains
that showed no textural or chemical discontinuities or differences in inclusion density between
cores and rims were selected for geochronology to avoid sampling bias and mixing of ages
between different age domains within individual crystals.
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Optically pure garnet was crushed to 100-200 mesh size and acid leached to remove any
remaining inclusions. Leaching acids, temperatures, and times were chosen to preferentially
remove silicate and phosphate inclusions and to dissolve as little garnet as possible. To purify the
garnet splits and thereby maximize the Sm/Nd ratios of the isotopic analyses, sieved garnet was
leached for 180 minutes at 120°C in 2X concentrated HNO3, for 80-120 minutes in 2X
concentrated HF, and for 60 minutes at 150°C in HClO4, after methods described in Amato et al.
(1999) and Baxter et al. (2002). After leaching, garnets were rinsed and ultrasonicated in purified
H2O and 2X HCl and re-examined under a binocular microscope to remove any inclusionbearing pieces. Leaching techniques for fine-grained garnet splits (<100 mesh size) were similar
to coarser-grained splits, but excluded the HF leach step. This prevented complete dissolution of
fine-grained garnet splits and produced Sm/Nd ratios intermediate between the garnet splits
leached in HF and the whole-rock/matrix.
Representative whole-rock slices were cut from the hand samples, adjacent to where
individual garnet crystals were sampled. Slices for whole-rock and matrix were ground on
diamond laps to remove weathered surfaces, washed in acetone and 2X 2M HCl, wrapped in
aluminum foil, and crushed to <500 um with a small hammer. Garnet was removed from matrix
samples via milling and magnetic separation. Whole-rock and matrix sample splits were then
powdered in a steel or alumina ring and puck mill. Before dissolution, powdered whole-rock and
matrix samples were leached in acetone, triple rinsed in purified H2O, leached in 2X 2M HNO3
at 25°C overnight, and triple rinsed again in purified H2O.
Rock powders and leached garnet were weighed and spiked with a mixed tracer enriched
in 150Nd and 147Sm (University of North Carolina at Chapel Hill ‘Basalt’ tracer). Garnet and rock
powders were fully dissolved in concentrated 2X distilled HF and 2X 7M HNO3 (3-5 days), then
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treated with 2X 6M and 2M HCl to breakdown fluoride precipitates. Sm and Nd were separated
and concentrated with two-step ion chromatography. Bulk REE fractions were eluted in 2X 2M
HCl on AG50W x 8 resin (BioRadTM PolyPrep columns). Sm and Nd were separated from the
bulk REE fraction using AG50W x 4 resin equilibrated with α-HIBA, following the method of
Stowell and Goldberg (1997).
Isotopes of Sm and Nd were analyzed on a VG Sector 54 thermal ionization mass
spectrometer at the University of North Carolina, Chapel Hill. Nd isotopes were analyzed in
seven collector dynamic mode as an oxide on single Re filaments. An oxygen bleed valve was
used during the Nd isotopic analysis to enhance the NdO+ signal. Nd analyses were corrected for
oxygen isotopic composition and mass fractionation corrected to 146Nd/144Nd = 0.7219 (O’Nions
et al. 1977) using a linear mass fractionation law. Sm isotopes were analyzed as a metal on Ta
side-filaments (triple filament assembly) in static multicollector mode. Sm was corrected for
mass fractionation using an exponential fractionation law, normalized to 149Sm/152Sm = 0.51685
(Wasserberg et al. 1981). The
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Nd/144Nd uncertainties were calculated by combining the

internal precision (within-run uncertainty) with an estimate of the external precision (±0.000014,
2s), based on repeated analyses of the Nd Ames standard (Stowell et al. 2001; over the time
interval July 2000-April 2010) and LaJolla standard (0.511852±0.000012, 2σ; over the time
interval July 2000-Jan 2001). Uncertainty for

147

Sm/144Nd is taken as ±0.3% for rock samples

and ±0.5% for garnet splits. Total procedural Nd blanks ranged from 100-160 pg during this
study. Sm-Nd isochrons were calculated with the linear regression algorithm of York (1969) and
the program ISOPLOT v. 3 (Ludwig, 2008).
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2.5.2. Zircon U-Pb Geochronology Methods
Zircons were extracted from the samples using a combination of crushing, density
separation, and magnetic separation techniques before being handpicked and mounted in epoxy.
Large zircon crystals were intentionally selected to maximize the possibility of selecting grains
with thick metamorphic rims. Once mounted, all grains were imaged by backscattered electron
imaging (BSE) and cathode luminescence (CL) and cleaned before isotopic analysis. U-Pb
isotopic ratios were collected with the multi-collector LA-ICP-MS at the University of Arizona
LaserChron Facility. Zircon cores were ablated using 25-35 um diameter laser beams and
analytical methods described in Gehrels et al. (2008). Thin (10-30 um) metamorphic zircon rims
were analyzed using 10-15 um diameter laser beams and channeltron multipliers after the smallvolume zircon U-Pb geochronology technique of Johnston et al. (2009).
Raw zircon isotopic compositions were reduced and corrected for depth-related
fractionation, common Pb, and laser ablation related fractionation, following procedures outlined
in Gehrels et al. (2008). U-Pb ages were computed from reduced isotopic ratios by
standardization with the University of Arizona SL 2 (Sri Lanka) standard (564 Ma). During data
collection, isotope ratios for SL 2 were collected after every fourth unknown analysis, from
which a systematic uncertainty of 1% was calculated. Because precision of the

206

Pb/207Pb age

increases as a function of age and precision of the 206Pb/238U age decreases with age, interpreted
ages for Swakane Gneiss zircon are based on 206Pb/207Pb for grains >500 Ma and 206Pb/238U for
grains <500 Ma. Concordia intercept ages were calculated for linear arrays of normally
discordant data. Concordia intercept ages and age probabilities were computed using the
statistical solver ISOPLOT (Ludwig, 2008). Ages reported here include both random
(measurement) and systematic uncertainties unless otherwise noted. All discordia intercept ages

45

reported here are calculated for multiple analyses within individual zircon grains.
2.6. Results
Careful sampling is critical for understanding and interpreting the geochronological data
in these complex rocks. The Swakane Gneiss is strongly deformed, contains outcrop-scale
lithologic variation, and is variably intruded by orthogneiss, leucogranites, and pegmatites (Fig.
2.2). The high strain often obscures pre- to syn-metamorphic intrusive relationships. Postmetamorphic intrusives crosscut metamorphic foliation and outcrops containing them were easier
to avoid when sampling. Swakane Gneiss samples for garnet Sm-Nd and/or zircon U-Pb dating
were collected from outcrops lacking intrusive rocks. Geochronology samples were collected
from the lowest (from the core of a regional antiform) to highest (near the Dinkelman
detachment) structural levels (Fig. 2.1) in order to provide the most complete dataset possible.
2.6.1. Garnet Sm-Nd Ages
Three samples of garnet-bearing Swakane Gneiss were selected for Sm-Nd analysis.
Ages were determined for samples from just below the Dinkelman detachment, from the core of
a regional antiform, and from the Wenatchee block (Fig. 2.1; Table 2.1). Major element Kα Xray maps of garnet grains were collected to characterize the major element garnet zoning of the
samples (Fig. 2.3). To ensure that garnet isochron ages represent a single metamorphic event, no
samples with clear textural or major-element chemical discontinuities were chosen for garnet
Sm-Nd geochronology.
Sample 00NC45d is a coarse-grained garnet amphibolite collected from ca. 100 m below the
Dinkelman detachment (Figs. 2.1 & 2.2). This clinopyroxene-garnet-plagioclase-amphibole
gneiss sample contains 1-2 cm euhedral garnets with inclusions of ilmenite, rutile, amphibole,
apatite, monazite, and epidote. Two whole-rock powders, two ca. 1 cm garnets, and a bulk
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Table 2.1. Locations of Swakane Gneiss samples used for geochronology.
UTM UTM
UTM
Zone* Easting Northing Location
Sample # Lithology
Block

Purpose

00NC45d Grt Amphibolite

Chelan

10T

698179 E 5283876 N Roaring Canyon

Garnet Sm-Nd

07NC11

Bt-Grt Gneiss

Chelan

10T

703253 E 5268025 N Rocky Reach Dam Garnet Sm-Nd

07NC22

Bt Gneiss

Chelan

10T

704199 E 5269620 N Vista Viewpoint

Zircon U-Pb

07NC23

Bt Gneiss

Chelan

10T

687890 E 5286954 N Mosquito Ridge

Zircon U-Pb

07NC28

Bt Gneiss

Chelan

10T

694617 E 5274964 N Swakane Canyon

Zircon U-Pb

07NC30

Bt Gneiss

Chelan

10T

703415 E 5269305 N Lincoln Rock

Zircon U-Pb

07NC31

Bt Gneiss

Chelan

10T

697805 E 5284228 N Roaring Creek

Zircon U-Pb

08NC51

Bt-Grt-Ky Gneiss Wenatchee

10U 654125 E 5334131 N Massie Lake

Zircon U-Pb

08NC54

Bt Gneiss

Wenatchee

10U 653790 E 5333873 N Buck Creek

Zircon U-Pb

08NC55 Bt-Grt-Ky Gneiss Wenatchee
*UTM coordinates are NAD 1983.

10U 656832 E 5330755 N Buck Creek

Garnet Sm-Nd

clinopyroxene split were extracted from this sample for isotopic analysis. Sm and Nd isotopic
ratios from these garnet, clinopyroxene, and whole-rock, sample splits define a five point Sm-Nd
isochron age of 71.3±2.8 Ma (2σ; MSWD 1.3; Probability=0.27; Fig. 2.3a; Table 2.2). Sulfuric
acid leaching to remove REE-rich phosphate mineral inclusions increased the garnet 147Sm/144Nd
ratio to nearly 3X that of the unleached garnet (04 split), 1.16 and 0.38, respectively (Fig. 2.3;
Table 2.2). Addition of this leached garnet sample split decreased the isochron age uncertainty
by 10.2 m.yr.
Sample 07NC11 was collected from the lowermost exposed rocks in the Chelan block,
from the core of a broad, regional-scale antiform (Fig. 2.1). The large outcrops just west of
Rocky Reach Dam, WA on the Columbia River contain cm-scale compositional layering that is
parallel to metamorphic foliation (Fig. 2.2). The lighter (felsic) layers contain the assemblage
quartz-plagioclase-biotite-garnet with accessory chlorite, rutile, and ilmenite. Garnets from these
layers are 3-8 mm, euhedral, and inclusion-poor, making them suitable for single-crystal bulk
garnet ages. Furthermore, garnets from these layers retain growth zoning profiles with Mn-rich
cores, suggesting that garnet grew during a single, continuous metamorphic event (Fig. 2.3b).
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Figure 2.3. Garnet-rock Sm-Nd isochrons for samples of Swakane Gneiss. Insets show
garnet Mn-Ka X-ray maps of a from each sample. Note the increased Sm/Nd for leached
garnets. Leaching acids indicated by split label suffix: UL: = unleached; Sulf = sulfuric
acid; HF = hydrofluoric acid; HNO3=nitric acid. See section 2.5.1 for a detailed
description of our garnet leaching procedures. (A) Chelan block garnet amphibolite
sample 00NC45d. (B) Chelan block biotite-garnet gneiss sample 07NC11. (C) Wenatchee
block garnet-kyanite gneiss sample 08NC55.
Three ca. 6 mm single-crystal garnets (Garnets 2.1, 2.2, & 2.4), whole-rock, and matrix sample
splits, were extracted for isotopic analysis. This sample yielded a five point garnet-rock-matrix
Sm-Nd isochron age of 73.5±1.2 Ma (2σ; MSWD=1.7; Probability=0.16; Fig. 2.3b; Table 2.2).
Each of the garnet splits were leached with different procedures (Table 2.2) in order to identify
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Table 2.2. Sm and Nd isotope dataa and isochron ages of Swakane Gneiss samples.
Sample Splitb

Leachc

Grain Size
Fraction

Final % Sm
Nd
147Sm/
Mass Loss (ppm) (ppm) 144Nd

±2 sigma, 143Nd/
abs
144Nd

±2 sigma,
Age (Ma)d
abs

00NC45d: Grt-Amp Gneiss

71.3±2.8

00NC45d-WR '04 n/a

n/a

0.1834 n/a

4.486

00NC45d-WR '06 n/a

n/a

0.2765 n/a

00NC45d-Cpx

HNO3

50-200 mesh

0.0405 n/a

5.332
1.836

00NC45d-Grt '04

HNO3

50-200 mesh

0.0619 n/a

1.302

00NC45d-Grt '06

HNO3+HCl+H2SO4 50-200 mesh

0.0792 n/a

0.679

0.1552 n/a

12.908 0.210640 0.000632
15.397 0.209400 0.001400

0.513051 0.000016

7.515

0.148073 0.000740

0.513033 0.000016

2.055

0.383809 0.001919

0.513153 0.000015

0.353

1.162800 0.008200

0.513504 0.000016

0.513062 0.000009

07NC11a: Grt-Bt Gneiss

73.5±1.2

07NC11-WR

n/a

n/a

07NC11-M
07NC11-Grt1
07NC11-Grt2

n/a
n/a
0.1605 n/a
HNO3+HF+HClO4 100-200 mesh 0.0377 18
HNO3+HCl+H2SO4 100-200 mesh 0.0335 64

16.982 81.922 0.135019
21.823 97.715 0.125327
0.595 0.197 1.828929
0.531 0.546 0.588406

07NC11-Grt4

HNO3

0.001170

0.512702 0.000008

0.002725
0.013096
0.006054

0.512705 0.000008
0.513521 0.000011
0.512935 0.000014

<200 mesh

0.0339 2

0.979

2.967

0.199415 0.001375

0.512749 0.000015

08NC55: Grt-Ky Gneiss
08NC55-WR
n/a

n/a

0.0780 n/a

3.625

17.136 0.127893 0.000730

0.512555 0.000008

08NC55-M
08NC55-Grt1

n/a
HNO3+HF+HClO4

n/a
0.0823 n/a
100-200 mesh 0.0492 17

3.077
1.023

15.628 0.119044 0.000685
0.222 2.791734 0.019778

0.512544 0.000007
0.513687 0.000015

08NC55-Grt2
08NC55-Grt3

HNO3+HF+HClO4
HNO3+HClO4

100-200 mesh 0.0328 19
<200 mesh
0.0234 11

0.968
0.813

0.219
1.127

0.513649 0.000011
0.512681 0.000009

a

65.8±0.7

2.668181 0.019018
0.436378 0.002898

Sm and Nd isotope data collected by TIMS at the University of North Carolina at Chapel Hill.

b

WR=Whoe Rock; M=Matrix; Grt=Garnet

c

Acids: HNO3=Nitric Acid; HCl=Hydrochloric Acid; H2SO4=Sulfuric Acid; HF=Hydroflouric Acid; HClO4=Perchloric Acid

d

Isochron age of all splits. Age reported with 2-sigma uncertainty.

the acids that are best suited for dissolving specific types of inclusions. Leaching significantly
improved the

147

Sm/144Nd ratio similar to results from 00NC45. Garnet splits leached in nitric

(Grt 4), sulfuric (Grt 2), and hydrofluoric acid (Grt 1), show increases of

147

Sm/144Nd ratio to

0.199, 0.588, and 1.83, respectively (Fig. 2.3b; Table 2.2). The garnet 147Sm/144Nd ratio is clearly
improved the most (ca. 9X) by leaching in HF. Although the good fit of differently leached
garnet splits to the isochron suggests isotopic equilibrium between the garnet and inclusions, the
age precision is vastly improved (from ±5.2 m.yr. to ±1.2 m.yr.) by addition of the garnet split
leached in HF.
Garnet-kyanite gneiss (08NC55) was collected from the Wenatchee block (Fig. 2.1) near
the location of SW2 zircon reported by Matzel et al. (2004). The outcrop lacks leucogranites or
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mineralized veins, contains 5-8 mm inclusion-poor euhedral garnets, and contains no evidence
for alteration of feldspar and garnet. The sample contains the assemblage quartz-biotiteplagioclase-garnet-kyanite with accessory chlorite, rutile, and ilmenite. Garnets preserve growth
zoning profiles with Mn-rich cores and show no textural or chemical discontinuities (Fig. 2.3c).
They contain inclusions of apatite, monazite, epidote, ilmenite, and rutile. Three ca. 6 mm
garnets, whole rock, and matrix sample splits were extracted for Sm-Nd isotopic analysis. These
sample splits produced a five point Sm-Nd isochron age of 65.8±0.7 Ma (2σ; MSWD=1.4;
Probability=0.25; Fig. 2.3c; Table 2.2). Both single crystal garnet splits (Grt 1 & 2) were leached
with a series of hydrofluoric, perchloric, and nitric acids, while the bulk garnet was leached in
perchloric and nitric acids (Table 2.2). Hydrofluoric acid leaching of garnet from this sample
produced an increase in the 147Sm/144Nd ratio up to 6.4X (Fig. 2.3c; Table 2.2).
2.6.2. Zircon U-Pb Ages
Five samples from the Chelan block and two from the Wenatchee block were collected
for U-Pb isotopic analyses of zircon (Fig. 2.1). All Chelan block U-Pb zircon samples contain
quartz-biotite-plagioclase with or without accessory epidote, garnet, staurolite, kyanite, ilmenite,
and rutile. Wenatchee block samples contain quartz-biotite-plagioclase with or without accessory
epidote, ilmenite, rutile, garnet, and kyanite. All of these samples contain abundant (>100) zircon
grains. 347 U-Pb spot analyses of 170 individual grains were collected from the 7 samples
(Appendix 2.1). The zircon are mostly colorless, euhedral, and prismatic crystals that are devoid
of inclusions, with 50-100 um cross sections and high aspect ratios. CL and BSE images reveal a
variety of internal textures, inclusions, and zoning (Fig. 2.4). All samples contain zircon grains
with distinct rounded cores surrounded by 10-150 um-thick, homogeneous or chaotically zoned
overgrowths.
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Figure 2.4. (A - F) Concordia diagrams for Swakane Gneiss zircon samples. Insets show
cathodeluminescence (CL) images of individual grains; Scale bars are 20 um. Discordia
intercepts are calculated for analyses within individual grains (black error ellipses). Ages of
upper and lower intercepts (and uncertainties) for individual grain discordia can be found in
Table 3. Gray error ellipses correspond to concordant analyses or discordant analyses for
which no discordia intercept ages were calculated.
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Figure 2.4 (continued). (G) Concordia diagram for Swakane Gneiss zircon sample
07NC54. Insets show cathodeluminescence (CL) images of individual grains; Scale bars
are 20 um. Discordia intercepts are calculated for analyses within individual grains (black
error ellipses). Ages of upper and lower intercepts (and uncertainties) for individual grain
discordia can be found in Table 3. Gray error ellipses correspond to concordant analyses or
discordant analyses for which no discordia intercept ages were calculated. (H) U-Pb
Concordia diagram showing all Swakane Gneiss zircon LA-ICPMS spot ages (n = 347).
Shaded envelope defines the array of discordant analyses and includes all calculated upper
and lower intercept ages for individual grain discordia intercept ages.

Swakane Gneiss zircons are internally heterogeneous. CL response, U concentrations,
U/Th ratios, U-Pb spot dates, and U-Pb age discordance of zircons from all samples varies by
analysis location within individual grains. Oval-shaped zircon cores typically have low to
moderate U concentrations (100-1000 ppm), low U/Th ratios (U/Th <10) and display
combinations of oscillatory, sector, straight, and/or patchy to chaotic zoning (Fig. 2.4 insets;
Appendix 2.1). Zircon core dates range from 1800 Ma to 85 Ma, with distinct populations of
Mesozoic (210 - 130 Ma) and Meso- to Paleoproterozoic (ca. 1800 and 1400 Ma) dates (Fig.
2.4). The oldest group has concordant
youngest group of concordant

206

206

Pb/207Pb dates ranging from 1800 to 1400 Ma. The

Pb/238U dates range from 210-130 Ma. All samples include

discordant zircon dates that define discordia with upper intercepts spanning the Meso- to
Paleoproterozoic and lower intercepts of Late Cretaceous age (Fig. 2.4; Table 2.3). Discordia
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Table 2.3. Concordia intercepts for discordant U-Pb ages of Swakane Gneiss zircon grains.
Sample #

Zircon
Grain #

Upper Int
(Ma)

± (Ma)a

Lower Int
(Ma)

± (Ma)a

MSWDb

Probabilityb

# of
Points

07NC22
07NC22
07NC22

13
19
21

1699
1378
1349

35
43
42

75
92
84

16
8
9

10
0.75
0.024

0.00
0.52
0.88

7
5
3

07NC23
07NC23
07NC23

7
8
9

1680
1667
1733

72
170
70

98
95
76

17
4
9

12
0.36
6.6

0.00
0.55
0.01

6
3
3

07NC28
07NC28
07NC28

19
35
69

1365
1339
1375

49
46
150

84
75
75

8
12
8

0
0
0

1.00
1.00
1.00

2
2
2

07NC30
07NC30
07NC30
07NC30
07NC30

Z1
Z4
Z9
Z10
Z15

1392
1681
1408
1538
1671

11
34
36
25
7

90
73
74
79
82

14
31
16
19
6

6.3
18
4.6
8.2
3.4

0.00
0.00
0.00
0.00
0.02

8
5
8
11
5

07NC31
07NC31
07NC31
07NC31

Z9
Z10
Z11
Z12

1729
1415
1551
1345

19
29
44
43

83
80
88
88

13
6
12
4

7.7
0.41
1.6
0.39

0.00
0.52
0.21
0.91

8
3
4
9

08NC51
08NC51

Z2
Z3

1623
1744

76
69

62
72

7
6

0.22
0

0.64
1.00

3
2

08NC54

17

1725

29

67

17

0

1.00

2

Note: Intercept ages are reported for multiple spot analyses within a single grain.
All upper and lower concordia intercept ages are reported with 2-sigma uncertainties.

a

b

Mean Square of Weighted Deviates and probability of fit of chord. Calculated with ISOPLOT.

upper intercept ages calculated
for groups of spot dates from within individual grains range from 1744±69 Ma to 1345±43 Ma
(Fig. 2.4; Table 2.3). Lower intercepts of individual grain discordia arrays range from 95±4 Ma
to 62±7 Ma (Fig. 2.4; Table 2.3).
Most zircons have homogeneous or patchy zoned rims that characteristically contain
higher U concentrations (up to ca. 6000 ppm) and higher U/Th ratios (most U/Th >5) than the
cores. Overgrowths are often thicker parallel to the c-axis of the grain and are often
discontinuous along the margins of individual grains. In some cases, zircon overgrowths truncate
zoning patterns in the zircon cores (Fig. 2.4-insets). U-Pb dates of Swakane Gneiss zircon rims
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are concordant with 206Pb/238U ages between 95 - 65 Ma (Fig. 2.4).
2.7. DISCUSSION
2.7.1. Polyphase Zircon Growth, Discordance, and Mixed Ages
The new geochronologic dataset presented here reveals important aspects of the
depositional and metamorphic history of the Swakane Gneiss and allows for evaluation of
tectonic loading models. All of the samples contain similar populations for zircon core dates,
discordant age intercept dates, and zircon rim dates, which permits grouping of the U-Pb zircon
data and evaluation of U-Pb zircon dates together (Fig. 2.4h). The U-Pb data define four age
groups on a concordia diagram: (1) concordant 1800-1400 Ma zircon cores; (2) normally
discordant zircon cores with 1800-1400 Ma upper intercepts and 95-62 Ma lower intercepts; (3)
concordant 210 - 130 Ma zircon cores; and (4) concordant 95-63 Ma ages consisting of 95-85
Ma zircon cores and 95-63 Ma zircon rims (Fig. 2.4h). All of our samples obtained for zircon
geochronology are interpreted to be metasedimentary because they were selected in order to
avoid crosscutting and/or undeformed igneous rocks and gneisses that showed evidence for an
igneous origin. However, it is difficult to identify the protolith of high-grade metamorphic rocks
and we utilize CL, U/Th, and discordance, in order to identify and interpret zircon age
populations.
U/Th ratios plotted against 206Pb/238U dates for Swakane Gneiss zircon indicate that the
youngest zircon dates (95-63 Ma) have the highest U/Th ratios (Fig. 2.5a), suggesting
crystallization in equilibrium with metamorphic fluids (Rubatto, 2002). Additionally, this plot
shows that discordant

206

Pb/238U spot ages have U/Th ratios ranging from 1.7 to 30, indicating

that these dates likely represent mixing between low U/Th Proterozoic zircon cores and high
U/Th Cretaceous zircon rims.
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Figure 2.5. U/Th ratios and discordance of U-Pb ages for all Swakane Gneiss zircon
LA-ICPMS analyses. (A) U/Th vs. age plot for all U-Pb ages of Swakane gneiss zircon.
Inset shows detail of U/Th ratios for 50-100 Ma zircon core and rim ages. (B) Age vs. %
discordance for all U-Pb ages of Swakane Gneiss zircon. Note the wedge-shaped data
array of discordant analyses > ca. 100 Ma.

Concordant and discordant dates of Proterozoic zircon cores define a wedge-shaped data
field that converges toward a lower concordia intercept in the Late Cretaceous (Fig. 2.4h).
Discordant analyses that define this data array have Proterozoic upper intercept ages that cluster
between 1730 Ma and 1400 Ma and lower intercepts that range from 98 Ma to 62 Ma (Fig. 2.4;
Table 2.3). This wedge-shaped data field is clearly illustrated on a plot of

206

Pb/238U age vs. %

discordance (Fig. 2.5b), showing that discordance increases with decreasing age until ca. 94 Ma,
then rapidly decreases to more concordant analyses between 95 Ma and 65 Ma. This trend is
interpreted to represent spot age domain overlap between older zircon cores and younger
overgrowths.
Discordance of metamorphic U-Pb dates can be explained by Pb loss during
metamorphism, age mixing between different age domains within a single zircon crystal (e.g.
Kroner et al. 1987; Gebauer et al. 1997), or secondary replacement of zircon (Corfu et al., 2003).
Euhedral morphologies of overgrowths, LA-ICPMS spot overlap of CL zones, lack of metamict
textures, higher U/Th ratios for discordant dates, and no clear clustering of discordant dates near
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the upper or lower intercepts, suggest that the U-Pb age discordance of Swakane Gneiss zircon
results from spot age mixing and not Pb loss. Discordant dates of a few grains that display
chaotic zoning may result from secondary replacement of zircon during metamorphic fluid
infiltration or hydrothermal alteration (Corfu et al., 2003). However, only a few grains contain
chaotically zoned cores and these core dates typically fall on discordia with younger, more
concordant dates (Fig. 2.4).
U-Pb age discordance due to mixing of age components from different age domains
within single zircon crystals from high-grade metamorphic rocks has been documented by
several studies (e.g. Gebauer et al. 1997; Johnston et al. 2009). Additionally, experimental and
field-based studies have shown that Pb loss by diffusion in zircon is too slow to significantly
affect U-Pb systematics at temperatures <900°C (Lee et al. 1997; Cherniak and Watson, 2000;
Möller et al. 2003). Based on rounded morphologies, the presence of oscillatory and/or sector
zoning, textural discontinuities between cores and rims, and low U/Th ratios, concordant Mesoto Paleoproterozoic zircon core dates and coincident discordia upper intercept ages of zircon
cores and mantles as detrital ages are interpreted to reflect a Proterozoic crustal component that
contributed sediment to the Swakane terrane.
The Swakane Gneiss also contains rounded zircons with concordant core dates of 210130 Ma (Fig. 2.4a). These zircons have sector- and oscillatory-zoning, low U concentrations
(<200 ppm), and relatively low U/Th ratios (U/Th <5). Based on these characteristics, 210-130
Ma zircon core dates are interpreted to represent a Triassic-Cretaceous detrital zircon component
in the Swakane terrane.
Homogeneous overgrowths on Swakane Gneiss zircons represent new zircon growth
during Late Cretaceous metamorphism (Fig. 2.4 insets). Zircon rims include concordant 95-63
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Ma dates, which are correlative with 98-62 Ma single-grain discordia lower intercept ages (Figs.
2.4, 2.6, 2.7, & 2.8; Table 2.3). A 75-63 Ma subset of these dates are interpreted as metamorphic
based on: high U/Th ratios (Fig. 2.5a), homogeneous CL response (Fig. 2.4 insets), prismatic
shape (not rounded; Fig. 2.4-insets), correlative discordia lower intercept ages (Table 2.3), and
coincident garnet Sm-Nd dates (Fig. 2.3; Table 2.2). Thus, Swakane Gneiss zircon is
characterized as having Meso- to Paleoproterozoic and Triassic-Cretaceous detrital cores that are
overgrown by Late Cretaceous (75-63 Ma) metamorphic rims. Discordant U-Pb dates, between
ca. 1800 Ma and ca. 95 Ma represent age mixing due to spot overlap of different age domains
within individual zircon crystals. The depositional and metamorphic history of the Swakane
Gneiss in the context of these ages is discussed below.

Figure 2.6. Age probability distribution for LA-ICPMS spot ages of all Swakane Gneiss
zircon core and rim ages. Note the gap in ages and break in scale between 240 Ma and
700 Ma. The Proterozoic zircon core ages on the right are plotted at a different scale
than the Mesozoic zircon cores and rims on the left.
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Figure 2.7. Cathodeluminescence (CL) images of young (< 200 Ma) Swakane Gneiss
zircons. Scale bars for each grain are 20 um. CL images were collected after LAICPMS analyses were performed. (A) Detrital zircon with a 120-140 Ma core. (B)
Zircon grain with a ca. 95 Ma core and a younger overgrowth. (C) Zircon with a ca. 90
Ma oscillatory zoned core and a younger overgrowth. (D) Zircon with a ca. 72 Ma core
and ca. 72 Ma rim; this is the only zircon grain from any sample with a core age this
young.
2.7.2. Provenance of > 95 Ma Detrital Zircons
Detrital zircons >95 Ma break into two groups: (1) a Proterozoic 1864-873 Ma group
and (2) a Mesozoic 95-226 Ma group, suggesting that the Swakane Gneiss sediments were
sourced from a combination of (1) Precambrian crust and (2) Triassic-Cretaceous rocks,
respectively (Fig. 2.6).
The abundance of Precambrian detrital zircons present in the Swakane Gneiss contrasts
with the available detrital zircon data for the rest of the Cascades Core, which contains primarily
280-130 Ma detrital zircons, with very few Precambrian age zircons (Tonga Formation - Brown
and Gehrels, 2007; Chiwaukum Schist - N. Brown, unpublished data). Potential sources of
Precambrian zircons include the Canadian Shield and Proterozoic basement rocks of the
southwestern U.S. Either of these potential sources of Precambrian zircon requires westward
transport of detrital zircon from the source to the basin in which the Swakane sediments were
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Figure 2.8. LA-ICPMS U-Pb ages of Swakane Gneiss zircon rims. (a) Concordia
diagram showing zircon rim U-Pb analyses from all samples. Note the continuous
overlap from ca. 65 Ma to ca. 95 Ma. Data point error ellipses are 2s. (b) Age
probability distribution diagram for 206Pb/238U ages of Swakane Gneiss zircon rims.
Three age components of ~71, Ma, ~81, and ~90 Ma can be extracted from the dataset
by running the ‘unmix ages’ function of Isoplot (Ludwig, 2008).
deposited. Longitudinal transport of sediment along the continental margin also may have
contributed detrital zircons to the Swakane protolith. Eastern provenance of Precambrian detrital
zircon requires either: (1) deposition of the Swakane sediments in a back-arc setting east of the
Cretaceous Cascades arc; or (2) sediment transport across-strike of the Cretaceous arc and
deposition of the Swakane sediments in an intra-arc or fore-arc setting. Either scenario would
precede tectonic loading of the basin during overthrusting of the Cretaceous magmatic arc
system.
Sources of Triassic-Cretaceous detrital zircon are abundant throughout the North
American Cordillera. They include the western Coast Mountains arc sequences, Coast Plutonic
Complex, the Okanogan Complex, the Blue Mountains arc sequences, the Idaho Batholith, or the
Nason terrane of the North Cascades. Any or all of these sources could have contributed zircon
to the Swakane Gneiss sediments. Eastern provenance of Triassic-Cretaceous zircons from the
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Idaho Batholith or Okanogan Complex would require a similar depositional history to either of
those described above for Precambrian zircons. Input of Triassic-Cretaceous sediment from
sources to the north, south, or west, would require longitudinal transport along the margin and
support a more complex model for deposition of the Swakane terrane in a transtentional or backarc basin, within or adjacent to the Cascades arc.
2.7.3. <95 Ma Zircon dates
2.7.3.1. Zircon Core Dates 95 - 85 Ma
The Swakane Gneiss contains zircons with cores as young as ca. 85 Ma. Matzel et al.
(2004) also reported detrital zircon ages of ca. 84 Ma for the Swakane Gneiss, but preferred the
younger ca. 73 Ma ages for depositional constraints. Of the 170 individual zircons analyzed, 25
grains (~15%) yielded core dates ranging from 95-85 Ma. Zircons with 95-85 Ma cores are
characterized by having weak oscillatory, sector, or convolute zoning and variable U/Th ratios
(Figs. 2.5 & 2.7). Based on the variety of CL responses (zoning), high to low U/Th ratios, and
variable crystal morphologies, relatively young (95-85 Ma) zircon cores may be detrital or
metamorphic in origin. The fact that most 95-85 Ma zircon cores have younger metamorphic
overgrowths suggests that some of the younger zircon core ages may result from spot age
mixing, similar to that discussed below for the zircon rims. Although detrital zircon cores as
young as ca. 85 Ma cannot be ruled out, young zircon core dates most likely reflect mixing of ca.
91 Ma zircon cores and ca. 71 Ma zircon rims.
Only one zircon core was found with an age <85 Ma. This 71.7±2.2 Ma zircon core
(07NC22-Zrn15; Fig. 2.7d) was obtained from the same outcrop that produced the 73 Ma zircon
reported in Matzel et al. (2004). This single grain contains weak oscillatory zoning that is
overprinted by homogeneous rim with an date of 70.4±6.2 Ma. The sample that produced this
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grain was collected from an outcrop that contains abundant leucogranite and pegmatite sheets,
some of which are transposed into the foliation and others that cross-cut it (Fig. 2.2a). Boysun
(2004) determined that these intrusives are local partial melts of the Swakane Gneiss. The strong
deformation fabric in this sample makes it difficult to determine if the zircons are detrital or grew
in an in-situ partial melt and were subsequently transposed into the paragneiss. Oscillatory
zoning, prismatic shape, and higher U/Th ratio for the rim (U/Th=14.9) than for the core (U/Th =
2.2-3.5) suggest that the latter interpretation is more likely (Fig. 2.7d). Furthermore, this zircon
date is synchronous with Sm-Nd ages for metamorphic garnet collected nearby, indicating that a
detrital origin is very unlikely and that the zircon initially grew in a partial melt and subsequently
developed a metamorphic overgrowth.
2.7.3.2. 95 - 63 Ma Zircon Rims and 75 - 65 Ma Garnet
The Swakane Gneiss contains no zircon grains with distinct metamorphic rims older than
ca. 95 Ma, providing an upper age limit on the timing of metamorphism. The oldest garnet is
73.5±1.2 Ma, which may or may not correspond to the oldest metamorphic event. Therefore, 7565 Ma zircon rims are interpreted as metamorphic because these ages correlate with garnet
growth ages (Fig. 2.3; Table 2.2) and these zircon ages generally correspond with high U/Th
ratios.
Garnet Sm-Nd dates are significantly younger to the north in the Wenatchee block than
those to the south in the Chelan block. However, there is no appreciable variation in the zircon
dates between the two blocks. Thus, the last metamorphic episode was either diachronous with
younger metamorphism in the north or occurred over a ca. 10 m.yr. interval between ca. 75 and
ca. 65 Ma. Similarity in the young zircon dates between blocks, which are interpreted as
metamorphic, is most compatible with a ≥10 m.yr. period of metamorphism affecting all of the
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Swakane Gneiss.
In addition to the 75-63 Ma zircon rims that are metamorphic in origin, Swakane Gneiss
zircon rims also have concordant dates that range from 95-75 Ma (Fig. 2.8a) that do not correlate
with garnet growth, display a variety of CL responses (Figs. 2.4 & 2.7), and have high (≥10) to
low (≤5) U/Th ratios (Fig. 2.5a). All samples contained zircon with 95-75 Ma zircon rims and of
the 170 individual grains analyzed, 62 of them (36%) have 95-75 Ma rims that overgrow older
cores. U/Th ratios suggest that these dates correspond to a mixture of igneous and metamorphic
zircon (Fig 2.5a). Including the zircon ages that correlate with garnet ages there are three age
peaks in zircon rim ages: 90, 81, and 71 Ma (Fig. 2.8b). Thus, Swakane Gneiss zircon rim ages
could represent spot age mixing between three populations (ca. 90, ca. 81, and ca. 71 Ma) or
mixing between two age populations of ca. 90 Ma and ca. 71 Ma.
Linearized probability diagrams are useful for evaluating mixing between two end
member components because random errors generated by analyzing two component mixtures
will form a bimodal distribution (e.g. Sinclair, 1974; Hoskin and Black, 2000; Ludwig, 2008). A
linearized probability analysis of all 95-63 Ma Swakane Gneiss zircon rim dates shows two steps
at ca. 89 Ma and ca. 75 Ma (Fig. 2.9). Dividing the dataset at these steps separates the two linear
segments of the curve from the mixed analyses between them (Fig. 2.9). The end member ages
from these Gaussian segments are 90.9±3.8 Ma and 70.5±5.1 Ma. These ca. 91 Ma and ca. 71
Ma ages are indistinguishable (within uncertainty) from the oldest and youngest of the 'unmixed'
age components calculated for subsets of the zircon rim dataset (Figs. 2.8b and 2.9). Thus, two
distinct zircon rim age components is the preferred interpretation because of: (1) clear CL-zone
spot overlap (Figs. 2.4 and 2.7); (2) the bimodal nature of the dataset (Figs. 2.8 and 2.9); and (3)
the abundance of ca. 91 Ma zircon cores. Although most older (>91 Ma), clearly detrital grains,
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Figure 2.9. Linearized probability of zircon rim ages, Swakane Gneiss. Three linear
segments can be fit to the data. The oldest and youngest segments are interpreted to
represent distinct (geologically significant) age populations. The ca. 81 Ma
intermediate segment may represent an intermediate pulse of metamorphism or
mixing of spot ages between 91 Ma and 71 Ma age components.
have a ca. 91 Ma rim age component, not all do, which supports a detrital interpretation for the
ca. 91 Ma zircon rims. Spot age mixing between a ca. 91 Ma detrital component (relatively low
U/Th) and a ca. 71 Ma metamorphic age component (relatively high U/Th) may also help to
explain the scatter in the U/Th vs. age plot for 95-63 Ma zircon dates (Fig. 2.5a inset).
Therefore, it is concluded that the two zircon rim endmember age components of ca. 91 Ma
detrital ages and ca. 71 Ma in situ metamorphic ages reflect real geologic events.
2.7.4. Loading Rates During Metamorphism
Loading rates calculated here are indicative of the rates for incorporation or recycling of
crustal material into the Cretaceous Cordilleran magmatic arc and the rates of vertical motion
during thrust loading. These rates reflect, at least in part, the rates at which orogenic belts grow
via terrane accretion.
63

New data presented here for the Swakane Gneiss establish two ages that correspond to
different crustal depths. The youngest detrital zircon age group (90.9±3.8 Ma) provides a
minimum age for deposition of sediment. The oldest metamorphic zircon rims (70.5±5.1 Ma)
and garnet ages (73.5±1.2 to 65.8±0.7 Ma) provide estimates for the timing of metamorphism
which can be linked with pressure and depth estimates from garnet geobarometry. In the
assessment of tectonic rates below, these ages are used to estimate new loading rates for the
Swakane Gneiss.
Garnet growth ages of 73.5±1.2, 71.3±2.8, and 65.8±0.7 Ma provide robust estimates for
the timing of metamorphism. Valley et al. (2003) reported 10-12 and 9-11 kbar pressures for
garnet growth in the Chelan and Wenatchee blocks, respectively. Garnet Sm-Nd ages indicate
that not only did these fault blocks attain different pressures (and thus different depths), but also
were metamorphosed at slightly different times. Two sigma uncertainties produce age ranges of
74.7 to 68.5 Ma for the Chelan block and 66.5 to 65.1 Ma for the Wenatchee block. The lack of
overlap is compatible with two distinct garnet growth events. The difference in ages could be
attributed to two distinct loading events for different parts of the Swakane protolith basin or
possibly by progressive overthrusting of a tapered stack of thrust sheets. The youngest
documented garnet zone metamorphism in the Wenatchee block is ca. 86 Ma (Stowell and
Tinkham, 2003; Stowell et al., 2007). Ar/Ar data for hornblende and biotite suggest cooling of
the northern Wenatchee to ca. 300°C between 60-70 Ma (Tabor et al., 1987; Miller et al., 2003).
Therefore, although 75 Ma garnet zone metamorphism in the Wenatchee block cannot be ruled
out, it is unlikely. Regardless, loading of the Swakane Gneiss sediments had certainly begun by
75 Ma.
The zircon and garnet ages are compatible with loading post-91 or post-112 Ma.
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Assuming that the 90.9±3.8 Ma group of zircon ages are for detrital grains and using the
70.5±5.1 Ma zircon rim and 65.1 to 74.7 Ma garnet ages as best estimates for high pressure
amphibolite-facies metamorphism during loading in the Chelan block, the minimum and
maximum loading rates were 1 and 3 mm/yr, respectively. If the ca. 91 Ma zircon age group
reflects early metamorphic zircon growth, then the youngest detrital zircon (rounded oscillatory
core, low U/Th) would be 08NC51-Z13, which has an age of 111.9±2.9 Ma. This scenario also
requires 1-3 mm/yr loading rates, identical (within uncertainty) to those for the previous case.
Thus, for either scenario, a constant time-averaged loading rate, results in an estimate of 20 to 25
m.yr. for the loading event.
Loading rates of 1-3 mm/yr for the Swakane Gneiss proposed here contrast with the rapid
loading rates of 7 mm/yr required by interpretation of 73 Ma zircon as detrital (Fig. 2.10; Matzel
et al., 2004). It is important to note that these estimates of loading rates are averaged over long
intervals of geologic time (20-25 m.yr.) and the loading likely occurred in brief intervals (i.e.
pulsed loading), because large fault displacements occur near instantaneously in modern
orogenic systems (eg. Sumatra, Andes, etc.). In the more likely case of a variable rate, the
maximum loading rate may have greatly exceeded 3 mm/yr during part of the loading interval;
however, our data are insufficient to distinguish such small intervals of geologic time.
New estimates of loading rates for the Swakane Gneiss are similar to loading rates of 0.71.4 mm/yr proposed for the overlying Nason terrane (Fig. 2.10; Stowell et al., 2007; Stowell et
al., 2011) and comparable to estimates of loading rates calculated for orogenic belts worldwide
(Fig. 2.10). Reported loading rates for magmatic arcs range from 1 mm/yr (Cascades-Nason
terrane; Stowell et al., 2011) to 4 mm/yr (Fiordland; Flowers et al., 2005). New loading rates for
the Swakane Gneiss are also similar to 2 mm/yr loading rates calculated for continent-continent
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Figure 2.10. Time-averaged loading rates calculated for worldwide orogenic belts.
Calculated values and data sources are listed next to bar graph. Values reported here do not
account for pressure estimate uncertainties (typically ±1 kbar; 3 km) and age uncertainties
ranging from 1 m.yr. - 13 m.yr. and are unique for each study.
collision belts (Norway-Burton and O'Nions, 1991; Alps-Christensen et al., 1994; HimalayaVance and Harris, 1999). Perhaps the most appropriate comparison is to a rate of 2.0 mm/yr
calculated for loading of the Pelona-Orocopia-Rand (POR) schists during underthrusting of these
accretionary prism sediments below the Sierra Nevada magmatic arc (Grove et al., 2003). Matzel
et al (2004) proposed that the Swakane Gneiss and the POR schists were loaded simultaneously,
implying similar rapid loading of sediments along >1,000 km of the western North American
margin; albeit a 7 mm/yr loading rate for the Swakane Gneiss, would be higher than loading rate
estimates calculated for the POR schists and other orogenic belts (Fig. 2.10). Although large
fault systems are capable of displacing large volumes of crust in a relatively short duration of
geologic time, it is unlikely that the Swakane Gneiss could be buried to ~35 km in <5 m.yr.,
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requiring a loading rate of ca. 7 mm/yr. Heating to 750°C in this time interval is even less likely
without obvious evidence for advective heat transport by magmas.
2.7.5. Implications for Deposition and Loading of the Swakane Gneiss
Matzel et al. (2004) considered three potential settings for deposition of the Swakane
Gneiss sediments: (1) accretionary complex; (2) fore-arc basin; and (3) back-arc basin. Hacker et
al. (2011) summarized several mechanisms for addition of sediments to lower arc crust and
suggested that the Swakane Gneiss could be an example of ‘relamination’ of subducted
sediments to basal crust in the Cordillera.
Accretionary complex basins and relamination models require that rocks have initial
pressure and temperature conditions appropriate for the low heat flow in an accretionary
complex and mid-path UHP conditions, respectively. In both cases, evidence for these conditions
could be erased or become cryptic as a result of later high temperature, upper amphibolite facies
to granulite facies conditions. Thus far, evidence for early high pressure conditions have not been
identified (e.g., Valley et al., 2003). Quantitative P-T paths and additional metamorphic data may
shed further light on these interpretations; however, given the current data we conclude that the
accretionary complex basin and relamination models are unlikely.
Overthrusting of a back-arc basin is feasible to explain the sediment provenance and P-T
history of the Swakane Gneiss. Here, we also consider the possibility of deposition in an intraarc basin and propose a Tertiary analog. Pull-apart basins are common in intra-arc settings (e.g.,
Busby, 2012). Subsidence generally occurs coeval with large strike-slip faults as transtentional
stresses affect an arc. A Tertiary example is the Chiwaukum Graben and Chumstick Formation
basin fill (Fig. 2.1). Estimates for the thickness of Chumstick sediments range from 8 to 12 km
(Gresens et al., 1981; Evans, 1988, 1994). Similar Eocene transtentional basins developed
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throughout the Cascades core during dextral translation which followed Mesozoic crustal
thickening along the continental margin. Dextral transpression in the Cascades was
accommodated by several strike-slip faults (e.g. Entiat, Straight Creek, etc; Johnson, 1985).
Assuming that the limited outcrop area of the Swakane Gneiss (Fig. 2.1) is representative
of the depositional extent, then it may have been a relatively small basin, comparable in size to
intra-arc pull-apart basins. Minimum and maximum metamorphic pressure estimates range from
9-12 kbar for the Swakane Gneiss. These estimates indicate a current thickness of ca. 9 km for
the exposed section. However, early recumbent folding (Alsleben, 2000; Miller et al. 2003), must
have increased the thickness of the original strata; therefore, ca. 9 km is a maximum thickness
for the exposed section of the Swakane protolith. These estimates for thickness of the Swakane
Gneiss are comparable to estimates for the Chumstick Formation (Gresens et al., 1981; Evans,
1988). Additionally, the Chumstick Formation is deformed (folded), suggesting some collapse of
the Chiwaukum Graben. However, collapse of the Chiwaukum Graben did not progress to the
point of being overthrust as the Swakane basin was during the Late Cretaceous.
Swakane Gneiss detrital zircon ages suggest input from a variety of sources. Proterozoic
populations indicate that Swakane Gneiss protolith included a North America component.
However, detrital zircons as young as ca. 91 Ma indicate that the Swakane protolith was
deposited during and/or after ca. 91 Ma Cretaceous arc magmatism. An intra-arc setting for
deposition of the Swakane Gneiss protolith could accommodate both North American and arc
sediment provenance (Fig. 2.11a). The proposed basin could have initiated during early
transtension that coincided with strike-slip faulting along a precursor to the Entiat fault. Strikeslip faulting in the North Cascades would have likely accompanied 88-75 Ma oblique
convergence between the North American and Kula/Farallon plates (Engebretson et al., 1985).
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Figure 2.11. Oblique-view cartoon of the southern Coast Plutonic Complex (CPC) during
the Late Cretaceous illustrating the proposed model for deposition and loading of the
Swakane Gneiss. (A) Intra-arc deposition of the Swakane Gneiss protolith in a synorogenic
pull-apart basin during ca. 85 Ma transpression. Dominantly strike-slip boundary between
CPC and Kula plates is from ca. 88 - 75 Ma plate motion reconstruction of Engebretson et
al. (1985). WRSZ = White River shear zone. Dashed lines show potential detrital zircon
provenance. (B) Overthrusting of the Swakane protolith during ca. 75 Ma renewed
convergence and loading of the Swakane Gneiss to ca. 10-12 kbar depth. DD = W-vergent
thrust motion along the early Dinkelman detachment. Kula/Farallon and CPC plate
boundary configuration after Engebretson et al. (1985) plate motion reconstruction for 75
Ma.
The timing of this episode of oblique convergence overlaps with our post-91 and pre-75 Ma
depositional age constraint for the Swakane Gneiss protolith. During subsequent crustal
thickening, this basin must have been overthrust by arc rocks and loaded to cause the observed
metamorphism. 75-63 Ma loading and metamorphism of the Swakane Gneiss protolith could
have occurred via W-vergent thrusting along the early Dinkelman detachment (Paterson et al.,
2004; Fig. 2.11b). W-vergent thrusting would have accompanied post-75 Ma renewed
subduction of the Kula/Farallon plate beneath western North America (Engebretson et al., 1985).
Intra-arc deposition of the Swakane would place the basin within or near the axis of
Eocene-Oligocene arc magmatism. The Swakane includes numerous sheet-like and other
deformed magmatic bodies, some of which have been attributed to localized partial melting
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(Boysun, 2004). However, arc-related plutons are largely or entirely lacking in the Swakane
Gneiss. Although the lack of arc plutons could indicate that the Swakane protolith was not
deposited within the arc, a proposed analog basin, the Chiwaukum Graben, contains no plutons
in spite of abundant 20-35 Ma plutons (Index, Grotto, and Snoqualmie batholiths), and 43-48 Ma
plutons (Cooper Mtn, Duncan Hill, and Railroad Creek) found to the west and east of the
Chiwaukum graben, respectively (Tabor et al., 1987, 1993 and references therein).
Intra-arc basin deposition of the Swakane Gneiss does not require large-magnitude
displacements along the Dinkelman detachment and is compatible with early transpressional
Dinkelman and/or Entiat fault displacements accommodating basin subsidence during deposition
of the Swakane protolith. Additional constraints on the prograde P-T evolution of the Swakane
Gneiss may help to elucidate the mechanism by which these sediments were loaded to highpressure amphibolite facies conditions.
2.8. Conclusions
Garnet Sm-Nd ages and LA-ICPMS U-Pb ages of age-zoned zircons indicate that the
Swakane Gneiss underwent upper amphibolite facies metamorphism between 75 and 63 Ma with
older metamorphism in the Chelan block and younger metamorphism to the northwest in the
Wenatchee block. This newly identified metamorphic episode precludes a detrital origin for ca.
73 Ma zircon in these rocks. Instead, ca. 73 Ma zircon rims are metamorphic in origin and sparse
data indicating similar ages for some zircon cores are interpreted to reflect age mixing or zircon
growth in intrusive dikes and sills and/or deformed in-situ partial melts. A rapid loading rate of 7
mm/yr over a 5 m.yr. interval is not required in the tectonic history that incorporates the new
metamorphic event. Instead, by establishing that deposition of the Swakane Gneiss protolith
occurred after 91 Ma and before 75 Ma, slower loading rates of 1-3 mm/yr are proposed. Based
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on a Tertiary analog, the Chiwaukum Graben, it is postulated that the Swakane Gneiss protolith
was deposited in a short-lived intra-arc basin that collapsed shortly after deposition, thereby
incorporating the Swakane protolith into the arc crust.
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CHAPTER 3:
THRUST LOADING AND PROGRADE METAMORPHISM OF THE LOWERMOST
CASCADES CRYSTALLINE CORE, SWAKANE GNEISS, WA, USA

3.1. Abstract
Metasedimentary rocks in orogenic belts often provide direct evidence for development
and collapse of syn-orogenic sedimentary basins. High-grade metasedimentary rocks of the
Swakane Gneiss in the North Cascades of Washington preserve petrologic evidence for
synorogenic deposition, loading, heating, and cooling/exhumation that occurred via overthrusting
and subsequent exhumation. These rocks comprise the deepest exposed crust in the North
Cascades and include metapelitic rocks that are utilized to construct clockwise P-T-t paths
consisting of three finite parts: (1) near-isothermal loading during initial garnet growth; (2) nearisobaric heating to peak P-T conditions of 650-710°C and 8-11 kbar; and (3) decompression and
cooling. Garnet grew during initial pressure increases of 3 to 6 kbar with insignificant changes in
temperature. Prograde metamorphism and garnet growth continued during near-isobaric heating
to peak temperatures. The transition from isothermal loading to isobaric heating is best
interpreted to reflect thrust loading and associated subsequent heating. Consistent P-T estimates
for six samples indicate that similar peak metamorphic conditions occurred over the terrane as a
whole. Retrograde reaction textures and P-T pseudosections indicate decompression was
accompanied by cooling, probably soon after peak metamorphism. Similarities in the P-T-t paths
for all samples require a similar tectonic mechanism to produce the high-P before high-T
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(Barrovian-style) metamorphic history. These results underline the importance of thrust loading
in magmatic arcs and indicate the likely importance of it as a mechanism for deep burial of
sedimentary rocks.
3.2. Introduction
The driving forces for metamorphism and associated tectonic models for orogenic belts
are important because these forces may be responsible for the deep burial of significant volumes
of continental crust (e.g. McLennan, 1988). Metamorphic pressure-temperature-time paths (P-T-t
paths) provide valuable data for evaluating these tectonic and/or geodynamic models for
orogenic belts. Testing such models (e.g., thrust loading) is often the motivation behind research
designed to construct P-T-t paths for metamorphic terranes. Comparison of P-T-t paths
constructed from petrologic data with predictions from thermo-mechanical modes of orogenic
belts can help distinguish between thrust or magma loading mechanisms (e.g. Jamieson et al.,
2002). Both thrust- and magma-loading have been proposed to account for Cretaceous
metamorphism of the North Cascades crystalline core (Brown and Walker, 1993; Whitney et al.,
1999). This paper presents new P-T-t paths for metamorphism of the Swakane Gneiss and
evaluates potential mechanisms responsible for prograde metamorphism.
The thermal and baric history of the Swakane Gneiss is important because it is thought to
be the lowermost exposed [highest pressure] unit in the North Cascades. Its structural position at
the exposed base of the former arc is interesting because, unlike the adjacent terranes, it does not
contain arc-related plutons (Fig. 3.1). The Swakane Gneiss is a metamorphosed synorogenic
sedimentary basin (Matzel et al., 2004; Gatewood and Stowell, 2012), so P-T-t paths for
deposition to peak metamorphism to exhumation provide insight into the mechanisms by which
continental crust-derived sediments are recycled. Overthrusting has been well-documented as a
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mechanism by which mountain belts
grow and thereby generate and
recycle continental crust (Kohn et al.,
1992; Spear et al., 1990). Here the
significance of overthrusting of
synorogenic sediments is reiterated as
an important mechanism by which
continental crust-derived sediments
are deeply buried.
3.3. Geologic Setting
The North Cascades mountains
expose the southernmost part of a
Cretaceous-Paleogene magmatic arc
and orogenic belt that developed on
the western margin of North America
during accretion of the Insular terrane
(Fig. 3.1). It is made up of a sequence
of oceanic, island arc, and clasticdominated terranes, that were mostly
amalgamated before mid-Cretaceous
orogenesis and plutonism (Tabor et al.
1989). Today, the internal portions of
the arc are exposed as amphibolite-

Figure 3.1. Simplified geologic map of the North
Cascades Crystalline core. in Washington (after
Tabor et al., 1989), showing the location of the
Swakane terrane relative to other terranes of the
Cascades. Pluton ages follow from the summary
given in Miller et al. (2003). Zircon and garnet
geochronology sample locations are shown for the
Swakane terrane. HP = ~88 Ma High Pass pluton;
SM = ~96 Ma Sulphur Mountain pluton.
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facies metamorphic rocks intruded by Cretaceous-Paleogene plutons (Fig. 3.1). Miller et al.
(2000) used metamorphic pressure estimates from the Cascades Core to reconstruct a crustal
section consisting of (from structurally lowest to highest): (1) Swakane Gneiss and overlying
Napeequa complex, (2) Nason terrane, and (3) Ingalls Ophiolite Complex.
Several studies have collectively documented the three-part metamorphic P-T path of the
Chiwaukum Schist [Nason terrane] during the Cretaceous (Evans and Berti, 1986; Stowell et al.,
2007; 2011). For the Nason terrane, metamorphic textures, pseudosections, thermobarometry,
and garnet Sm-Nd ages have been carefully linked to resolve: (1) 96-91 Ma low pressure
metamorphism and andalusite growth associated with intrusion of the Mount Stuart batholith; (2)
ca. 91 Ma garnet, staurolite, and kyanite growth at higher pressure (~7 kbar), associated with
leucogranite sheet intrusion; and (3) post-intrusion 88-86 Ma garnet and sillimanite growth at 6-8
kbar, resulting from crustal thickening (Stowell et al., 2007, 2011). Higher-pressure Swakane
Gneiss and Napeequa Complex rocks occur in the Chelan block and northeast of the White River
shear zone in the Wenatchee block (Whitney et al., 1999; Valley et al., 2003; Fig. 3.1). Although
little is known about the prograde evolution of these higher pressure rocks, Valley et al. (2003)
determined peak metamorphic P-T estimates of 640-740°C, 10-12 kbar for Swakane Gneiss
rocks in the Chelan block and slightly lower conditions of 625-650°C, 9-11 kbar for Swakane
Gneiss rocks in the Wenatchee block. Gatewood and Stowell (2012) presented detrital zircon
ages that constrain deposition of the Swakane Gneiss protolith to post-91 Ma and 63-75 Ma
metamorphic ages that document loading and heating of the Swakane Gneiss began as early as
ca. 75 Ma. These ages indicate that metamorphism was >8 m.yr. later than in the adjacent Nason
terrane. Prograde P-T-t paths for the Swakane Gneiss presented here show that not only do the
metamorphic ages contrast between it and the Nason terrane, but the two likely experienced
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different loading and thermal histories. New P-T data for the heating and loading history of the
Swakane Gneiss compliments the earlier work documenting the timing of metamorphism
(Gatewood and Stowell, 2012) and supports a thrust loading model for metamorphism of this
part of the North Cascades.
The Swakane Gneiss is a well-foliated quartz-biotite-plagioclase ± amphibole ±
muscovite ± garnet ± kyanite ± staurolite gneiss, with subordinate garnet amphibolite, calcsilicate, and rare ultramafics. Although the Swakane terrane contains no plutonic bodies of
appreciable size, it is variably intruded by thin (< 10 m-thick) leucogranite sheets and pegmatites
(Fig. 3.2). Boysun and Paterson (2002) concluded that these small intrusive bodies are locally
derived. The Dinkelman detachment juxtaposes the Swakane terrane with overlying Napeequa
Complex (Fig. 3.1; Alsleben, 2000; Miller et al., 2000). It is a major top-to-the-northeast
extensional shear zone that Paterson et al. (2004) proposed to be a re-activated southwest-vergent
thrust fault. Similar peak metamorphic conditions for the Swakane Gneiss and Napeequa
complex were reported by Valley et al. (2003); however, cooling ages suggest that the Napeequa
rocks were exhumed and cooled earlier than the underlying Swakane Gneiss (Paterson et al.,
2004). New data presented here agree with previously-documented peak and retrograde
metamorphic estimates and compliment these studies by resolving prograde portions of P-T-t
paths for the Swakane Gneiss.
Recent geochronological studies indicate that much of the Swakane Gneiss was originally
deposited as sediment during the Late Cretaceous (Matzel et al., 2004; Gatewood and Stowell,
2012). Detrital zircons derived from both Precambrian crust (North America) and Cretaceous arc
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Figure 3.2. Key textural relationships for interpreting the metamorphic history of the
Swakane Gneiss. (a) Outcrop photo showing transposed and crosscutting partial melt layers
intruding Swakane Gneiss rocks in the Chelan block (08NC63). (b) Partial melt textures of
Swakane Gneiss rocks in the Wenatchee block (07NC16). (c) Photomicrograph showing
textural equilibrium of garnet (Gt) and matrix kyanite (Ky) in 08NC59. Black line shows
the location of linescan in Figure 4. Note the large rutile grains in the matrix. (d)
Photomicrograph of 08NC51 showing clinozoisite inclusions (Czo) in garnet (Grt); crossed
polars with accessory plate inserted. Approximate location of photomicrograph is shown in
(f). (e-f) Back-scattered electron images of garnets used for samples 07NC16 and 08NC51
showing garnet-inclusion textures. Black lines show the location of linescans shown in
Figure 4. (g) Photomicrograph of 08NC63 showing a euhedral staurolite crystal (St)
partially replacing kyanite (Ky). This texture reflects staurolite growth during retrograde
metamorphism (decompression and cooling).
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rocks has led to a variety of proposed basinal settings for the Swakane Gneiss protolith (i.e. forearc, intra-arc, back-arc). Regardless of the depositional setting, the Swakane Gneiss protolith was
certainly deposited in a short-lived, synorogenic basin that collapsed during incorporation into
the arc. Matzel et al. (2004) interpreted zircon ages as young ca. 73 Ma as detrital and inferred
loading rates of ca. 7 mm/yr for the Swakane Gneiss protolith. Gatewood and Stowell (2012)
report garnet Sm-Nd ages as old as 73.5 ± 1.2 Ma, constrained detrital zircon ages to > 91 Ma,
and proposed slower loading rates of 1-3 mm/yr.
3.4. Analytical Methods
Metapelitic samples of the Swakane Gneiss were selected for P-T path construction because
they have appropriate bulk compositions and mineral assemblages for pseudosection modeling
and thermobarometry (i.e. robust activity-composition models are available for the solid solution
phases). Care was taken to avoid potentially altered samples (hydrothermal, weathering, etc.).
No samples containing apparent partial melt layers were sampled for XRF analysis to avoid
analyzing melt-depleted sample volumes. Locations of Swakane Gneiss metapelite samples used
in this study are listed in Table 3.1 and shown on Figure 3.1.
3.4.1. Bulk-rock compositions
Bulk-rock compositions of 6 samples were determined for construction of P-T
psudosections. Two to three ca. 5 mm-thick slices through each hand sample were cut to obtain
bulk-rock compositions. Rock slices were ground on diamond lap wheels to remove weathered
and/or cut surfaces and washed in acetone and 2M HCl before pulverizing in a Tungsten Carbide
ring-and-puck mill. Whole-rock powders were then dried overnight at 110°C to remove unbound
water, weighed, and heated to 950°C for ca. 6 hours to remove bound volatiles.
500 mg of dried powder sample splits were mixed with a lithium borate flux, melted in a
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Table 3.1. Locations of Swakane Gneiss samples referenced in the text.
Sample #

Block

UTM
Zone

UTMEasting

UTMNorthing

Location

Peak Assemblageb

07NC11

Chelan

10T

703253 E

5268025 N

Rocky Reach Dam

Grt+Bt+Fsp+Qtz+Rt

08NC59
08NC63

Chelan

10T

708483 E

5276059 N

US2/Columbia River Grt+Bt+Fsp+WM+Ky+Qtz+Rt

Chelan

10T

708124 E

5274479 N

US2/Columbia River Grt+Bt+Fsp+WM+Ky+Qtz+Rt

07NC16

Wenatchee

10U

655956 E

5332961 N

Massie Lake

Grt+Bt+Fsp+WM+Ky+Qtz+Rt

08NC51

Wenatchee

10U

654125 E

5334131 N

Fortress Mtn

Grt+Bt+Fsp+WM+Ky+Qtz+Rt

08NC55
Wenatchee 10U 656832 E
a
U.T.M. coordinates are N.A.D. 27.
b
Mineral abbreviations from Kretz (1983)

5330755 N

Buck Creek/Trinity

Grt+Bt+Fsp+WM+Ky+Qtz+Rt

platinum crucible, and cast into glass disks in a platinum mould. Bulk rock compositions were
collected by analyzing the glass disks with the Phillips PW2400 X-ray fluorescence spectrometer
at the University of Alabama. X-ray counts calibrated to major element composition using 15 20 certified rock standards per element. Two-sigma internal precision of the XRF major element
compositions during the analyses ranged from 0.001 to 0.420 wt% (2s; five analyses) depending
on concentration. Repeated analysis of U.S.G.S. standard AGV-1 and comparison to accepted
values indicates that major element results from the University of Alabama are within 2% of
accepted values (Stowell et al., 2010). Bulk rock major element compositions of Swakane Gneiss
metapelites used in this study are given in Table 3.2.
3.4.2. Mineral compositions
X-ray maps and quantitative mineral chemical analyses were collected using the fivespectrometer JEOL8600 electron microprobe analyzer (EPMA) at the University of Alabama. Xray maps were collected via stage raster (moving the sample stage under a stationary beam) with
a 500 nA beam current, a 15 keV accelerating voltage, 50 ms dwell time, and a 2 mm pixel size
to resolve any fine-scale (<10 um) zoning features. For quantitative analyses, beam conditions
consisted of a 20 nA current accelerated under a 15 kV potential. A beam diameter of 1 to 5 mm
was used for all minerals except feldspar (5-10 mm), and count times ranged from 20 to 45 sec.
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Table 3.2: Whole rock compositions for selected Swakane Gneiss samples.
wt% oxide*

07NC11

08NC59

08NC63

07NC16

08NC51

08NC55

SiO2

62.71

59.04

62.22

67.40

60.35

67.92

TiO2

0.89

1.16

0.84

0.74

1.28

0.72

Al2O3

16.73

20.46

20.82

15.85

21.56

14.55

Fe2O3 (T)
MnO

8.00

7.66

4.53

6.89

7.76

7.15

0.16

0.11

0.09

0.12

0.15

0.13

MgO

2.72

2.99

2.61

2.34

2.70

2.50

CaO

3.86

3.50

2.96

2.57

2.70

2.46

Na2O

3.63

2.80

2.57

2.47

2.22

2.01

K2O

1.30

2.10

1.84

1.68

2.97

1.78

P2O5

0.16

0.14

0.15

0.11

0.20

0.23

Total

100.16

99.96

98.63

100.19

101.88

99.43

*All major element compositions determined via XRF.

Calibration of raw X-ray counts to major element compositions utilized natural and synthetic
standards. All EPMA data were fully reduced using the CitZAF correction routine of Armstrong
(1984). Representative mineral compositions are given in Table 3.3.
3.4.3. Phase equilibria modeling and thermobarometry
Isochemical phase diagram sections (pseudosections) were calculated in the tencomponent system MnO, Na2O, CaO, K2O, FeO, MgO, Al2O3, SiO2, H2O, TiO2
(MnNCKFMASHT). Pure H2O was assumed to be in excess because of the abundant hydrous
phases in the rocks and indications that the Swakane Gneiss was water-saturated during partial
melting (Boysun, 2004). All Fe is considered as Fe2+ because the analytical methods used do not
distinguish between valance states of Fe and the samples contain modal graphite and ilmenite,
suggestive of low proportions Fe3+ (Connolly and Cesare, 1993). All pseudosections were
constructed with program THERIAK-DOMINO, which utilizes a Gibbs energy minimization
approach to phase diagram construction (deCapitani and Brown, 1987). An updated version of
the Holland and Powell (1998) internally-consistent thermodynamic database was used for all
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Table 3.3. Swakane Gneiss mineral compositions used for P-T estimates.
Sample # 07NC11
08NC59
Grt Core Grt Rim Bt
Grt Core Grt Rim Bt
Pl Rim
SiO2
36.41
38.01 36.85
37.23
38.01 36.97
59.25
TiO2
0.47
0.21
1.34
0.05
0.06
2.08
0.00
Al2O3
20.96
21.82 18.89
21.07
21.70 18.71
26.91
FeO
33.05
28.57 19.74
31.18
28.09 18.54
0.01
MnO
3.77
0.5
0.14
4.96
0.81
0.07
0.00
MgO
1.44
4.97 11.75
1.99
4.66 11.58
0.00
CaO
3.33
5.39
0.26
3.96
6.59
0.04
7.23
Na2O
0.13
0.19
7.42
K2O
7.94
8.63
0.12
Cr2O3
0.00
0.05
ZnO
H2O (calc)
4.05
4.05
Total
99.42
99.47 97.03
100.44
99.92 96.86 100.95
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K
Cr
Zn
H*
Cat Sum
Oxy Sum

0.61
0.01
0.41
0.46
0.05
0.04
0.06

0.63
0.00
0.43
0.40
0.01
0.12
0.10

1.63
2.45

1.69
2.54

O
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K
Cr
Zn
H* (assumed)
Catsum

12
2.97
0.03
2.01
2.25
0.26
0.17
0.29

12
2.99
0.01
2.02
1.88
0.03
0.58
0.46

7.99

7.98

Mg#
Al IV
AlVi
Alm
Prp
Sps
Grs
Alb
An
Ksp

0.07

0.24

0.76
0.06
0.09
0.10

0.64
0.20
0.01
0.15

0.61
0.02
0.37
0.27
0.00
0.29
0.00
0.00
0.17
0.00
0.45
1.75
2.48
11
2.726
0.075
1.647
1.221
0.009
1.295
0.021
0.018
0.749
0.000
2.00
7.76
0.51
1.27
0.37

0.62
0.00
0.41
0.43
0.07
0.05
0.07

0.63
0.00
0.43
0.39
0.01
0.12
0.12

1.66
2.48

1.69
2.54

12
2.99
0.00
2.00
2.10
0.34
0.24
0.34

12
2.99
0.00
2.01
1.85
0.05
0.55
0.56

8.01

8.00

0.10

0.23

0.70
0.08
0.11
0.11

0.62
0.18
0.02
0.18

0.62
0.03
0.37
0.26
0.00
0.29
0.00
0.01
0.18
0.00
0.45
1.75
2.48
11
2.734
0.116
1.630
1.146
0.004
1.276
0.003
0.027
0.814
0.003
2.00
7.75

100.06

100.04

0.62
0.00
0.41
0.42
0.07
0.04
0.09

0.63
0.00
0.43
0.39
0.00
0.11
0.12

1.89
3.01

1.65
2.48

1.70
2.55

8
2.62
0.00
1.40
0.00

12
2.99
0.01
2.01
2.04
0.33
0.18
0.45

12
2.99
0.00
2.01
1.85
0.02
0.54
0.58

8.00

8.00

0.08

0.23

0.68
0.06
0.11
0.15

0.62
0.18
0.01
0.20

0.99
0.53
0.00

0.13
0.24
0.00

0.34
0.64
0.01

5.00

0.53
1.27
0.36

0.65
0.35
0.01
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08NC63
Grt Core Grt Rim Bt
Pl Rim
37.12
38.15 36.82
59.64
0.16
0.06
1.25
0.00
21.11
21.76 18.41
26.73
30.23
28.20 20.17
0.04
4.77
0.33
0.06
0.00
1.49
4.59 11.18
0.00
5.18
6.95
0.02
7.14
0.10
7.55
8.84
0.07
0.06
4.02
96.91
0.61
0.02
0.36
0.28
0.00
0.28
0.00
0.00
0.19
0.00
0.45
1.74
2.45
11
2.746
0.070
1.618
1.258
0.004
1.243
0.001
0.014
0.841
0.003
2.00
7.80

101.17
0.99
0.52
0.00

0.13
0.24
0.00

1.89
3.02
8
2.627
0.000
1.388
0.001

0.337
0.645
0.004

5.00

0.50
1.25
0.36

0.65
0.34
0.00

Table 3.3 (continued). Swakane Gneiss mineral compositions used for P-T estimates.
Sample # 07NC16
08NC51
Grt Core Grt Rim Bt
Pl Rim
Grt Core Grt Rim Bt
Pl Rim
SiO2
37.23
37.43 36.47
62.29
37.35
37.78 36.36
62.84
TiO2
0.26
0.48
1.86
0.00
0.52
0.38
1.83
0.00
Al2O3
21.35
21.50 19.01
24.81
21.09
21.07 19.55
24.07
FeO
31.36
29.98 19.20
0.04
30.21
31.13 21.00
0.06
MnO
2.88
1.09
0.02
0.00
3.84
0.94
0.03
0.00
MgO
2.27
5.01 11.00
0.00
1.71
4.34
9.02
0.00
CaO
4.28
3.78
0.02
5.02
4.74
3.74
0.08
4.49
Na2O
0.15
8.63
0
0.18
8.96
K2O
8.84
0.08
0
8.23
0.09
Cr2O3
0.02
0
0.06
ZnO
0
H2O (calc)
4.02
0
4.00
Total
99.63
99.27 96.60 100.87
99.46
99.38 96.34 100.51
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K
Cr
Zn
H*
Cat Sum
Oxy Sum

0.62
0.00
0.42
0.44
0.04
0.06
0.08

0.62
0.01
0.42
0.42
0.02
0.12
0.07

1.65
2.48

1.68
2.51

O
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K
Cr
Zn
H* (assumed)
Catsum

12
2.99
0.02
2.02
2.11
0.20
0.27
0.37

12
2.97
0.03
2.01
1.99
0.07
0.59
0.32

7.98

7.99

Mg#
Al IV
AlVi
Alm
Prp
Sps
Grs
Alb
An
Ksp

0.11

0.23

0.72
0.09
0.07
0.13

0.67
0.20
0.02
0.11

0.61
0.02
0.37
0.27
0.00
0.27
0.00
0.00
0.19
0.00
0.45
1.74
2.46
11
2.717
0.104
1.669
1.196
0.002
1.222
0.001
0.021
0.840
0.001
2.00
7.77

1.04

0.62
0.01
0.41
0.42
0.05
0.04
0.08

0.63
0.00
0.41
0.43
0.01
0.11
0.07

1.89
3.03

1.64
2.48

1.67
2.51

8
2.734
0.000
1.283
0.001

12
3.01
0.03
2.00
2.04
0.26
0.21
0.41

12
3.01
0.02
1.98
2.07
0.06
0.52
0.32

7.96

7.98

0.09

0.20

0.70
0.07
0.09
0.14

0.70
0.17
0.02
0.11

0.49
0.00

0.09
0.28
0.00

0.236
0.735
0.004

4.99

0.51
1.28
0.39

0.75
0.24
0.00

0.61
0.02
0.38
0.29
0.00
0.22
0.00
0.01
0.17
0.00
0.44
1.71
2.44
11
2.73
0.10
1.73
1.32
0.00
1.01
0.01
0.03
0.79
0.00
2.00
7.71

100.08

99.44

0.62
0.01
0.42
0.43
0.05
0.05
0.08

0.63
0.00
0.42
0.42
0.02
0.12
0.08

1.89
3.03

1.66
2.49

1.68
2.51

8
2.76
0.00
1.25
0.00

12
3.00
0.03
2.01
2.07
0.26
0.24
0.37

12
2.99
0.01
1.98
1.99
0.07
0.57
0.39

7.97

8.01

0.11

0.22

0.70
0.08
0.09
0.13

0.66
0.19
0.02
0.13

1.05
0.47
0.00

0.08
0.29
0.00

0.21
0.76
0.01

5.00

0.43
1.27
0.46

0.78
0.22
0.01
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08NC55
Grt Core Grt Rim Bt
Pl Rim
37.38
37.57 36.45
60.02
0.48
0.22
2.11
0.00
21.24
21.18 19.47
26.44
30.83
29.99 18.97
0.01
3.76
1.08
0.09
0.00
2.04
4.82 10.99
0.00
4.35
4.58
0.10
6.98
0.13
7.79
8.96
0.07
0.03
4.06
97.30
0.61
0.03
0.38
0.26
0.00
0.27
0.00
0.00
0.19
0.00
0.45
1.75
2.48
11
2.695
0.117
1.696
1.173
0.006
1.211
0.008
0.019
0.845
0.002
2.00
7.77

101.30
1.00
0.52
0.00

0.12
0.25
0.00

1.89
3.03
8
2.64
0.00
1.37
0.00

0.33
0.66
0.00

5.01

0.51
1.31
0.39

0.67
0.33
0.00

mineral properties (dataset 5.5, Nov. 2003). Recently published activity-composition models
were used to model the solid solution phases: biotite, chlorite, chloritoid, cordierite, garnet,
ilmenite, feldspar, silicate melt, staurolite, and white mica. A summary of these solution models,
their permitted site occupancies, and their source references is given in Appendix 3-1. All other
mineral phases were assumed to be pure. For illustration clarity, P-T pseudosections for Swakane
Gneiss samples presented here cover a broad range of P-T space (400-800°C, 1-12 kbar)
including high-P/low-T and high-T/low-P assemblage fields. However, these portions of the
diagram are irrelevant to the P-T history of the Swakane Gneiss and interpretations of the
diagrams at these conditions should be made with caution, as solution models for appropriate
phases (orthopyroxene, Na-amphibole, etc) were not utilized.
P-T conditions for initial garnet growth were estimated by comparing measured garnet
core compositions (peak Mn) with the predicted intersection of compositional isopleths on P-T
pseudosections (Vance and Mahar 1998). Estimates for peak metamorphic temperatures and
pressures were determined from the overlap of peak mineral assemblage fields (on
pseudosections) and thermobarometric estimates based on measured mineral compositions. The
garnet-biotite geothermometer (GABI; phlogopite + almandine ↔ annite + pyrope) and the
garnet-aluminum silicate-plagioclase-quartz geobarometer (GASP; 3 anorthite ↔ grossular + 2
kyanite + quartz) were used with near rim garnet compositions with the maximum Mg/(Mg+Fe).
Thermobarometry calculations were performed using the program THERMOCALC (v.3.33;
Powell and Holland, 1988; Powell et al., 1998) in mode 3 (reactions between all end members).
Identical thermodynamic data and solid solution models were used for pseudosection and
exchange thermobarometry calculations.
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3.5. Results
P-T-t paths for 6 metapelitic samples of Swakane Gneiss are presented. Three are from
the Chelan block and three are from the Wenatchee block (Fig. 3.1; Table 3.1).
3.5.1. Chelan Block samples
3.5.1.1. 07NC11 Garnet-Biotite Gneiss
Sample 07NC11 is a garnet-biotite gneiss collected from near the core of a regional
antiform and thus represents the structurally deepest part of the exposed Cascades core (Fig. 3.1;
Table 3.1). A five-point garnet-rock isochron from this outcrop yielded an age of 73.5 ± 1.2 Ma
(Gatewood and Stowell, 2012). Numerous concordant and crosscutting leucogranites and
pegmatites are present in the outcrop. These metasedimentary rocks have cm-scale compositional
layering and parallel mineral grain alignment forming the gneissic layering. The quartz-rich
felsic layers contain the peak metamorphic assemblage plagioclase + garnet + biotite + rutile +
quartz. Garnets from these layers are 2-4 mm in diameter, euhedral, and contain inclusions of
quartz, chlorite, clinozoisite, rutile, ilmenite, and apatite. Retrograde chlorite occurs in the
matrix, partially replacing biotite. Garnets preserve typical growth zoning with spessartine
decreasing and pyrope increasing from core to rim (Figs. 3.3 and 3.4a). Major element
compositional zoning ranges from Alm0.76 Prp0.06 Sps0.09 Grs0.10 in the cores to Alm0.64 Prp0.20
Sps0.01 Grs0.15 at the rims (Figs. 3.3 and 3.4a; Table 3.3). Grossular zoning is more complex and
shows an overall increase from core to rim, with thin (ca. 200 mm), high-Ca annuli just inside
the rim (Figs. 3.3 and 3.4a). These high-Ca spikes are compensated for by sympathetic decreases
in almandine and pyrope. The significance of the high-Ca annuli is discussed below. Thin, (< 50
mm) rims that are zoned with increasing spessartine and decreasing pyrope suggest that garnet
outer rims preserve some chemical re-equilibration after peak metamorphism.
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Figure 3.3. Major element Ka Xray maps of Fe, Mg, Mn, & Ca for Swakane Gneiss
garnets. Representative samples are shown for the Chelan block samples (07NC11) and
Wenatchee block samples (08NC55). White lines on Mn Kα maps show the location of
quantitative line traverses for these two samples shown in Figure 4.
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Figure 3.4. Electron microprobe linescans depicting major element compositional zoning of
Swakane Gneiss garnets. (a) Sample 07NC11, Swakane Garnet-Biotite Gneiss. (b) Sample
08NC59, Swakane Garnet-Kyanite Gneiss. (c) Sample 08NC63, Swakane Garnet-Kyanite
Gneiss. (d) Sample 07NC16, Swakane Garnet-Kyanite Gneiss. (e) Sample 08NC51, Swakane
Garnet-Kyanite Gneiss. (f) Sample 08NC55, Swakane Garnet-Kyanite Gneiss. Alm =
almandine, Grs = Grossular, Prp = pyrope, Sps = spessartine.
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The P-T pseudosection is dominated by trivariant fields at low-T and by quadri-, and
penta-, and hexavariant fields at high-T (Fig. 3.5a). The absence of an Al2SiO5 phase predicted
by the pseudosection suggests that available Al was sequestered by garnet, biotite, and
plagioclase. The lack of an Al2SiO5 phase in the rock and high modal content of other Alsequestering phases suggests that the pseudosection adequately models the bulk composition of
this sample for the relevant portion of the samples P-T-t path (i.e. excluding high-P/low-T and
high-T/low-P assemblage fields). Garnet is predicted to be stable above ca. 500°C at pressures <
6 kbar and at lower temperatures at pressures >6 kbar. The peak assemblage field containing
plagioclase + garnet + biotite + rutile + quartz + H2O is stable just below the solidus, between
610-740°C and 8.3-12 kbar. Garnet core isopleths intersect over a region of P-T space between
550 to 575°C and 3.0 to 5.5 kbar. The area defined by the garnet core isopleths lies within the
plagioclase + garnet + chlorite + biotite + ilmenite + quartz stability field and provides a
constraint on initial garnet growth. The presence of ilmenite and absence of rutile near-core
inclusions in garnets from this sample supports the interpretation of this result as initial garnet
growth conditions. Garnet-biotite thermometry yields a temperature estimate of 710°C (Table
3.4). For thermobarometry, an assumed pressure of 10.5 kbar was used because this sample does
not contain appropriate phases for geobarometry and Valley et al. (2003) calculated metamorphic
pressures of 10-11 kbar for samples from nearby the outcrop.
3.5.1.2. 08NC59 Garnet-Kyanite Gneiss
Sample 08NC59 is a pelitic schist collected from the east bank of the Columbia River
(Fig. 3.1; Table 3.1). The outcrop is from the flanks of the regional antiform at an upper
structural level within the Swakane Gneiss (Fig. 3.1). The peak assemblage in this sample is
plagioclase + muscovite + garnet + biotite + rutile + kyanite. Accessory chlorite and staurolite
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Figure 3.5. P-T pseudosections for garnet-bearing Swakane Gneiss samples from the Chelan
block calculated using THERIAK-DOMINO software suite (deCapitani and Brown, 1987).
Metamorphic assemblage fields are shaded by variance, starting with white divariant fields
and variance increasing with darker shades of gray. Overlap regions of garnet core
compositional isopleths provide initial garnet growth P-T estimates and are shown in white.
(a) 07NC11, Swakane Grt-Bt Gneiss. (b) 08NC59, Swakane Grt-Ky Gneiss. (c) 08NC63,
Swakane Grt-Ky Gneiss.
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Table 3.4. Summary of P-T results for the Swakane Gneiss.
Sample #

Block

Grt Core
T-estimate
min

max

Grt Core
P-estimate
min

Peak
Assemblage

max

T est
(°C)

P est
(kbar)

DT (°C)

DP (kbar)

GABI

±

GASP

±

min

max

min

max

708

50

10.5*

1

83

208

4.0

8.5

07NC11

Chelan

550

575

3.0

5.5

Grt+Bt+Fsp+Qtz+
Rt±WM

08NC59

Chelan

555

570

4.3

6.1

Grt+Bt+Fsp+WM+
Ky+Qtz+Rt

659

50

9.8

1

39

154

2.7

6.5

08NC63

Chelan

550

570

4.5

7.0

Grt+Bt+Fsp+WM+
Ky+Qtz+Rt

693

50

10.6

1

73

193

2.6

7.1

07NC16

Wenatchee

550

575

4.8

6.9

Grt+Bt+Fsp+WM+
Ky+Qtz+Rt

652

50

8.5

1

27

152

0.6

4.7

08NC51

Wenatchee

555

555

5.5

5.5

Grt+Bt+Fsp+WM+
Ky+Qtz+Rt

670

50

9.2

1

65

165

2.7

4.7

08NC55

Wenatchee

550

570

4.9

6.5

Grt+Bt+Fsp+WM+
Ky+Qtz+Rt

650

50

8.3

1

30

150

0.8

4.4

*Assumed pressure.

show replacement textures with biotite and kyanite, respectively. Valley et al. (2004) also noted
the replacement of kyanite by staurolite and interpreted the reaction texture to reflect breakdown
of kyanite (kyanite + garnet + biotite + H2O → staurolite + quartz + muscovite) during
decompression. Garnets are 3-6 mm diameter, euhedral, and contain inclusions of quartz,
plagioclase, chlorite, clinozoisite, rutile, and ilmenite (Fig. 3.2c). Ilmenite inclusions show a
transition from pure ilmenite in and around garnet cores to ilmenite-rutile composite grains to
pure rutile at the garnet rims (Fig. 3.2c). Garnets are zoned from core compositions of Alm0.70
Prp0.08 Sps0.11 Grs0.11 to rims of Alm0.62 Prp0.18 Sps0.02 Grs0.18 (Fig. 3.4b; Table 3.3). Overall,
garnets in this sample show growth zoning profiles that can be characterized by decreasing
almandine and spessartine and increasing pyrope and grossular from core to rim (Fig. 3.4b).
Increases in spessartine and decreasing pyrope ca. 200 mm inside the outer rims suggest some reequilibration of garnet rim compositions has occurred in this sample.
The P-T pseudosection reflects the pelitic nature of the sample with fields that delimit the
stability of the index minerals: garnet, staurolite, aluminum silicates (Fig. 3.5b). Garnet is stable
above 550°C at pressures between 3 and 7 kbar, and <500°C and >775°C at higher and lower
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pressures, respectively. Modeled isopleths for garnet core compositions intersect in a narrow
field from 555-570°C and 4.3-6.1 kbar, which lies within the stability field plagioclase +
muscovite + garnet + chlorite + biotite + ilmenite + quartz. The peak assemblage of plagioclase
+ muscovite + garnet + biotite + rutile + kyanite is stable between 620-740°C and 7.3-12.0 kbar.
A P-T estimate for the garnet rim composition (highest Mg#) paired with matrix biotite and
plagioclase gives 659°C, 9.8 kbar by the intersection of the garnet-biotite (GABI) thermometer
with the garnet-aluminum silicate-plagioclase (GASP) barometer (Fig. 3.5b; Table 3.4).
Although the P-T estimate lies just within the peak assemblage field, the outcrop contains
evidence for local partial melting (thick biotite selvages adjacent to leucocratic sheets).
Considering the quoted uncertainty of ±50°C for the GABI thermometer the temperature
estimate ranges to 710°C, well below the predicted solidus temperature for pressures of 8.8 to
10.8 kbar (Fig. 3.5b). Therefore, the T and possibly P estimate for this sample is interpreted to
reflect equilibration of garnet near-rim compositions at sub-peak metamorphic conditions.
3.5.1.3. 08NC63 Garnet-Kyanite Gneiss
Sample 08NC63 is a coarse-grained pelitic schist collected from an intermediate
structural level of the Swakane Gneiss (relative to the other two Chelan block samples) along the
Columbia River, that contains voluminous leucocratic melt (Figs. 3.1 and 3.2a; Table 3.1). It
contains the peak assemblage plagioclase + muscovite + garnet + biotite + rutile + kyanite.
Secondary chlorite and muscovite overgrow the metamorphic foliation and replace biotite and
kyanite.
Garnets are 2-5 mm diameter, euhedral, and preserve growth zoning profiles similar to
garnet in other Swakane Gneiss samples (Fig. 3.4c). They contain inclusions of quartz,
plagioclase, ilmenite, rutile, and clinozoisite. The distributions of ilmenite and rutile inclusions

96

are the same that discussed above for 08NC59. Garnet major element compositions range from
Alm0.68 Prp0.06 Sps0.11 Grs0.15 in the cores to Alm0.62 Prp0.18 Sps0.01 Grs0.20 at the rim (Fig. 3.4c;
Table 3.3).
The P-T pseudosection topology is similar to that for 08NC59, except for lesser biotite
and greater aluminum silicate stability (Fig. 3.5c). Garnet core compositional isopleths intersect
in the plagioclase + muscovite + garnet + chlorite + ilmenite + quartz stability field and define a
field from 550-570°C and 4.5-7.0 kbar (Fig. 3.5c). The peak metamorphic assemblage
plagioclase + muscovite + garnet + biotite + rutile + kyanite is stable just below the solidus from
620-740°C and 7.3-13.0 kbar (Fig. 3.5c). GABI-GASP thermobarometry yielded a P-T estimate
of 695°C, 10.6 kbar for this sample (Fig. 3.5c; Table 3.4). This estimate lies within the predicted
peak assemblage stability field and intersects the solidus considering uncertainty in the T
estimate. Therefore, it is interpreted as an estimate of peak metamorphic conditions for this
sample.
3.5.2. Wenatchee Block samples
3.5.2.1. 07NC16 Garnet-Kyanite Gneiss
Sample 07NC16 is a garnet-biotite-kyanite gneiss collected from the Swakane Gneiss in
the Wenatchee block approximately midway between the Dinkelman detachment and the Entiat
fault (Fig. 3.1; Table 3.1). The surrounding outcrops contain voluminous partial melt with thick
biotite selvages developed along the leucosome margins (Fig. 3.2b), indicating at least upper
amphibolite facies metamorphic conditions. The peak metamorphic assemblage in 07NC16 is
plagioclase + muscovite (primary) + garnet + biotite + rutile + kyanite. Kyanite porphyroblasts
are ca. 6 mm long, euhedral, and are aligned in the foliation plane (Fig. 3.2) compatible with
synkinematic growth. Retrograde chlorite and muscovite partially replace matrix biotite and
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kyanite, respectively. Garnets are 2-4 mm diameter, euhedral, and contain inclusions of quartz,
chlorite, clinozoisite, ilmenite, and rutile. Inclusions are concentrated in the garnet cores and the
rims are relatively inclusion-free. Garnet compositions range from Alm0.72 Prp0.09 Sps0.07 Grs0.13
cores to Alm0.67 Prp0.20 Sps0.02 Grs0.11 rims (Fig. 3.4d; Table 3.3). The garnet zoning patterns are
similar to those described above in other Swakane Gneiss metapelite samples; however, the
magnitude of zoning is smaller (Fig. 3.4).
The P-T pseudosection depicts the predicted stability fields for the metamorphic indicator
minerals garnet, clinozoisite, staurolite, and aluminum silicates (Fig. 3.6a). Garnet is stable
above ca. 510°C at pressures above 1 kbar (Fig. 3.6a). Isopleths corresponding to garnet core
compositions outline a broad P-T field ranging from 550 to 575°C and from 4.8 to 6.9 kbar that
lies within the plagioclase + muscovite + garnet + chlorite + biotite + ilmenite + quartz field
(Fig. 3.6a). GABI-GASP thermobarometry using garnet rim compositions and matrix biotite and
plagioclase provides a P-T estimate of 650°C, 8.5 kbar (Fig. 3.6a; Table 3.4). This P-T estimate
lies within the peak assemblage field of plagioclase + muscovite + garnet + biotite + kyanite +
rutile + quartz and is interpreted to reflect metamorphic conditions during final garnet growth.
3.5.2.2. 08NC51: Garnet-Kyanite Schist
Sample 08NC51 is a garnet-biotite-kyanite schist collected from near the Dinkelman
detachment in the Wenatchee block (Fig. 3.1; Table 3.1). A large body of orthogneiss (~20 m2)
outcrops nearby, but the contact between the schist and orthogneiss is not exposed. The schist
contains the peak assemblage plagioclase + muscovite + garnet + biotite + rutile + kyanite. Postpeak metamorphic chlorite and muscovite replace biotite and kyanite in the matrix (e.g. Fig. 2g).
Garnets are 3-5 mm in diameter, subhedral, and contain inclusions of quartz, plagioclase,
clinozoisite, ilmenite, and rutile (Fig. 3.2d and f). Clinozoisite and ilmenite inclusions are
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Figure 3.6. P-T pseudosections for garnet-bearing Swakane Gneiss samples from the
Wenatchee block calculated using THERIAK-DOMINO software suite (deCapitani and
Brown, 1987). Metamorphic assemblage fields are shaded by variance, starting with white
divariant fields and variance increasing with darker shades of gray. Overlap regions of garnet
core compositional isopleths provide initial garnet growth P-T estimates and are shown in
white. (a) 07NC16, Swakane Grt-Ky Gneiss. (b) 08NC51, Swakane Grt-Ky Gneiss. (c)
08NC55, Swakane Grt-Ky Gneiss.
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restricted go the garnet cores. Garnets are zoned from Alm0.70 Prp0.07 Sps0.09 Grs0.14 cores to
Alm0.70 Prp0.17 Sps0.02 Grs0.11 rims (Fig. 3.4e; Table 3.3). Overall, spessartine and grossular
decrease and pyrope increases from core to rim, with the chemical center (highest Mn) offset
from the geometric center of the grains (Fig. 3.4e).
The pseudosection calculated for 08NC51 is similar to other Swakane Gneiss metapelite
P-T pseudosections, depicting the stability fields of metamorphic index minerals garnet,
clinozoisite, staurolite, and aluminum silicate (Fig. 3.6b). Garnet is stable over a more restricted
P-T range than that predicted by other Swakane Gneiss pseudosections. Garnet core isopleths
intersect at 555°C and 5.5 kbar, in the plagioclase + muscovite + garnet + chlorite + biotite +
ilmenite + quartz field. Thermobarometry of garnet rims and matrix biotite and plagioclase gives
a GABI-GASP intersection at 670°C, 9.2 kbar (Fig. 3.6b; Table 3.4). Valley et al. (2004)
obtained a compatible result of 650°C, 9 kbar for their sample PV00-35, which was collected
from a nearby outcrop. Although the GABI-GASP intersection lies within the peak assemblage
field plagioclase + muscovite + garnet + biotite + kyanite + rutile + quartz, the peak T estimate is
ca. 60°C below melting conditions (Fig. 3.6b). Partial melts, present throughout the outcrop,
suggests that the peak temperature may have been closer to the solidus temperature.
3.5.2.3. 08NC55: Garnet-Kyanite Gneiss
Sample 08NC55 is a garnet-biotite-kyanite gneiss collected from just below the
Dinkelman detachment in the Wenatchee block (Fig. 3.1; Table 3.1). This outcrop contains no
evidence of partial melting. Gatewood and Stowell (2012) reported a garnet-rock Sm-Nd age of
65.8 ±0.7 Ma for garnet growth in this sample. The peak assemblage is plagioclase + muscovite
+ garnet + biotite + rutile + kyanite. Kyanite is anhedral and altered to euhedral staurolite,
similar to the kyanite-staurolite texture in 08NC59. Retrograde chlorite partially replaces biotite
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in the rock matrix. Garnet porphyroblasts are 3-6 mm diameter, euhedral, and contain inclusions
of quartz, chlorite, clinozoisite, apatite, ilmenite, and rutile. Rutile-ilmenite relationships are
similar to those discussed for other samples and clinozoisite inclusions are restricted to garnet
cores. Garnets are zoned in major elements from Alm0.70 Prp0.08 Sps0.09 Grs0.13 cores to Alm0.66
Prp0.19 Sps0.02 Grs0.13 rims (Fig. 3.4f; Table 3.3). Spessartine content decreases and pyrope
increases from core to rim, while grossular content initially increases and then decreases from
core to rim, forming high-Ca annuli around the garnet cores (Figs. 3.3 and 3.4f). The significance
of the spatial fluctuation in grossular content is discussed below.
The P-T pseudosection calculated for this sample is typical of Swakane Gneiss
metapelites and similar to that for 07NC16 except for less aluminum silicate stability and more
biotite stability, largely reflecting the difference in bulk rock Al2O3 content (Fig. 3.6c; Table
3.2). Garnet is stable above ca. 510°C above 1 kbar. Garnet core compositional isopleths do not
interest in a point but define a region of P-T space from 550-570°C and 4.9-6.5 kbar, which lies
in the plagioclase + muscovite + garnet + chlorite + biotite + ilmenite + quartz stability field
(Fig. 3.6c). Garnet rim thermobarometry for this sample produced a GABI-GASP intersection at
650°C, 8.3 kbar, which lies just inside the peak assemblage field plagioclase + muscovite +
garnet + biotite + kyanite + rutile + quartz (Fig. 3.6c; Table 3.4). Intersection of the GABI-GASP
in the peak assemblage field and the lack of evidence for partial melting suggests this P-T
estimate is indicative of peak metamorphic conditions during final garnet growth.
3.6. Discussion
3.6.1. Metamorphic P-T-t paths
Pseudosections, garnet zoning, thermobarometry, and metamorphic textures, allow the
construction of finite P-T path segments for each sample of the Swakane Gneiss. These P-T path
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segments are drawn as vectors because the rocks only preserve mineralogical evidence for two
points at the ends of the segments. Although the complete P-T path may be more complicated
than these resolvable finite segments, the sum of the finite segments for each sample is
interpreted to be representative of the rock's P-T evolution. This information is used below to
interpret the loading and heating history of the Swakane Gneiss.
Structural complexities and mixed zircon provenance make it difficult to identify primary
stratigraphic relationships in the Swakane Gneiss and thus hamper interpretations of sediment
loading. The estimated thickness of the Swakane Gneiss protolith ranges from 8 to 12 km thick,
similar to the thickness of a modern analog basin, the Chiwaukum Graben, as noted by
Gatewood and Stowell (2012). Given a depositional setting in or adjacent to a magmatic arc, the
Swakane Gneiss protolith was likely deposited on crust with high heat flow. Using the estimates
for stratigraphic thickness with a geothermal gradient of 40°C/km appropriate for a magmatic arc
(Morgan, 1984) gives minimum and maximum temperatures of 320°C and 480°C, respectively,
for the base of the Swakane Gneiss protolith basin. However, as noted by Rothstein and Manning
(2003), the thermal structure of continental arcs is largely controlled by magmatic advection of
heat, which produces localized high heat flow perturbations in the arc crust. Although the
Swakane Gneiss does not contain large arc-related plutons, the adjacent terranes are intruded by
voluminous 96-84 Ma plutons (Matzel et al., 2008; Fig. 3.1). The 96-84 Ma magmatic episode
overlaps with post-91 and pre-75 Ma depositional constraints for the Swakane Gneiss (Gatewood
and Stowell, 2012). Advection of heat from magmas intruding the rocks adjacent to the basin
could have produced temperatures required to grow garnet at depth in the basin. These P-T
conditions approximate those necessary to grow garnet in the Swakane Gneiss (Figs. 3.5 and
3.6). Thus, the early metamorphic history of the Swakane Gneiss (pre-garnet growth) may have
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resulted from sediment loading and resultant heating along a locally elevated geotherm.
Although petrologic information about pre-garnet growth is lacking, these depositional
constraints are used here to infer initial heating of the Swakane Gneiss protolith to just below
garnet growth conditions.
The Swakane Gneiss rocks described herein preserve useful information for interpreting
the P-T paths during and after garnet growth. Garnet core compositional isopleths for all samples
intersect in the chlorite-bearing assemblage field, 25-50°C above the garnet-in line (Figs. 3.5 and
3.6). The presence of chlorite inclusions in the garnet cores indicates that initial garnet growth
occurred with stable chlorite. Predicted garnet core isopleths for all six samples indicate that
initial garnet growth began at 550-575°C and 3-7 kbar (Fig. 3.7). The lack of intersection of all
four garnet core compositional isopleths at a single P-T point for four samples suggests that
some of the uncertainties for initial P-T conditions are large. However, predicted garnet core
isopleths for 08NC59 and 08NC51 do intersect at a single P-T point and three other samples
(07NC11, 08NC63, and 08NC55) display point intersection for almandine, spessartine, and
grossular garnet core compositions (Figs. 3.5 and 3.6). Thus, the activity models predict the
observed garnet values in a reasonable and consistent manner for almandine, spessartine, and
grossular, and to a lesser extent, pyrope core compositions.
The intersection of garnet core isopleths 25-50°C above the garnet-in line has been
documented in other studies (Vance and Mahar, 1998; Stowell and Tinkham, 2003; Pattison and
Tinkham, 2009). This apparent overstepping is problematic for derivation of initial garnet growth
P-T conditions and may reflect: inappropriate garnet core compositions, inadequate
thermodynamic data and/or activity models for garnet, volume diffusion during garnet growth,
resorption of initial garnet compositions, or reaction overstepping. Several of the largest diameter
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Figure 3.7. Summary of Swakane Gneiss P-T-t paths for (a) Chelan block samples and (b)
Wenatchee block samples. Note the similarities between P-T-t paths for all samples involving
near-isothermal loading followed by near-isobaric heating, followed by simultaneous
decompression and cooling. P-T-t paths begin in outlined fields defined by the predicted
isopleths for garnet core compositions and continue along paths constrained by observed
mineral assemblages and thermobarometry, see text and Figs. 5 & 6 for details. Age
constraints for P-T-t path segments are from Gatewood & Stowell (2012) and Paterson et al.
(2004).

garnets from each sample were analyzed and those containing the highest core spessartine values
were used for initial garnet compositions (Fig. 3.4). Therefore, it is unlikely that measured
compositions differ significantly from the true initial garnet growth compositions. Relatively
good intersection of the modeled isopleths suggests that the thermodynamic data and activity
models used for garnet are adequate. Preservation of growth zoning profiles except at the
outermost garnet rims suggest that volume diffusion has not significantly affected garnet core
compositions. Furthermore, preserved inclusions of chlorite and muscovite in the garnet cores
indicate that temperatures during initial garnet growth were not high enough to accommodate
volume diffusion in garnet. Resorption during initial garnet growth and reaction overstepping are
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possibilities for garnet core compositions not matching those predicted at the garnet-in line.
Whereas all Swakane Gneiss garnets used for isopleth thermobarometry show decreasing
spessartine from core to rim, several contain discontinuities in their spessartine profiles in which
spessartine initially decreases, abruptly increases a little, then continues the overall decreasing
trend (Fig. 3.4). These discontinuities have been documented elsewhere and interpreted as
evidence of resorption of garnet cores during initial garnet growth, followed by renewed garnet
growth (Vance and Mahar, 1998). A component of reaction overstepping also may contribute to
the discrepancy between garnet core compositions and predicted garnet-stabile conditions.
Pattison and Tinkham (2009) concluded that metamorphic reaction overstepping is most likely
due to inhibited porphyroblast growth before fluids released by other metamorphic reactions can
catalyze nucleation. Because Swakane Gneiss garnet grew in part from fluid-liberating reactions
(e.g. chlorite breakdown), delayed garnet nucleation until fluid content could overcome kinetic
nucleation barriers is plausible to explain the overstepping.
Garnet zoning can provide important information about P-T histories; however, the
growth of zoned garnet, which is out of equilibrium with the matrix, changes the effective bulk
rock composition (e.g., Evans 2004; Zuluaga et al., 2005). Therefore, a P-T pseudosection for
constant rock composition can be problematic. In light of this, the Swakane Gneiss garnet
compositional zoning profiles are used to draw some qualitative conclusions about P-T paths
(Fig. 3.4). All six Swakane Gneiss metapelite samples show qualitatively similar chemical
zoning patterns of increasing pyrope and decreasing almandine and spessartine from core to rim,
while the grossular content is more variable between samples. Furthermore, the magnitude of
changes in the end-members, except grossular, are similar from core to rim in all samples.
Concentric zoning of spessartine, almandine, and pyrope with outwardly decreasing spessartine
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are characteristic of garnets that grew under increasing T (e.g., Hollister, 1966; Spear, 1993;
Kohn, 2003). Grossular zoning patterns in Swakane Gneiss garnets are more variable between
samples and more complicated than the other major elements. Grossular varies from relatively
unzoned with slight increases at the rim to zoned with increases from the core out to the medial
areas, followed by decreases toward the rim, forming high-Ca annuli surrounding the cores (Figs.
3.3 and 3.4). Explanations for the Ca oscillations include: breakdown of a Ca-bearing phase
(plagioclase, epidote), Ca-metasomatism during fluid influx (eg. Stowell et al., 1996), a sudden
change in pressure (loading or decompression), or inhomogeneous heating and/or loading rates
during garnet growth (Kohn, 2004). The absence of chemical zoning in plagioclase suggests that
fluid controlled Ca-metasomatism is unlikely. Also, resorption textures and low-Ca annuli
instead of the observed hi-Ca annuli would be expected if garnet growth occurred during
decompression. Elimination of these mechanisms suggests that the oscillations in grossular
content reflect either a change in the garnet-producing reaction and/or variations in the garnet
growth rate due to external variables. Either way, the high-Ca annuli are growth-related features
that developed during the prograde evolution of the rocks.
Swakane Gneiss garnets contain chlorite, ilmenite, and clinozoisite inclusions which are
not found in matrix assemblages and provide constraints on P-T paths during garnet growth (Fig.
3.2). As discussed above, the presence of chlorite inclusions in the garnet cores (not associated
with fractures) supports nucleation and initial garnet growth in the chlorite stability fields, below
ca. 625°C for all samples (Figs. 3.5 and 3.6). Perhaps the most useful constraint on P-T evolution
during garnet growth is provided by Fe-Ti inclusion textures. Pure ilmenite inclusions occur only
near garnet cores, while near-rim Fe-Ti oxide inclusions are intergrowths of ilmenite + rutile or
pure rutile (Fig. 3.2). The pressure dependence of the ilmenite-rutile transition and high pressure
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stability of rutile is well documented (e.g., Bohlen et al., 1983). Although the exact position of
the ilmenite-rutile transition is slightly affected by Fe3+ content, which was not considered in the
modeling, pseudosections for the Swakane Gneiss illustrate this transition well. P-T
pseudosections predict stable ilmenite at low P, coexistence of ilmenite and rutile in a narrow,
low-variance, band between 7-9 kbar, and stable rutile at higher pressures (Figs. 3.5 and 3.6).
The transition from ilmenite to rutile inclusions from garnet cores to rims requires an increase in
pressure with or without an increase in temperature during garnet growth as noted by Valley and
others (2003). Clinozoisite inclusions support this pressure increase during garnet growth.
Clinozoisite inclusions only occur near the garnet rims where rutile inclusions are found,
indicating that they were overgrown by garnet at pressures above the ilmenite-rutile transition.
Pseudosections predict clinozoisite stability at pressures >8 kbar for temperatures above those for
initial garnet growth (Figs. 3.5 and 3.6). These P-T constraints suggest that garnet growth
occurred during a near-isothermal pressure increase from initial growth to the clinozoisite field.
P-T paths for initial garnet growth are drawn as vectors on the pseudosections, beginning at the
intersections of garnet core compositional isopleths, crossing the ilmenite-rutile transition, and
ending in the clinozoisite stability fields (Figs. 3.5 and 3.6). Rutile and clinozoisite are stable to
higher temperatures at higher pressures for samples 08NC59 and 08NC63 (Fig. 3.5b and 3.5c),
suggesting that either initial garnet growth occurred along slightly shallower-sloping P-T paths
for these samples or some growth of garnet, rutile, and clinozoisite occurred along the
subsequent heating part of the P-T evolution of the Swakane Gneiss. Pressures for this part of the
P-T paths are only constrained by predicted rutile and clinozoisite stability and are therefore
minimum estimates.
Peak P-T estimates from thermobarometry range from 650 to 710°C and 8.3 to 10.6 kbar
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for the Swakane Gneiss (Table 3.4). The new results broadly agree with P-T conditions predicted
for peak metamorphic mineral assemblages on pseudosections that range from 610 to 740°C and
7 to 13 kbar (Figs. 3.5 and 3.6). Although these peak assemblage fields are bound on the high-T
side by the solidus, thermobarometric estimates are below those predicted for partial melting.
Considering uncertainties of ±50°C for the garnet-biotite thermometer, peak temperature
estimates reach the solidus for samples 07NC11 and 08NC63 (Chelan block), but not for other
samples. Assuming that the melt model used is appropriate (see White et al., 2007), then either
the leucosomes in the Swakane Gneiss were not locally-derived partial melts or
thermobarometric P-T estimates do not reflect peak metamorphism. Boysun (2004) used the
geochemistry and structural analyses of leucocratic dikes and sills in the Swakane Gneiss to infer
that they were derived by partial melting of the gneiss. This leaves only the possibility that some
or all of the GABI temperature estimates do not reflect peak metamorphic conditions. This has
been noted in many other rocks (e.g., Kohn and Spear, 2000; Spear and Parrish, 1996) and may
reflect re-equilibration of biotite and/or garnet after peak conditions. The absence of kyanite
inclusions in garnet for kyanite-bearing samples is compatible with most or all garnet growth
prior to peak P-T conditions, because the early segments of the P-T-t paths cross kyanite-absent
assemblage fields on pseudosections and the peak fields include kyanite. Although
thermobarometry may provide poor estimates for peak metamorphic conditions, it does constrain
the high T portion of the P-T path. Given the overlap between thermobarometry and
pseudosection P-T estimates and similarities with those published elsewhere for peak
metamorphism of the same rocks (Valley et al., 2003), the new P-T estimates from
thermobarometry are interpreted to indicate sub-peak metamorphic conditions. Regardless of the
geologic uncertainty for thermobarometry calculations, near-isobaric heating is required to reach

108

P-T estimates and/or peak assemblage fields. Near-isobaric heating segments of P-T paths are
illustrated on Figures 3.5 and 3.6 by vectors drawn from clinozoisite-bearing stability fields to PT estimates and peak assemblage fields.
The loading and heating segments of the P-T paths are temporally constrained by garnet
and metamorphic zircon ages that range from ca. 75 to 63 Ma (Gatewood and Stowell, 2012).
The spatial distribution of ages suggests that metamorphism was diachronous, with older ages to
the southeast (Chelan block) and younger ages to the northwest (Wenatchee block). These
metamorphic ages provide timing constraints for the loading and heating portions of the P-T
paths and require a mechanism capable of producing the observed diachronous metamorphism.
Gatewood and Stowell (2012) proposed that loading of the Swakane Gneiss protolith by a
tapered stack of west-directed thrust sheets was responsible for the observed difference in ages.
This model is evaluated in the in the context of the new P-T paths in the following section.
Pseudosections and reaction textures for rock matrix assemblages provide constraints on
retrograde segments of P-T paths for the Swakane Gneiss. Several metapelite samples (08NC59,
08NC63, and 08NC55) show replacement textures between prograde kyanite and retrograde
staurolite (Fig. 3.2g). All of the observed staurolite is associated with sub- to anhedral kyanite
porphyroblasts. Valley et al. (2003) also documented this texture and interpreted growth of
staurolite during decompression. The absence of staurolite inclusions in garnet and the lack of
staurolite predicted at high P on pseudosections support this interpretation of staurolite growth
during decompression and cooling. Fe-Ti oxide phases in the matrix display complicated textures
and it is difficult to determine the direction of ilmenite-rutile reactions. However, ilmenite
overgrowths on some tetragonal-shaped rutile crystals in the matrix suggest the replacement of
rutile by ilmenite during decompression. The absence of sillimanite and cordierite suggests that

109

retrograde P-T paths involved significant cooling during decompression. Therefore, retrograde PT path segments are drawn through the rutile-ilmenite transition and into the stability fields for
staurolite and chlorite (Figs. 3.5 and 3.6). Kyanite-staurolite, Fe-Ti oxide, and chlorite reaction
textures and pseudosections constrain retrograde P-T path segments to P-T conditions < 575°C
and 7 kbar. These P-T estimates require decompression accompanied by cooling and agree with
previously published estimates for retrograde metamorphic conditions in the Swakane Gneiss
(Valley et al., 2003; Paterson et al., 2004).
The timing and rates of cooling and exhumation for the Swakane Gneiss are constrained
by previous studies. Paterson et al. (2004) compiled available ages for peak metamorphism and
subsequent cooling to construct exhumation paths for the Swakane Gneiss and overlying
Napeequa complex. Their results indicate that exhumation occurred at rates of ca. 1.6 mm/yr
during top-to-the-northeast extension along the Dinkelman detachment. Sediment from both the
Swakane and Napeequa in the Chumstick basin fill requires these terranes be at the surface by
ca. 43 Ma, thereby providing a lower constraint on the timing of exhumation-related
decompression and cooling (Paterson et al., 2004). Retrograde P-T path segments involving
cooling and decompression presented here are remarkably similar in trend and magnitude to
those presented by Valley et al. (2003) and Paterson et al. (2004), in that none require lowP/high-T assemblages. However, new prograde paths presented here differ from those previously
published in that they use garnet core P-T estimates and inclusion textural relationships to
resolve an initial isothermal loading segment that is absent in the previous studies. Nonetheless,
P-T paths and published ages indicate that peak metamorphism of the Swakane Gneiss had ended
by ca. 63 Ma and the Swakane Gneiss was exhumed to the surface and cooled by ca. 45 Ma.
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3.6.2. Tectonic mechanism for P-T-t evolution
The complete P-T-t paths for Swakane Gneiss rocks involve: (1) initial loading and
heating to garnet nucleation conditions; (2) near isothermal loading during initial garnet growth;
(3) near isobaric heating to peak temperature conditions; and (4) decompression and cooling
(Fig. 3.7). Although garnet growth ages for the Swakane Gneiss indicate that metamorphism was
diachronous over the terrane as a whole, similar P-T paths for all samples are compatible with a
similar mechanism for metamorphism. In the following discussion, potential mechanisms that
could produce such P-T-t paths are evaluated and new Swakane Gneiss P-T-t paths are
contrasted with those of adjacent terranes. Sediment loading, magma loading, and thrust loading
models are considered to explain the metamorphic history of the Swakane Gneiss.
Little evidence is preserved to evaluate the pre-garnet growth metamorphic history of the
Swakane Gneiss. Because the gneiss is largely composed of metamorphosed sediments, a
component of sediment loading must have occurred during deposition of the protolith. Although,
the magnitude of this sediment loading and associated heating is difficult to evaluate, P-T
conditions could have approached those required for initial garnet growth conditions for deeper
parts of the basin, as discussed above.
P-T paths for initial garnet growth indicate near-isothermal pressure increases of 3 to 6
kbar, accompanied by negligible changes in temperature and require burial of the Swakane
Gneiss protolith to crustal depths of 24 to 33 km to achieve pressures of 8 to 11 kbar (Fig. 3.7).
Sediment loading to produce burial to these depths is unlikely unless much of the overburden
was eroded before the protolith was incorporated into the arc. Although deposition of a 25 kmthick section with heat flow of 20-30°C/km could produce peak temperatures of >700°C at
thermal equilibrium, sediment loading to the required 24 to 33 km depths is unlikely based on
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analog basin thickness estimates of 6 to 8 km for the Chuckanut and Chumstick Formations,
respectively (Johnson, 1984; Gresens et al., 1981). Thus, sediment loading is not possible
without a sedimentary basin thicker than any known orogenic basins.
Elimination of sediment loading as a viable mechanism requires either magma- or thrustloading. Currently exposed levels of the Swakane Gneiss do not contain large arc-related plutons
or known magma conduits which could be evaluated for causing magma loading. Samples
collected near orthogneiss bodies (e.g., 08NC51) record similar P-T paths as those collected from
outcrops lacking orthogneiss, so any contact metamorphism associated with intrusion of
orthogneiss bodies must be cryptic. Although the absence of large intrusive bodies suggests that
in-situ magma loading is unlikely, the overlying Napeequa complex is intruded by the
voluminous Tenpeak, Seven-Fingered Jack, and Entiat intrusive suites (Fig. 3.1). Crystallization
ages of ca. 91 Ma for the Tenpeak pluton (Matzel et al., 2006) and Seven-Fingered Jack intrusive
suite (Matzel, 2004) indicate that these plutons intruded the Napeequa complex before 75-63 Ma
metamorphism of the Swakane Gneiss (Gatewood and Stowell, 2012). Therefore, these magmas
could not have contributed to advective heating of the Swakane Gneiss. The ca. 72 Ma Entiat
pluton (Matzel, 2004), above the Dinkelman detachment, intruded synchronous to
metamorphism of the Swakane Gneiss and Valley et al. (2003) reported P-T conditions of 650°C
and 7 kbar for sillimanite-bearing Napeequa schist collected near the contact with the Entiat,
suggesting some contact metamorphism. It is unknown if the magmatic epidote-bearing Entiat
pluton intrudes the Swakane Gneiss below currently exposed levels, but ca. 7 kbar crystallization
pressures (Dawes, 1993) indicate that the Entiat intruded higher crustal levels than the 8-11 kbar
Swakane Gneiss. These criteria are not compatible with a magma loading model for
metamorphism.
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The progression from near-isothermal loading to near-isobaric heating is compatible with
model predictions for overthrust terranes in orogenic belts in which initial overthrusting perturbs
pre-existing isotherms that subsequently evolve back to a steady-state (England and Thompson,
1984; Ruppel and Hodges, 1994; Whitney et al., 1999; Jamieson et al., 2002). Barrovian-style
clockwise P-T-t paths presented here for the Swakane Gneiss are similar to those proposed for
crustal thickening in other overthrust terranes (Spear et al., 1990; Vance and Mahar, 1998; Kohn
et al., 1992; Likhanov et al., 2004).
Emplacement of a 24-33 km thick thrust wedge over the Swakane Gneiss protolith could
account for loading to peak metamorphic pressures. A likely candidate for the thrust is the
Dinkelman detachment (Paterson et al., 2004). Because overthrusting would perturb the existing
geothermal gradient, heating would have followed loading as the thermal perturbation decayed
back to a steady state. This prediction has been modeled with a 1-D numerical model for heating
after instantaneous emplacement of a 24 km-thick thrust sheet (Fig. 3.8). The upper plate
(overburden) is modeled with a thickness of 24 km because the lowest pressure estimates of ca.
8.3 kbar suggest a 22-26 km overburden thickness and would represent shallower structural
levels [closer to the thrust surface] than higher pressure samples (Fig. 3.8a). A thickness of 35
km was used for the lower plate based on geophysical estimates of current crustal thickness in
the North Cascades (Das and Nolet, 1998). However, the ages and compositions of rocks
underlying the Swakane Gneiss are unknown and the basement could have been thinner during
the Cretaceous. Proposed tectonic models for loading all require the upper plate (overburden) to
consist of continental magmatic arc rocks (Matzel et al., 2004; Gatewood and Stowell, 2012).
The thermal parameters for the upper plate were therefore chosen to produce an initial
geothermal gradient of 36-27°C/km, typical for the upper portions of magmatic arcs (Rothstein
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and Manning, 2003). Because the protolith sediments were derived (at least in part) from the
adjacent magmatic arc, similar thermal properties were used for the lower plate rocks. A list of
all modeling parameters used is given in Figure 3.8.

Figure 3.8. Results of 1D numerical model for heating of the Swakane Gneiss protolith after
overthrusting of a 24 km-thick crustal section of magmatic arc rocks. (a) Schematic showing
the geometry before thrusting and locations of P-T-t samples discussed in the text. In this
model the Dinkelman detachment is assumed to be the original thrust contact between the
Swakane Gneiss and overlying arc sequences as proposed by Paterson et al. (2004). Listed
model parameters were chosen to produce geothermal gradients of 36-27°C/km in the upper
24 km of the crust for magmatic arc rocks (e.g. Rothstein and Manning, 2003). (b) Modeled
relaxation of an initial geothermal perturbation caused by instantaneous emplacement of a 24
km thrust sheet. The initial geotherm was calculated by finite difference using the listed
parameters. (c) Temperature-time evolution for selected depths below the thrust. Note that the
time required to heat rocks immediately below the thrust surface to 650-710°C peak
temperatures is c. 15 m.yr.
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Instantaneous overthrusting of the Swakane Gneiss protolith initially produces a
"sawtooth" thermal structure (Fig. 3.8b). This perturbation progressively decays back to a hotter
equilibrium geotherm as rocks below the thrust are heated (Fig. 3.8b). This model requires ca. 14
m.yr. for rocks directly below the thrust to heat to peak temperatures of 650°C without an
advective heat source (Fig. 3.8c). Rocks from deeper structural levels require much less time to
achieve peak metamorphic temperatures of 650-710°C (Fig. 3.8c). Faster heating to peak
metamorphic conditions for ca. 8 kbar samples would require either an advective heat source or
more initial overburden. Potential advective heat sources include the ca. 72 Ma Entiat pluton or
underplated magmatic rocks that are not currently exposed.
A required 14 m.yr. duration of heating is plausible, given a ca. 23 m.yr. difference
between the youngest detrital zircon ages (ca. 91 Ma) and the garnet ages of ca. 68 Ma in the
Wentachee block (Gatewood and Stowell, 2012). However, garnet and metamorphic zircon
growth in the Chelan block began as early as ca. 75 Ma, indicating that heating of these
sediments began earlier than their counterparts in the Wenatchee block (Gatewood and Stowell,
2012). The ca. 91 Ma detrital zircon depositional constraint suggests that overthrusting and
associated heating of the Swakane Gneiss protolith in the Chelan block was either coincident
with sedimentation (in the western parts of the basin) or began shortly thereafter. Differences in
the metamorphic ages between the Chelan and Wenatchee blocks are inferred to reflect the
transient overthrusting. Earlier metamorphism in the Chelan block is compatible with loading by
an advancing west-vergent tapered thrust sheet (Fig. 3.8a). The current E-W distance between
the samples producing ca. 74 Ma and ca. 66 Ma garnet growth ages (07NC11 and 08NC55) is ca.
25 km (Figs. 3.1 and 3.8). Similarities in the P-T paths for these samples suggest that the ca. 8
m.yr. interval between garnet growth records time-averaged thrust sheet emplacement rates of 3
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km/m.yr., similar to those proposed by Gatewood and Stowell (2012). A 14 m.yr. heating
duration required by the model is also compatible with published cooling ages that indicate
cooling through 510°C by ca. 51 Ma (Paterson et al., 2004). Garnet growth ages of ca. 66 Ma for
the Swakane Gneiss in the Wenatchee block, however, require rapid cooling shortly after garnet
growth if they cooled at the same time as their Chelan block equivalents.
3.6.3. Thrust Loading of Synorogenic Sediments in Magmatic Arcs
The importance of thrust loading for deep burial of preexisting crust is a process that is
well-documented for mountain belts built by continent-continent collision (e.g. AppalachiansSpear et al., 1990; Himalaya-Vance and Mahar, 1998). The data presented here for the Swakane
Gneiss indicate that continental crust is recycled in magmatic arcs and orogenic belts via thrust
loading of synorogenic basin sediments. Estimates for the current aerial extent of the Swakane
Gneiss range from 630 to 850 km2 (Fig. 3.1). These estimates likely provide minimum
approximations for the aerial extent of the Swakane Gneiss protolith basin, considering that a
significant portion of the Swakane Gneiss may be unexposed. The polydeformational history of
the Swakane Gneiss (shortening followed by extension) further complicates an evaluation of the
original size of the Swakane protolith basin. Using these rough estimates with estimates for the
basin thickness of 8 to 12 km (from peak metamorphic pressure estimates) yield minimum and
maximum volume estimates ranging from 5,000 to 10,200 km3 for the Swakane Gneiss.
Assuming that the Swakane Gneiss is ≥90% metasediments by volume, between 4,300 and 8,700
km3 of continental crust-derived sediments were incorporated into the North Cascades arc via
overthrusting of the Swakane protolith basin. Estimates of 20 to 25 m.yr. for the duration of
loading (Gatewood and Stowell, 2012) suggest that the Swakane Gneiss protolith sediments were
recycled into the Cretaceous arc at a time-averaged rate ranging from ca. 170 km3/m.yr. to ca.
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435 km3/m.yr. These crustal recycling rates may or may not be typical of overthrust sedimentary
terranes metamorphosed in similar tectonic settings, depending on the size of the basin and
loading rate.
P-T-t paths for deposition, loading, heating, and decompression/cooling of the Swakane
Gneiss indicate that the protolith synorogenic sediments underwent Barrovian-style
metamorphism during and after burial to depths of 24-33 km. The P-T-t paths for loading are
best explained by thrusting, subsequent heating during thermal re-equilibration, followed by
exhumation and cooling. Of course, numerous thrusts and ductile folds are possible and these
would produce more homogeneous contractional thickening. P-T-t paths presented here for the
Swakane Gneiss support the interpretations of Whitney et al. (1999), who argued for thrust
loading as the most important mechanism responsible for crustal thickening in the North
Cascades. The new Swakane Gneiss P-T-t paths differ with those in the overlying Nason terrane
that record lower peak pressures with most or all garnet growth at peak pressure. The Nason P-Tt paths and the spatial distribution of metamorphic minerals are interpreted to reflect significant
heating resulting from pluton emplacement (Stowell et al., 2011). However, metamorphism in
both terranes can be best explained by tectonic thickening resulting from one or more thrust
faults. The growth and evolution of continental crust in continental magmatic arcs therefore must
occur by a number of processes. This study highlights the importance of thrust loading as one
such process that contributes to crustal evolution in magmatic arcs.
3.7. Conclusions
This study of metapelitic rocks from the Swakane Gneiss documents a tectonic history
involving high P before high T (Barrovian-style) metamorphism in the North Cascades.
Depositional ages, P-T pseudosections, garnet zoning, metamorphic textures, and
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thermobarometry provide relative and absolute constraints on P-T paths for deposition, loading,
heating, peak metamorphism, and cooling during decompression. Garnet chemical zoning and
inclusion textures suggest that garnet growth occurred during near-isothermal pressure increases
of 3 to 6 kbar. Prograde metamorphism continued during near-isobaric heating to peak
conditions of 650-710°C and 8-11 kbar, constrained by the overlap of exchange
thermobarometry and peak assemblage fields on pseudosections. Pseudosections and reaction
textures of retrograde phases indicate that decompression and cooling occurred simultaneously,
probably soon after peak metamorphism. This progression from near-isothermal loading to nearisobaric heating is best explained by thrust loading of the Swakane Gneiss protolith and
subsequent heating. A 1-D numerical model for emplacement of a 24 km-thick thrust and
relaxation of the resultant thermal perturbation supports a thrust loading interpretation and
requires a duration of ca. 14 m.yr. for heating to peak temperatures. This metamorphic duration
is consistent with overthrusting rates proposed elsewhere of ca. 3 km/m.yr. These results
underline the importance of thrust loading as a significant mechanism for crustal thickening and
deep burial of synorogenic sediments in continental magmatic arcs.
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CHAPTER 4:
EVALUATING CHEMICAL EQUILIBRIUM in METAMORPHIC ROCKS USING
MAJOR ELEMENT and ISOTOPIC ZONING in GARNET

4.1. Abstract
This work presents the first quantitative assessment of chemical equilibrium in
metamorphic rocks by testing the idea that Mn content in garnet and garnet Sm-Nd age should
correlate from grain to grain throughout an equilibrium volume of metamorphic rock. A 1.21 x
104 cm3 block of pelitic schist from Townshend Dam, VT, was selected for this test because it
contains 1-3 cm garnets that retain high amplitude concentric Mn zoning profiles. Quantitative
compositional maps of ten garnet central wafers document concentric major element zoning,
with decreasing Mn and Ca and increasing Fe and Mg from cores to rims. Townshend Dam
garnets are enriched in HREE and show little-to-no zoning in REE except for increased MREE
and HREE near the rims. Similar garnet core compositions and identical garnet rim compositions
throughout the sample suggest that garnet growth occurred at the same P-T-X conditions over the
sample volume.
To test whether garnet growth spanned the same time interval across the entire sample,
the ten selected garnets were radially microsampled into compositionally specific crystal
segments for Sm-Nd geochronology. Isochrons calculated for 35 compositionally specific garnet
crystal segments range from 383.3 ± 7.4 Ma to 324.5 ± 3.6 Ma. However, four of the garnets
have anomalously young rims that likely result from mixing between a primary garnet growth
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age and secondary rim overgrowths or alteration halo ages. Excluding the young rims yields a
range of garnet Sm-Nd ages from 383.3 ± 7.4 (oldest core) to 374.9 ± 1.8 Ma (youngest rim).
Chlorite and xenotime concentrated around garnet suggest that anomalously young garnet SmNd rim ages reflect post-growth resorption/recrystallization effects, possibly related to late-stage
fluid flow. Sm-Nd age precisions >1.5 m.yr. make it difficult to evaluate the correlation of Mn
and age for compositionally equivalent crystal segments throughout the sample volume.
However, garnet cores (n = 7), mantle zones (n = 14), and rims (n = 8), define three distinct
multi-grain isochrons of 380.5 ± 2.0 Ma, 377.4 ± 1.2 Ma, and 376.6 ± 0.9 Ma, respectively,
yielding a garnet growth duration of 3.9 ± 2.2 m.yr. These three composite Mn-age zones define
a Mn vs. age curve that reflects depletion of Mn in the rock matrix as it is sequestered by
growing garnet. Although isotopic heterogeneity throughout the rock matrix precludes age
precisions necessary to resolve a Mn-age relationship for compositionally specific crystal
segments, correlation of garnet major element compositions throughout the sample suggests that
major element equilibrium was maintained throughout the short duration of garnet growth.
4.2. Introduction
Metamorphic rocks are generally considered as equilibrium pressure-temperaturecomposition-mineralogical (P-T-X-M) systems. Although this equilibrium view of
metamorphism is widely-used for interpreting P-T histories of rocks, it is disequilibrium that
drives metamorphic reactions and produces mineral compositional zoning and crystal sizes and
spacings. Therefore, to fully understand the metamorphic process, the specific chemical
elements, and the spatial, temporal, and compositional scales over which rocks achieve (or do
not achieve) chemical equilibrium need to be rigorously evaluated.
During metamorphic mineral growth, certain elements are preferentially incorporated into
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a growing crystal. When the interior portions of crystals no longer equilibrate with the matrix,
the 'effective' bulk composition of the rock matrix outside the growing crystal will change if the
rock is closed to the elements incorporated into the new crystal. Porphyroblasts, such as garnet,
preferentially incorporate elements, such as Mn, which become progressively depleted in the
matrix as more crystals nucleate and grow. The familiar disequilibrium texture of a chemicallyzoned porphyroblast is produced via this crystallization process. Although the chemical cores of
zoned porphyroblasts are out of equilibrium with the matrix, growing porphyroblast rims may
continually maintain chemical equilibrium with the rock matrix during changing pressuretemperature-chemical-mineralogical (P-T-X-M) conditions. Therefore, major-element, traceelement, and isotopic zoning in garnet provide a record of the spatial and temporal scales over
which these changes occur during porphyroblast growth and progressive metamorphism. This
study evaluates concentric Mn growth zoning in garnet for determining the scales of chemical
equilibration between garnet and the rock matrix and as a proxy for age and for determining the
rates of garnet growth. This work tests the hypothesis that garnet Mn concentrations will
correlate with Sm-Nd ages within individual garnets.
Garnets from the spillway of Townshend Dam, Vermont were selected for this study
because pelitic schists from there are well exposed, appear to reflect one metamorphic event,
have Mn-rich bulk-rock compositions, and contain large syn-kinematic "snowball" garnet
crystals. Several workers have investigated the stratigraphic (Doll et al., 1961), structural
(Rosenfeld 1970), petrologic (Kohn and Spear, 1990) and isotopic (Chamberlain and Conrad,
1993; Kohn and Valley, 1998) character of rocks from this locality. Christensen et al. (1989)
used Rb-Sr isotopes to calculate an ~10 m.yr. interval for syn-kinematic garnet growth in these
rocks. Results from the work presented here augment and test these ages by providing additional
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crystal growth rates calculated from high-precision Sm-Nd isotope ratios for compositionally
specific garnet segments.
4.3. A quantitative test for chemical equilibrium
The use of equilibrium thermodynamics in metamorphic petrology dates back to the first
use of the phase rule to relate observed metamorphic mineral assemblages to bulk rock
composition by Goldschmidt (1912). Over the next century, studies of metamorphic studies have
used equilibrium thermodynamics to construct P-T paths for orogenic belts and models of
metamorphic processes. However, documentation of chemical equilibrium during metamorphism
has been largely limited to observations of textural relationships between phases (eg. Best, 2009,
pg. 474-475). Other lines of evidence for chemical equilibrium during metamorphism include the
metamorphic facies concept, the reaction catalyst effect of metamorphic fluids on sluggish
mineral reactions (Powell and Holland, 2010), and assumed "long durations of geologic time
available for chemical equilibration during metamorphism" (Best, 2009). Presented below is the
first quantitative chemical test of rock-wide chemical equilibrium by evaluating potential
correlations between garnet Mn content and Sm-Nd age.
Kretz (1973; 1974) first used chemical zoning patterns in garnets as a proxy for
porphyroblast growth rates. This technique and modifications of it have been used in several
other studies to address garnet growth rates (e.g. Finalay and Kerr, 1987; Cygan and Lasaga,
1982; Carlson, 1989). As noted by Carlson (1989), all garnets that grow from the same medium
under the same equilibrium conditions at the same time should preserve identical compositions
for any particular growth increment. Concentric zoning of Mn in garnet is particularly useful for
evaluating garnet growth processes because Mn is strongly partitioned into garnet and thereby
provides a record of changing physical and chemical conditions during metamorphism (e.g.
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Harte and Henley, 1966; Hollister, 1966; Tracy, 1982; Spear and Daniel, 2001; Hirsch et al.
2003). Based on similarities in modeled and observed concentric Mn zoning in garnet, Hollister
(1966) proposed that Mn is fractionated into growing garnet by a Rayleigh distillation process.
Following this pioneering work, concentric Mn zoning was noted in garnets from similar rocks
and peak Mn garnet compositions of concentrically-zoned garnets have been widely used to infer
initial garnet growth compositions (e.g. Chernoff and Carlson, 1997; Spear and Daniel, 1998).
Yang and Rivers (2002) argue against using Mn as a proxy for garnet growth age, based on the
occurrence of Mn annuli in their samples. However, monotonic simple concentric Mn zoning is
common in garnet from many locations and all garnets observed from Townsend Dam have
concentric zoning profiles with decreasing Mn and lack Mn annuli.
This study tests the idea that rock wide equilibrium should result in correlation between
Mn concentration in garnet and garnet age. To test for equilibrium during garnet growth this
study utilizes major element compositions and isotope ratios to evaluate the correlation of garnet
compositions and isotopic ages. If major element equilibrium, particularly Mn, was maintained
throughout garnet growth, (i.e. identical garnet Mn compositions precipitated at the same time),
then Mn compositions and Sm-Nd isotopic ages should correlate from the core to rim of zoned
garnet crystals across the equilibrium volume. Recently developed techniques for Sm-Nd dating
small volumes of garnet (Ducea et al., 2003; Pollington and Baxter, 2011), allow for
microsampling of compositionally specific segments of individual garnet crystals and correlation
of garnet Mn compositions with isotopic age across a given volume of rock. This attempt at a
correlation of Sm-Nd age with garnet major element composition provides the first quantitative
test for equilibrium in metamorphic rocks that does not rely on textural interpretations.
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4.4. Geologic setting of Townshend Dam, VT
The geology of southeastern Vermont is structurally complex, consisting of a deformed
and metamorphosed passive margin sequence structurally overlying Mid-Proterozoic Grenville
basement (Doll et al., 1961). The passive margin sequence was thrust onto the North American
margin during the Taconic orogeny (470-455 Ma) and subsequently metamorphosed during the
Acadian orogeny (390-360 Ma). The spillway at Townshend Dam exposes part of this
metamorphosed and deformed passive margin sequence.
The Acadian orogeny is thought to be the result of a protracted ca. 30 m.yr. collision of
Laurentia and the composite Avalon terrane (Tucker et al., 2001). Acadian metamorphism in
New England is spatially and temporally discontinuous. Karabinos (1984) showed that garnets
from southeastern Vermont preserve textural and chemical discontinuities, thereby recording two
deformational and metamorphic events. However, the rocks at Townshend Dam only preserve
evidence for a single staurolite zone/amphibolite facies metamorphic event (Rosenfeld, 1968;
Ratcliffe et al. 1992). P-T estimates for peak metamorphic conditions range from 550 to 600°C
and 8 to 9 kbar (Kohn and Spear, 1990; Ratcliffe et al. 1992; Kohn and Valley, 1998).
Christensen and others (1989) used Rb and Sr isotopes to determine growth durations for
garnet from Townshend Dam. By analyzing core and rim segments of garnet from the Pinney
Hollow Formation, they showed that synkinematic garnet porphyroblasts grew over an average
time interval of 10.5 ± 4.5 m.yr., between ca. 380 Ma and 370 Ma. Furthermore, they used the
curvature of helicitic inclusions in garnet to calculate strain rates of 2.4 x 10-14 s-1. This landmark
paper was the first use of isotopically zoned garnet porphyroblasts to evaluate the rates of
tectonic processes. Their interpretation of the Rb-Sr data relies on the assumption that the
87

Sr/86Sr isotopic evolution of the rock matrix is solely due to the decay of 87Rb, the 87Sr/86Sr in
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garnet results from incorporation of Sr from the adjacent matrix, and that the matrix has not been
affected by interaction with Sr-rich fluids. Metasomatic fluids could substantially change the Sr
budget; however, Kohn and Valley (1994) showed that that metamorphic fluid transport during
garnet growth was restricted to layer-parallel flow with potentially little or no fluid flow at all,
allowing the possibility of closed system Rb-Sr behavior. In this study the Sm-Nd isotopic
system is utilized because Sm and Nd in garnet are less susceptible to fluid-flux alteration.
4.5. Sample selected for study
Although samples were collected from all formations exposed in the spillway, this
detailed geochemical and isotopic study focuses on a single sample from the Pinney Hollow
formation of Doll et al. (1961). Biotite-rich lithologies were purposely avoided to eliminate
potential problems associated with the garnet polycrystals that occur in Townshend Dam schists
(Whitney et al., 2008). The sample (TD09-14) was collected ca. 130 m southeast of the spillway
wall. The contact with the southeasternmost large amphibolite layer in the spillway is ca. 3 m to
the NW of this sample (see outcrop sketch in Chamberlain and Conrad, 1993). A large sample of
garnet-bearing schist was collected and trimmed to ca. 1.21 x 104 cm3 (Fig. 4.1). Cuttings from
the main volume (TD09-14a) were used for preliminary work (TD09-14b-Grt3 and TD09-14a2Grt7). Sample TD09-14 is not significantly altered by weathering and contains abundant garnets
that are large (1-3 cm), euhedral, and relatively inclusion-poor (Fig. 4.1). It is a coarse-grained
pelitic schist that contains the metamorphic assemblage quartz + muscovite + paragonite + garnet
+ plagioclase + biotite with accessory ilmenite, rutile, apatite, and clinozoisite (Fig. 4.1b).
Retrograde chlorite cuts across the rock fabric and occurs along the margins of garnet (Fig. 4.1b).
Based on the mineralogy and bulk rock composition, garnet likely grew at least in part via the
reaction muscovite + chlorite + quartz ⇔ Mg-chlorite + garnet + biotite + H2O. The schistosity

131

in the rock is defined by alignment of micas and quartz. A prominent S-C fabric in the sample
suggests a component of non-coaxial shear affected the rock, which may have also produced the
helicitic inclusion patterns preserved in the garnets (Rosenfeld, 1970).

Figure 4.1. Sample TD09-14. (A) Sample photo. (B) Scanned thin section showing garnetinclusion-matrix relationships. (C) Perspective view of HRXCT data with partially transparent
matrix showing the orientation of the dominant fabric in the sample. Bright spots are garnets
near the outside of the sample. (D) Sketch of the rendering shown in (C) showing the
locations and sizes of garnets used for major element and isotopic analyses. Note that the Zaxis (long axis) in (C) and (D) are parallel to the long axis of the sample in (A).
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4.6. Analytical Methods
This research is part of a collaborative multi-purpose project designed to evaluate garnet
growth during metamorphism. This holistic approach to porphyroblast growth in a single sample
draws from three key datasets: (1) High-Resolution X-ray Computed Tomography (HRXCT); (2)
rock and mineral major and trace element compositions; and (3) rock and mineral isotopic
compositions and ages. HRXCT data collection and interpretation of the crystal size distribution
for crystallization kinetics work is being done by collaborators Dave Hirsch and Rose Bloom at
Western Washington University.(WWU). Major and trace element data for the sample was
collected by myself and Harold Stowell at UA. All microsampling, garnet purification
procedures, REE elution chemistry, and isotopic analyses were done at Boston University by
Besim Dragovic, myself, and Ethan Baxter. Each team (UA, BU, WWU) contributed different
data to the project; however, UA and BU teams worked closely during sample preparation and
collection of the isotope data. Besim Dragovic and I both present the same isotope dataset, albeit
for different purposes (Dragovic, 2013).
4.6.1 Extraction of garnets for analysis
The candidate sample was trimmed on a large saw to obtain subvolumes for preliminary
study. Two garnets, TD09-14b-Grt3 and TD09-14a2-Grt7, were extracted from across the fabric
for preliminary EPMA and isotopic work. The main volume of the candidate sample (1.21 x 104
cm3) was sent to the University of Texas at Austin for HRXCT scanning. HRXCT data was
collected following the methods described in Ketcham et al., (2005). The HRXCT scan produced
a total of 518 image slices with a spacing of 0.75 mm between slices and a 0.2766 mm between
pixels. Here, the HRXCT image slices were only utilized to select target garnets that were
suitable for study (large, euhedral, and inclusion-poor) and to document the spatial distribution
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of these target grains.
All the project collaborators met at UA
to process the sample and select/extract
garnets for analytical work after the HRXCT
data were collected. The main sample volume
(TD09-14a) was initially cut into five blocks
(Fig. 4.2a). The surface of each block was
then visually matched to an HRXCT image
slice, effectively registering the sample to the
images (Fig. 4.2b-c). Then, an electric drill
press with a diamond core bit (100 mm long,
35 mm inside diameter) was used to overcore
target garnets (Fig. 4.2c). Drill cores were
then serial sectioned into 2-mm thick sections
with a wafering saw to expose central sections
of the target garnets and the attached rock
matrix (Fig. 4.2d). Garnet central sections and
adjacent rock matrices were then mounted to
glass slides with Crystalbond, polished, and
imaged before EPMA work.

Figure 4.2. Garnet sampling. (A) Photo of
sample after cutting into the five blocks. (B)
HRXCT slice through center of one of the
garnets used. Cut surfaces (Fig. 1b) were
registered the HRXCT images and targeted
garnet crystals overcored. (C) Image of one
of the blocks post-drilling with the cores still
in place. (D) Image of polished central
section of target garnet crystal after wafering
drill core with the precision Isomet saw.
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4.6.2 Chemical mapping of garnet
Mineral compositions were collected using the JEOL 8600 electron microanalyzer
(EPMA) at the University of Alabama. Major element chemical maps of garnet central sections
were constructed by contouring a grid of EPMA point analyses collected over the surface of the
central wafer. Grid spacings varied between 300 and 500 µm depending on garnet diameter,
producing over 1200 point analyses per garnet wafer. To minimize analytical time, a "quick
garnet map" routine was developed that simultaneously counts Kα X-rays of Fe, Mg, Mn, Ca,
and Si for 5-7 seconds and uses a 15 keV accelerating voltage with a 200 nA, 1 µm-diameter
beam. Al concentrations were calculated stoichometrically, assuming 2 Al cations for each 3 Si.
The garnet chemical mapping routine was calibrated with mineral standards using Probe for
Windows v.8.21 software (Donovan et al., 2007). When possible, point grid boundaries were
delineated to avoid large inclusions and/or embayments. Point analyses of smaller garnet
inclusions and non-stoichiometric analyses were manually filtered from the data after collection.
The analyses were then contoured by their Mn content (in mole fraction) and digitally overlain
on optical and/or BSE images of the grain to create a Mn chemical contour map.
Uncertainties of the EPMA analyses of garnet were evaluated by comparison of a central
linescan (rim to rim) extracted from the map routine with an identical one collected using a fullquantitative routine and by obtaining the uncertainties for each elemental analysis from Probe
for Windows. Near-identical values for all major elements collected via full-quantitative and
quick map routines suggest that the quick map routine adequately quantifies the garnet
compositions (Fig. 4.3). Because the magnitudes of EPMA analytical errors are strongly
correlated with the concentration of the analyte element in the mineral, a curve was calibrated
that associates the analytical error with mineral composition (Fig. 4.3). This calibration was then
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used to assign a unique analytical
uncertainty to each Mn compositional
contour. However, the actual ranges
of Mn contents for each zone (minmax) were ultimately used for Mn-age
comparison because the Sm-Nd
isotopic data for zones with similar
Mn contents were pooled to calculate
ages (see section 4.7.3).
Additional high-resolution

Figure 4.3. Uncertainty for Mn contents obtained
from EPMA analyses of garnet Mn compositions
using the quick map routine. Curve was plotted
using the analytical uncertainties of garnet Mn
compositions returned by the EPMA software.

chemical maps of Ca, Mg, Ce, Y, and
Zr were constructed to identify accessory phases in Townshend Dam garnets that could be REE
sinks (e.g. xenotime, zircon). These Kα X-ray intensity maps were collected using the fivespectrometer Cameca SX50 electron microprobe at the University of Massachusetts, Amherst.
To generate the maps, Kα X-ray intensities for Ca, Mg, Ce, Y, and Zr were collected for 25
milliseconds at each analysis point over an entire thin section using point spacing of 30-50 µm.
Run conditions consisted of 300 nA bean current and a 15 keV accelerating voltage.
Trace element and REE compositions of Townshend Dam garnets were measured with
the CETAC LSX-500 laser ablation system attached to a Perkin-Elmer ELAN6000 quadrupole
mass spectrometer (LA-ICPMS) at the U.S. Geological Survey, Lakewood, CO. Spot analyses
were performed with the following operating conditions: 266 nm wavelength; 9 mJ energy; 150
µm spot size; and a 10 Hz laser pulse rate. The composition of the carrier gas used was 1.05
l/min Ar. The USGS standard GSE-1 g was used as the calibration standard and Ca, as
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determined via EPMA, was used as an internal standard. Measured raw intensities were
converted to element concentrations using the GeoPro offline data processing software.
Chemical maps were constructed by first manually removing data from laser cycles displaying
elemental concentrations indicating inclusions and contouring a grid of ca. 150 µm pits with a
320 µm spacing.
4.6.3 Extraction of compositionally specific crystal segments
Chemical maps of garnet Mn contents were used to guide microsampling of chemicallyspecific garnet crystal segments using a NewWave MicroMill at the Boston University TIMS
facility. Similar techniques have been developed to microsample garnet for other purposes (e.g.
Ducea et al., 2003; Pollington and Baxter, 2010; 2011; Dragovic et al., 2012; Dragovic, 2013).
Once the Mn maps were created, the ca. 2 mm-thick garnet wafers were removed from the glass
slides and mounted onto a graphite block. Using the Mn maps as a guide, microdrill trenches
were delineated to closely follow Mn compositional contours (isopleths). The Mn maps and drill
trench locations were uploaded onto the MicroMill computer and registered to the sample.
Drilling was performed in water with a tapered diamond-encrusted drill bit. Drill trenches taper
with depth in the ca. 2 mm-thick wafer from ca. 800 µm to ca. 500 µm because of the geometry
of the bit (Pollington and Baxter, 2011). The number of crystal segments extracted from each
garnet depended on the grain size and the overall Mn content of the segment. The outermost drill
trench approximately corresponded to the grain boundary. The rock matrix from adjacent to the
microsampled garnet wafer was collected and processed for analysis along with each garnet.
Because each garnet segment contains a range of Mn compositions, a weighted average of the
area contained within each isopleth was used to calculate an average Mn composition for each
segment. The uncertainties of the Mn isopleths within each zone were combined in a similar
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manner to calculate the overall uncertainty of the Mn composition of the segment.
4.6.4 Garnet purification and Sm-Nd geochronology
All garnet purification and sample preparation for Sm-Nd geochronology was conducted
at the Boston University TIMS facility by Besim Dragovic and myself (Dragovic, 2013). After
microsampling, zones of compositionally specific garnet were removed from the graphite block
and ultrasonicated in acetone to remove any remaining Crystalbond. Each compositionally
specific garnet segment was then crushed in a tungsten carbide percussion mortar and sieved to a
size of 63-106 µm to expose small inclusion phases. The fine powders that passed through the
sieve (< 63 µm) were also collected, dissolved (see below), and analyzed, without further
purification techniques. Crushed, 63-106 µm, garnet was processed through a Frantz magnetic
separator, leached in 7 N HNO3 for 3 hours at 120°C, and handpicked to remove any remaining
optically-impure garnet.
Optically pure garnet was then partially dissolved using a procedure modified from
Pollington and Baxter (2011). Several partial dissolution experiments were initially performed on
bulk Townshend Dam garnet separates to determine the best procedure (choice of grain size,
acids, temperatures, and durations) for purifying these garnets. The partial dissolution procedure
that optimally purifies the garnet uses a combination of HF, HClO4, and HNO3, acids to remove
silicate and oxide inclusions and H2SO4 to remove phosphates. The 63-106 µm garnet fractions
were partially dissolved in sealed Teflon vials in concentrated HF at 120°C for 60 minutes, then
in concentrated HClO4 at 150°C overnight, then in 7N HNO3 at 120°C for 180 minutes, and
lastly in concentrated H2SO4 at 120°C for 180 minutes. Each acid step involved a series of
ultrasonic treatments. Samples were washed in HCl and nanopure H2O and ultrasonicated
between acid treatments to remove any remaining leachate residue.
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Full dissolution of purified garnet, unpurified garnet powders, whole rock, and matrix
samples was accomplished with high-purity concentrated HF, concentrated HNO3, and 1.5 N
HCl. The dissolved samples were centrifuged and a mixed 147Sm-150Nd spike was added to each
before chromatographic separation of Sm and Nd for isotopic analysis. To extract high-purity Sm
and Nd splits from the dissolved samples, a three-part column procedure was used (Harvey and
Baxter, 2009). First, the dissolved samples were passed through a cation exchange resin to
remove Fe, which has been shown to overwhelm the subsequent TRU-spec column. The REEs
were then separated using a TRU-spec column. Finally, Sm and Nd were isolated using a 2methyllactic acid column. Procedural blanks, processed in parallel with the samples, yielded 0.8
to 2.1 pg of Sm and 5.7 to 22.9 pg of Nd.
Sm and Nd isotopic compositions were determined with the Thermo-Finnigan TRITON
thermal ionization mass spectrometer at the Boston University TIMS facility, following the
methodology of Harvey and Baxter (2009). Nd separates were loaded onto single Re filaments in
2 µl of H3PO4 and Ta2O5 activator slurry. Isotopic analyses of NdO+ were performed in static
collector mode with amplifier rotation. Over the duration of data collection for this study, repeat
analyses of an in-house Nd standard solution (Ames metal) produced a mean
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Nd/144Nd of

0.5121311 ± 0.0000077 (15.0 ppm, 2 RSD, n = 67). Sm was loaded onto double Re filaments
and analyzed as a metal. External precision (2σ) on

147

Sm/144Nd is 0.023%, based on repeat

solution analyses (n=11; including column chemistry and ID-TIMS) of an in house Sm-Nd
gravimetric mixed standard. All Sm/Nd isochron ages were calculated with the linear regression
algorithm of York (1969) using the program ISOPLOT v.3 (Ludwig, 2008).
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4.7. Results
4.7.1 Garnet major element compositions
Ten garnets analyzed from the
candidate sample volume are remarkably
similar

in

their

major

element

compositions and zoning profiles (Fig.
4.4). Garnets are dominantly almandine
(XFe = 0.52-0.78), with subordinate
amounts of pyrope (XMg = 0.03-0.12),
spessartine (XMn = 0.00-0.25), and
grossular (XCa = 0.12-0.21). Major element
zoning

profiles

of

garnets

show

concentrically increasing Fe and Mg and
decreasing Mn, from core to rim. Ca is low
in the garnet cores, then increases slightly
before decreasing at the rims. All garnets
display bell-shaped Mn zoning profiles and
remarkably similar overall major element
zoning profiles (Fig. 4.4). The decreases in
Mn and Ca content from core to rim are
compensated for by increases in Fe and Mg
in all garnets (Fig. 4.4). Furthermore, the
magnitude of the zoning for all major

Figure 4.4. Major element zoning profiles of
central wafers from ten Townshend Dam
garnets (sample TD09-14). Distances across
garnet wafers are relative to peak Mn
compositions. Note the similarities in the
character and magnitude of the zoning in all
ten garnets analyzed. Locations of linescans
are shown in Figure 6.
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elements is similar in all garnets because
they

have

similar

core

and

rim

compositions (Fig. 4.4). Slight differences
in the garnet core compositions may reflect
wafers cut off the chemical center of some
grains. Some garnets have narrow (< 30
µm) outer rims in which the Mn content
slightly (ca. 0.05 M.F.) increases and Mg
slightly decreases (Fig. 4.5). The
significance of the outer rim compositions
is discussed below (section 4.8.1).
Concentric zoning of Mn around
the cores of the garnets is best illustrated
by the quantitative compositional maps
contoured for Mn content shown in Figure
6. The smooth, concentric Mn zoning is
only disturbed around inclusion phases,
which were mostly filtered out of the

Figure 4.5. Closely-spaced (10 µm) EPMA
data from the outermost rim of Gt4b showing
a narrow zone (<30 µ m) in which the
character of spessartine (sps) and pyrope (prp)
zoning are reversed from their overall patterns
shown in Figure 4. Note that these zoning
features occur only at the outermost garnet
rims typically where the garnets are in contact
with chlorite (Chl).

dataset. Mn isopleths are parallel to garnet crystal faces except for analyses collected adjacent to
inclusions. The maps show that the compositional cores may not correspond precisely to the
geometric centers of the wafers. Broadly-spaced Mn isopleths around the chemical cores give
way to closely-spaced isopleths near the rims. Mn isopleths deviate slightly and truncate against
embayments into some of the grains. The quantitative Mn compositional maps were used to
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delineate the Mn-specific zones that were microsampled for Sm-Nd dating (Fig. 4.7).
4.7.2 Garnet trace element compositions
A central wafer of a single Townshend Dam garnet crystal (TD09-14b-Grt3) was
analyzed for 43 major, minor, and trace elements, including 14 REE. Quantitative compositional
maps of selected trace elements in this garnet are shown in Figure 4.8. Garnet is enriched in
HREE compared to LREE (Fig. 4.9). All trace element and REE concentrations increase abruptly
at the outermost rim (Figs. 4.8 and 4.9). These high trace element and REE concentrations are
likely the result of poor filtering of analyses which include accessory phases occurring at the
garnet grain boundaries and are discussed more below (section 4.8.1).
LREE are weakly-zoned to unzoned in pure garnet and bulls eye patterns on the maps are
interpreted to reflect the strong influence of poorly filtered LREE-rich inclusion phases (Fig.
4.8a). Nd concentrations in pure garnet range from 0.1 ppm to 0.2 ppm and are >1 ppm in
inclusion phases. MREE concentrations form low-concentration annuli around the garnet cores
and increase toward the rims (Fig. 4.8). Sm and Eu concentrations range from ca. 0.4 ppm in the
cores to ca. 0.1 ppm in the low-MREE annuli to ca. 1 ppm at the rim (Fig. 4.8b-c). The HREE
and Y are more strongly zoned from core to rim than the LREE and show similar zoning patterns
to the MREE (Figs. 4.8 and 4.9). Sparse bulls eye patterns suggest that few HREE-rich
inclusions are present (Fig. 4.8). Dy shows a low-concentration annuli around the garnet core,
similar to the MREE (Fig. 4.8). Lu zoning is concentric about the garnet core, ranging from ca.
30 ppm in the core to ca. 1 ppm at the rim (Fig. 4.8e).
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Figure 4.6. Contoured Mn contents of selected selected garnets from sample TD09-14.
Contours are in mole fraction. Contour interval is 0.01 mole fraction. Note the similarity in
the magnitude Mn zoning in all garnets. White lines show the locations of linescans depicted
in Figure 4.
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Figure 4.7. Compositionally-specific microsampled volumes of garnet wafers used for
Sm/Nd isotopic analyses. Contour maps depict mole fraction Mn and are identical to those
shown in Figure 6. Red line overlays show 800-micron wide microdrill trenches. Unshaded
white areas show inclusion rich areas or embayments not used for Sm/Nd analyses.
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Figure 4.8. Contoured LA-ICPMS trace element maps of TD09-14b-Grt3. Chemical maps
were constructed by first manually filtering out inclusion spot analyses and contouring a grid
of ca. 150 µm pits with a 320 µm spacing. Note the preponderance of bulls eye patterns on the
Nd map indicative of inclusion-contaminated analyses.
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Figure 4.9. Chondrite-normalized REE compositions of Townshend Dam garnet TD09-14bGrt3. Each line represents a spot analysis of inclusion-free garnet. Data shown represent point
analyses along a linescan beginning in the core (Grt Core 1) and progressing to the outer rim
(Grt Rim 2). Note the depletion of HREE at the garnet rims relative to the inner zones, likely
reflecting post-growth resorption/recrystallization accompanied by xenotime or another
HREE-sequestering accessory phase.

4.7.3 Sm-Nd isotope data and garnet ages
Thirty eight Mn-specific concentric zones from ten individual garnet crystals were
microsampled and analyzed for their Sm and Nd isotopic compositions (Figs. 4.5 and 4.6;
Appendix 4.1). These garnet crystal segments have Nd concentrations ranging from 0.05 to 0.35
ppm (Appendix 4.1). However, garnet with Nd concentrations >0.2 ppm and 147Sm/144Nd < 0.75
are suspect because pure Townshend Dam garnet contains very low Nd (typically ≤ 0.1 ppm) as
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evidenced by the LA-ICPMS analyses (Figs. 4.8 and 4.9). The abundant inclusions in garnet,
many of which have high Nd concentrations, may not have isotopically equilibrated with the
garnet (e.g. clinozoisite, apatite; Figs. 4.1b and 4.8a). Thus, isotopic analyses of high-Nd (Nd
concentrations > 0.2 ppm) and/or low
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Sm/144Nd garnet crystal segments probably reflect

incomplete removal/cleansing of inclusions and ages of these crystal segments are excluded.
Excluding the high Nd analyses, garnet Nd compositions range from 0.03 to 0.18 and show little
to no variation from cores to rims (Appendix 4.1). Although the Nd concentrations are low and
unzoned from cores to rims,
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Sm/144Nd ranges from 0.6 to 3.2 and are mostly ≥ 1.0 for all

garnets, except for Garnets 3 and 4b (Appendix 4.1). 147Sm/144Nd increases from core to rim in all
garnets analyzed.
Low Nd concentrations (< 0.18) and high

147

Sm/144Nd (≥ 1.0) ratios obtained for most

garnet crystal segments suggest the utilized partial dissolution procedure was adequate for
removing inclusions from most garnet segments. The effect of the partial dissolution procedure
for removing REE-bearing inclusions is shown by comparison of the unleached garnet powders
for several of the garnets to their leached counterparts (Appendix 4.1). Compared to the leached
garnet splits, the unleached powders have higher Nd concentrations ranging from 0.03 to 51.49
ppm and lower
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Sm/144Nd from 0.02 to 0.18, suggesting that the partial dissolution procedure

mostly succeeded in removing problematic REE-bearing inclusions (Appendix 4.1).
The initial age calculations were made from paired compositionally specific garnet
crystal segments and the isotopic composition of the rock matrix directly adjacent to each of the
garnet crystals (n=10). The validity of this approach was evaluated by determining the isotopic
variability with these rock matrix data (n=26), a series of matrix samples across the foliation
(n=11), and several whole rock samples (n=5; Appendix 4.1). Excluding one outlier data point,
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matrix and whole rock 143Nd/144Nd compositions are similar throughout the sample, ranging from
0.5119343 ± 0.0000141to 0.5119708 ± 0.0000112 (Fig. 4.10; Appendix 4.1). However, there is
appreciable variation in the matrix and whole rock 147Sm/144Nd values, which range from 0.115 ±
0.0026 to 0.1236 ± 0.0028, and can impart significant changes to isochron ages calculated from
them (Fig. 4.10; Appendix 4.1). Isotopic heterogeneity of the matrix and whole rock across the
sample precludes identification of equilibrium rock compositions with which the compositionally
specific garnet crystal segments grew. Whereas it is possible to pair isotope ratios of individual

Figure 4.10. Matrix and whole-rock Sm and Nd isotopic compositions of Townshend Dam
schist. Data include rock matrix (whole-rock minus garnet) from adjacent to each garnet
crystal wafer (mtx near grt), a series of matrix analyses collected from across the rock
foliation (mtx traverse), and several whole-rocks collected from the candidate sample. Note
the scatter in the dataset. All data except three outlier analyses were used to calculate
isochron ages (n = 26). See text for discussion.
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garnet segments with individual matrix and/or whole rock isotopic compositions to construct
two-point isochrons, variability in the matrix and whole rock isotopic compositions suggest that
garnet segments equilibrated with locally distinct matrix isotopic compositions. Furthermore,
lengthscales for garnet-rock isotopic equilibrium likely changed as individual garnets grew and
incorporated atoms from larger rock volumes. Poor age precisions and MSWD values of 11 to 12
for the isochron ages of individual garnet crystal segments attest to the fact that equilibrium
rock/matrix compositions with which specific garnet crystal segments grew cannot be identified.
Thus, isotopic compositions of individual garnet crystal segments are paired with the average
matrix and whole rock isotopic values (n = 26; 3 outliers excluded) to calculate twenty sevenpoint isochrons for each compositionally specific garnet zone sampled.
Excluding suspect ages (high Nd; low Sm/Nd), 27 point isochrons calculated for 35
individual garnet crystal segments (8 cores; 15 mantle zones; 10 rims; 2 small bulk garnets)
range from 383.3 ± 7.4 Ma (TD09-14a-Grt4b-zone1) to 324.5 ± 3.6 Ma (TD09-14a-Grt10zone1). Although the core and mantle ages of 324.5 ± 3.6 Ma and 365.1 ± 3.6 Ma ages for
TD09-14a-Grt10 cannot be rejected on the basis of their Nd concentration or
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Sm/144Nd, they

are obvious outlier ages (when compared to other core and mantle zones) and are, in fact,
younger than the outer zones collected from this crystal (i.e. reverse-age zoning). Excluding
these rejected a-priori ages and outlier core and mantle ages for TD09-14a-Grt10, isochron ages
calculated for individual garnet crystal segments range from 383.3 ± 7.4 Ma to 350.0 ± 1.5 Ma
(Appendix 4.1). Two-sigma uncertainties of calculated isochron ages range from ±11.0 to ±1.5
m.yr., and are directly related to the size of the Nd load (Nd concentration) and the magnitude of
the 147Sm/144Nd separation between garnet and matrix splits (Appendix 4.1).
Excluding a-priori rejected ages and a few outlier ages, garnet crystal segments with
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similar Mn contents yielded similar Sm-Nd ages (Appendix 4.1). However, the uncertainties of
the Sm-Nd ages are insufficient to distinguish between subtle age differences in many adjacent
zones from within individual crystals (Fig. 4.7; Appendix 4.1). In other words, the isotopic ages
of individual crystal segments are not suitable for differential time-series analysis because the
sampling interval was too small and sample volumes were too large, resulting in overlapping age
uncertainties. However, grouping isotope ratios of zones with similar positions within individual
garnet crystals yields more robust estimates for the timing of garnet core, mantle, and rim growth
in the rock volume (Fig. 4.11; Appendix 4.1). Thus, isotopic data of garnet crystal segments with
similar positions within individual crystals are grouped to calculate Sm/Nd isochrons. Robust
isochron ages for the grouped ages attest to the validity of this approach (Fig. 4.11).
Excluding two rejected ages and a single outlier (TD09-14a-Gt10-zone1), seven garnet
cores containing XMn ranging from 0.252 (inner core isopleth) to 0.160 (outer core zone isopleth)
fall on a single isochron of 380.5 ± 2.0 Ma (MSWD=11.8; Fig. 4.11). Further exclusion of
isotopic ratios of Garnets 4a and 13 changes the isochron age to 381.5 ± 2.0 Ma, which is
indistinguishable (given the uncertainties) from the 380.5 ± 2.0 Ma isochron. Thus, the 380.5 ±
2.0 Ma isochron is taken as the best constraint for rock-wide garnet core growth. Similar
grouping of fourteen interior garnet zones (mantles) yields a 377.4 ± 1.2 Ma isochron
(MSWD=14; 3 rejected; 1 excluded; Fig. 4.11). These garnet mantle zones contain the largest
range of Mn compositions (highest inner isopleth XMn = 0.170; lowest outer isopleth XMn =
0.020). Therefore, grouping of these mantle zones provides a tight constraint on the timing of
garnet mantle growth.
In contrast to the core and mantle zones, individual garnet rim and small garnet bulk ages
vary significantly across the sample and none can be rejected on the basis of their Nd
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concentrations or 147Sm/144Nd ratios.
Microsampled garnet rim zones
range from 0.051 (highest inner
isopleth) to 0.001 (lowest outer rim
isopleth) in XMn and from 380.3 ±
2.1 Ma to 350.0 ± 1.5 Ma in age
(Appendix 4.1). Excluding the
isotopic ratios of the younger rim
ages for garnets 3, 4, 10, and 16,
yields a 34-point (8 garnet rims; 26
rock/matrix) isochron age of 376.6
± 0.9 Ma (MSWD=14). The
younger rims of Garnets 3, 4, 10,
and 16 do not fall on a single
isochron and their significance is
discussed below (section 4.8.1).

Figure 4.11. Garnet-rock Sm-Nd isochrons of
Townshend Dam grouped garnet cores (A), grouped
mantles (B), and grouped rims (C).
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4.7.4 Correlation of Garnet Mn Content and Age
Age uncertainties of individual garnet crystal segments ranging from ±2 to ±10 m.yr. and
a 3.9 ± 2.2 m.yr. duration of garnet growth in the selected sample preclude correlation of Mn
contents and ages of compositionally specific crystal segments throughout the sample. However,
a comparison of the ranges of XMn values and isochron ages for grouped cores, mantles, and rims,
shows a correlation between Mn content and garnet age (Fig. 4.12). These three points for Mn
compositions and ages are compatible with a linear fit [XMn = 0.0433t - 16.249; R2 = 0.963; Fig.
4.12] or a second-order polynomial curve [XMn = -0.0129t2 + 9.8387t - 1870.8; R2 = 1; Fig. 4.12].
The good fits of these curves result from the small number of Mn-age data points (n = 3) which
preclude a distinction between linear and polynomial curve fits. Regardless, Mn-age curve
requires depletion of Mn with younging garnet age and the polynomial fit is qualitatively similar
to a constant-volume growth curve for garnet growing over the time interval for garnet growth in
the sample (e.g. Kretz, 1974). Although these curve fits are only defined by three garnet Mn-age
points for grouped cores, mantles, and rims, they illustrates the depletion of Mn in the bulk rock
as growing garnet sequesters it at either a constant radial (linear) or constant volume
(polynomial) rate of garnet growth.
4.8. Discussion
4.8.1 Garnet Rim Age Variation
Five of the ten garnet rim and small garnet bulk ages are equivalent within their
uncertainties at 376.6 ± 0.9 Ma. The other garnet rim ages range down to ca. 350 Ma. LAICPMS and Kα X-ray trace element composition maps of Townshend Dam garnets show that
certain garnet-compatible trace elements and REE increase at the rims (Figs. 4.8 and 4.9).
Distinct increases in the garnet-compatible elements Y, Sm, Eu, Gd, and Dy at the rims suggest
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Figure 4.12. Mn vs. age curve for Townshend Dam garnet growth. X-axis error bars show
the 2-sigma isochron age uncertanty for grouped cores (n=7), mantles (n=14), and
rims(n=8). Y-axis error bars show the range of Mn contents sampled for each group. Linear
(dashed line) and 2nd order polynomial (solid line) fits are shown as endmember scenarios
for garnet growth.
that these elements were released from the early formed garnet or REE-rich accessory phases and
subsequently sequestered into the outer garnet rims. The heaviest REE, Yb and Lu, are depleted
at the outer rims relative to garnet mantle compositions, suggesting that another phase
incorporated these elements when the outermost garnet rims grew.
Modification of the outer garnet rim compositions may have occurred via secondary
garnet growth or diffusional modification of existing garnet rim compositions. Secondary garnet
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growth without resorption is unlikely because there is little textural evidence for it and chemical
discontinuities at the garnet rims are very narrow (Fig. 4.5). Subsequent garnet growth without
preceding resorption of the garnet rim would produce an annulus of Mn and other garnetcompatible elements at the rim that initially increases then decreases outwardly. It is also
difficult to account for the young rims by incomplete dissolution of inclusions because all of the
garnet rims all have higher Sm/Nd than the interior zones (Appendix 4.1). Also, isotopic
disequilibrium between the garnet rims and older inclusions would lower the overall Sm/Nd of
the zone and yield artificially older ages instead of the apparent younger measured ages.
Assuming that young garnet rim ages are not the result of incomplete removal of problematic
inclusions, I present age mixing and diffusion models below to evaluate potential effects of
secondary garnet growth and diffusional modification of garnet rim Sm and Nd compositions.
To assess the effect that younger outer rims would have on measured garnet rim ages,
volume mixing calculations were made for Garnets 3, 4, 10, and 16. For all mixing calculations,
the true garnet rim age is considered to be 376.6 ± 0.9 Ma. Based on the widths of major and
trace element increases at the outer garnet rims, 500 µm is used to estimate the thickness of the
young overgrowths (Figs. 4.5 and 4.8). Any secondary alteration or secondary garnet growth
must have occurred later than the youngest individual garnet rim age of 350.5 ± 1.5 Ma (Grt 10Zone 4; Appendix 4.1), assuming that the young rim ages are mixed between a 376.6 ± 0.9 Ma
primary rim component and a younger (< 350 Ma) overgrowth. Spear et al., (2008) proposed that
Alleghanian-related fluid flow continued in the central Appalachians until ca. 305 Ma, so this
age is provides a minimum estimate for the timing of secondary alteration and/or garnet growth.
Estimates for garnet outer rim volumes suggest that 20-40% of the sampled garnet rim volumes
for Garnets 3, 4, 10, and 16, could have been comprised of secondary growth or altered garnet,
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depending on the total rim volume. Assuming that the secondary garnet features developed from
the same initial

143

Nd/144Nd, volume mixing calculations produce modeled mixed ages ranging

from ca. 361 Ma to ca. 349 Ma, comparable to the 350-370 Ma measured ages for these young
rims (Appendix 4.1). Thus, the young rim ages for Garnets 3, 4, 10, and 16, are interpreted as
mixed between a primary garnet rim age of 376.6 ± 0.9 Ma and secondary overgrowths or
alteration rims. The secondary (young) garnet could have grown or developed via a number of
processes such as: secondary garnet growth, incomplete removal of garnet rim inclusions that
have different isotopic signatures than the host garnet, diffusion of Sm and/or Nd, and/or
resorption/recrystallization of the garnet rims.
To evaluate potential diffusional effects on garnet rim compositions, a 1-D infinite sink
diffusion model for Sm and Nd was constructed. The characteristic lengthscale for diffusion (L)
of these elements, is given by:

L = Dt
where t is the duration of time the system remained at a given temperature (T). The diffusivity
(D) is calculated by:

€
D = D0e

−Q
RT

where D0 is a constant (6.3 x 10-5 cm2/sec), Q = 25.4353 kJ/mol, R is the gas constant, and T is
temperature in Kelvin. 40Ar/39Ar€thermochronology suggests that southeastern Vermont rocks
were still at temperatures above 400°C between 300 and 350 Ma (Laird and Albee, 1981;
Harrison et al., 1989; Spear and Harrison, 1989). Assuming that peak temperature estimates of
625°C (Dragovic, 2013) could persist for a maximum duration of 30 m.yr. and using the faster
REE diffusion model of Tirone et al., (2005), the 3σ characteristic diffusion lengthscale (3L) is ≤
300 µm, much smaller than the 2-3 mm increase in Sm and other REE shown in Figure 4.8. Post-
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growth diffusional modification of garnet rim Sm and Nd compositions is an unlikely cause for
the 2-3 mm thick REE increases at the garnet rims (Fig. 4.8). However, the extreme enrichments
of Sm, Eu, Gd, Dy, and Y in the outermost garnet rim shown in Figure 4.8 are on the order of
200-300 µm and could result from post-growth diffusional modification of garnet rim
compositions. The resolution of the LA-ICPMS data (150 µm spot size), however, makes it
difficult to evaluate the true width of the high-REE outer garnet rims (Fig. 4.8).
Post-growth garnet resorption followed by recrystallization could also cause the young
garnet outer rims. The garnet rim zones have higher Sm and Sm/Nd than the core and mantle
zones (Appendix 4.1). This is corroborated by the LA-ICPMS trace element maps that show
smooth zoning profiles for MREE that decrease from core to mantle and increase from mantle to
rim (Figs. 4.8 and 4.9). The MREE then increase just at the outermost garnet rims (1-2 LAICPMS analyses). The LREE are unzoned and LA-ICPMS analyses are contaminated by garnet
inclusion phases, producing bulls eye patterns on the LA-ICPMS trace element maps (Fig. 4.8).
The abrupt increase of HREE at the garnet rim may reflect resorption with or without
recrystallization. If the high HREE concentrations seen at the outer garnet rim are not
contaminated by REE-rich accessory phases, then resorption without recrystallization would
require back-diffusion of the compatible elements into the garnet rims after resorption. The
smooth HREE increases from core to rim may be growth related and only the strongly-MREE
enriched outer rim (outermost ablation pits) reflect resorption/recrystallization. Small xenotime
crystals occur along the outermost part of the garnet rims suggesting that the garnet released
some Y after growth (Fig. 4.13). Crystallization of xenotime during and after garnet resorption
could also account for account for the depletion of garnet-compatible HREE (Yb and Lu) at the
outermost garnet rims (Figs. 4.8 and 4.9), also supporting an argument for
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Figure 4.13. Composite Kα X-ray maps of Mg, Y, and Zr, in Townshend Dam garnet TD0914a-Grt8. Width of view is 46 mm. bright colors correspond to high Mg concentrations;
darker colors correspond to lower Mg concentrations. Blue and red dots show the distribution
of high-Y and high-Zr phases, likely xenotime and zircon, respectively. Note the high
concentration of xenotime at or near the garnet grain boundary associated with chlorite (highMg). This texture is interpreted to reflect resorption of the garnet rim.

resorption/recrystallization. BSE and photomicrographs show chlorite and quartz rims for most
of the garnets and also support an argument for garnet resorption (Figs. 4.5 and 4.14). The
garnets show textures compatible with resorption (irregular grain boundaries with chlorite)
mostly in the pressure shadows. Closely spaced (5 um) EPMA data for the garnet rims show
perturbations in the major element zoning adjacent to irregular grain boundaries, but not adjacent
to euhedral crystal faces (Figs. 4.5 and 4.14). If resorption was accompanied or driven by fluid
influx, these localized textures and compositions within individual garnets may reflect this
process.
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Figure 4.14. Back-scattered electron images of possible recrystallization textures in
Townshend Dam garnets. TD09-14a-Grt3 is shown on the left and TD09-14a-Grt10 is shown
on the right; scale bar length in 1 cm. Chlorite (dark BSE response) occurs along irregular
grain boundaries and in pressure shadows, while euhedral crystal faces are in contact with
quartz and muscovite. Note the distinct inclusion trails that pass through the garnet cores that
may be relict fluid conduits.

Modification of garnet rims via resorption/recrystallization may have been facilitated by
a secondary tectonothermal event and associated fluid flow. The outcrops at Townshend Dam
contain abundant quartz and calcite veins that crosscut metamorphic foliation, providing
evidence for post-metamorphic fluid influx. Although veins in the outcrop were purposely
avoided during sampling, the extent of fluid flow in these rocks is unknown. Monazite ages for
central New England are as young as ca. 355 Ma, indicating that monazite growth continued to
this time (Spear et al., 2008). Additional thrust faulting and associated deformation and fluid
flow has been documented until ca. 305 Ma, allowing the possibility that Townshend Dam garnet
compositions were altered during the Alleghanian orogeny (Spear et al., 2008).
4.8.2 Reverse Age Zoning
Two of the garnets used in this study (TD09-14a-Gt3 and TD09-14a-Gt10) have inner
zones (higher Mn) that are younger than their outer zones (Lower Mn). The ages for Grt10
increase outwardly between zone 1 and zone 3 and the rim is intermediate between zone 1 an
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zone 2. TD09-14a-Gt3-Zone 2 is younger than TD09-14a-Gt3-Zone3. Possible causes for this
include: recrystallization of core driven by fluid infiltration; crystal clustering (polycrystals);
and/or isotopic disequilibrium during initial garnet growth. The Sm/Nd ratios of Grt3 and Grt10
increase outwardly (from core to rim), similar to the other garnets.
Fluid Driven Recrystallization of Cores is unlikely because major element zoning in the
core is not disrupted and neither garnet shows an atoll texture. However, both of these garnets
have curved inclusion trails, like most of the garnet in the sample, that continue from the matrix
across the cores and back into the matrix (Fig. 4.14). These foliation trails could have provided
fluid pathways through the garnet crystals that altered the Sm-Nd systematics of part or all of the
garnet cores.
Garnet crystal clusters are common in the Townsend Dam rocks and these clusters often
have simple concentric major element zoning that crosses distinct lattice orientations as
documented by Whitney et al. (2008). If this is the cause for reverse age zoning in some
Townshend Dam garnets, then one or more outer (young) zones of garnet could have been
inadvertently sampled with or without older core material. Another younger garnet zone could
have impinged on one or both of these grains and the results are mixed ages between the two
grains.
Alternatively, the two garnets with young inner zones may have nucleated in areas of the
sample that retained local isotopic signatures and never isotopically equilibrated with the matrix.
A final possibility to explain the reverse age zoning is sampling error across Mn zones. This is
most probable for those grains in which more than 4 zones were sampled, requiring high age
precision to distinguish between the ages of adjacent zones. Even if sampling was imperfect, this
would be very unlikely to produce ages of ca. 325 Ma because none of the medial or outer garnet
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zones are this young.
4.8.3 Chemical equilibrium of major and trace elements during garnet growth
Comparable Mn compositions and concentric zoning patterns of garnets throughout the
sample suggest that all garnets growing at the same time equilibrated with a matrix reservoir that
was being progressively depleted in Mn (Figs. 4.4 and 4.6). In fact, all divalent cations in garnets
throughout the sample correlate well and reflect the overall major element zoning (Fig. 4.15).
Garnet Fe and Mn compositions show a strong negative linear correlation, reflecting decreasing
Mn and increasing Fe from garnet cores to rims. Mn also correlates well with Mg and Ca
(although non-linearly) throughout the sample (Fig. 4.15). Mg and Ca correlate more strongly
with each other than either do with Mn, likely due to the difference in magnitude of zoning from
garnet core to rim of these elements (i.e. Mn and Fe are more strongly zoned than Mg and Ca).
Correlations of these cations for separate garnets of different size throughout the sample volume
support the interpretation that every growing garnet precipitated nearly-identical major element
compositions during each increment of growth, implying that these elements were
homogeneously distributed in the intergranular matrix. Thus, the Fe, Mg, Mn, and Ca
compositions of the garnets varied systematically over time, suggesting that chemical
equilibrium with respect to these elements was continuously maintained throughout the sample
volume during garnet growth.
In contrast to the garnet major element compositions, Sm and Nd isotopic compositions
of the whole rock and matrix vary significantly throughout the sample (Fig. 4.10). This variation
likely reflects the heterogeneous distribution of accessory phases (xenotime, zircon, apatite,
epidote, etc.) throughout the sample. Thus, it is difficult to document the exact whole rock or
matrix compositions with which each compositionally specific zone of garnet isotopically
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Figure 4.15. Correlation of divalent cations in ten Townshend Dam garnets from sample
TD09-14. All measurements are reported in mole fraction; 10,370 data points plotted for 10
garnets (after filtering). Good correlation of all garnet major element compositions throughout
the sample volume support the interpretation that major element equilibrium was maintained
throughout garnet growth. Note that TD09-14a-Grt4b (purple crosses) was not a central wafer
and the different absolute values of the measurements reflect the slight difference in
composition.
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equilibrated. Some or all of the accessory phases may have not isotopically equilibrated with the
garnets or the whole rock during garnet growth. Furthermore, the lengthscale for chemical
equilibrium likely changed as garnets grew larger and isotopic compositions of the rock and
matrix evolved. Because chemical equilibrium requires that reactant-liberating metamorphic
reactions and intergranular diffusion to keep pace with crystal growth, limited availability and
longer equilibrium lengthscales may hinder slowly diffusing REE compositions from
equilibrating. The contrast between consistent major element compositions and inconsistent Sm
and Nd isotopic compositions, rockwide, suggests that the garnets and rock matrix may have
continuously maintained major element chemical equilibrium but not isotopic equilibrium. This
effect could be accentuated by the presence of refractory REE-rich accessory phases in the
matrix that do not break down under the metamorphic conditions experienced by Townshend
Dam rocks.
Consistent major element compositions of zoned garnets throughout the sample volume
suggest that major element chemical equilibrium was generally maintained over the duration of
garnet growth. However, the new dataset documents a much narrower garnet growth duration
(3.9 ± 2.2 m.yr.) than was previously proposed for Townshend Dam garnet (10.5 ± 4.5 m.yr;
Christensen et al., 1989). Isotopic heterogeneity of the rock precludes garnet-rock Sm-Nd
isochron age precisions needed to distinguish between ages of compositionally specific garnet
crystal segments. Additionally, the range of Mn compositions sampled for each microsampled
crystal segment varied based on garnet wafer size (sample volume), thereby producing a large
range of Mn contents for each grouped zone. Thus, the technique utilized in this study for
evaluating chemical equilibrium did not yield conclusive evidence for or against chemical
equilibrium in metamorphic rocks. However, the consistency of the garnet and rock major
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element compositions throughout the sample and shape of the calibrated 3-point Mn-age curve
for garnet cores, mantles, and rims do suggest that chemical equilibrium was generally
maintained throughout garnet growth. Further testing of chemical equilibrium via evaluation of
chemical changes through time in zoned minerals, such as garnet, will require samples with a
more homogeneous distribution of isotopic compositions throughout. Additionally, avoiding
problematic

samples

that

may

contain

secondary

garnet

growth

textures

(resorption/recrystallization), reverse age zonation, polycrystals, or fluid-flux alteration will aid
in interpreting compositional and age data for the evaluation of chemical equilibrium during
metamorphic mineral growth.
4.9. Conclusions
A new technique is described for evaluating chemical equilibrium in metamorphic rocks
by testing the idea that Mn content and Sm-Nd age of compositionally specific garnet crystal
segments should correlate from core to rim over an equilibrium volume of rock. Large, 1-3 cm,
garnets in a 1.21 x 104 cm3 block of pelitic schist from Townshend Dam, VT are concentrically
zoned in major elements, especially Mn. Similar garnet compositions and element zoning
patterns throughout the sample suggest that major element equilibrium was maintained
throughout garnet growth. Sm-Nd ages of compositionally specific garnet crystal segments range
from 383.3 ± 7.4 Ma to 324.5 ± 3.6 Ma. Exclusion of four young garnet rim ages that contain
diffusion and/or resorption textures at their outermost rims further constrains the ages from 383.3
± 7.4 Ma to 374.9 ± 1.8 Ma. Grouped Sm-Nd isotopic compositions for 7 garnet cores, 14
mantles, and 8 rims, define three distinct Sm-Nd isochrons of 380.5 ± 2.0 Ma, 377.4 ± 1.2 Ma,
and 376.6 ± 0.9 Ma, respectively, suggesting a garnet growth duration of 3.9 ± 2.2 m.yr.
The short duration of garnet growth and isotopic heterogeneity hinder the correlation of
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Sm-Nd ages and Mn contents of individual, compositionally specific crystal segments. However,
grouped cores, mantles, and rims define a Mn-age curve that reflects a depletion of Mn in the
bulk rock as garnet grew. A Mn-age curve defined by the range of Mn contents and grouped SmNd ages of Townshend Dam garnet cores, mantles, and rims, reflects the fractionation of Mn into
growing garnet over the duration of garnet growth. Qualitatively, this may be related to constantvolume porphyroblast growth.
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