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ABSTRACT

We have developed a new quantitative method to estimate pa-
leohorizontal in granitic plutons using the aluminum-in-horn-
blende (AH) barometer. The method is used to correct previously
published paleomagnetic data from the 93–96 Ma Mount Stuart
batholith of the Cascades Mountains, Washington State, for the
effects of postemplacement tilting. AH barometry was done on 46
samples from the batholith using the compositions of hornblende
rims coexisting with the full mineral assemblage required for pres-
sure estimation. High-contrast back-scattered electron imaging was
used to ensure that the analyzed hornblendes were not significantly
affected by subsolidus alteration.

The success of the AH barometry is indicated by two observa-
tions. First, increases in the Al content of the hornblendes are gov-
erned almost entirely by a pressure-sensitive tschermak-type sub-
stitution. Second, amphibole-plagioclase thermometry indicates
that assemblage equilibration occurred at or very near magmatic
conditions ('650 &C) and that temperature has a negligible effect
on our pressure estimates. AH barometry results indicate that the
depth of crystallization across the batholith decreases systemati-
cally from '0.3 GPa in the northwest to '0.15 GPa in the south-
east, consistent with independent barometry for the contact aureole
of the batholith and regional structural and stratigraphic relations.
Using a best-fit planar-tilt model and bootstrap analysis of uncer-
tainties, we estimate that the paleohorizontal plane has a strike of
43& 6 30.4& and dip of 7& 6 2.0& southeast (695% confidence).

Our estimated paleohorizontal allows us to restore the paleo-
magnetic data of Beck et al. (1981) and to estimate the original
paleolatitude of the Mount Stuart batholith. Beck et al. found that
the southern part of the batholith yielded a number of sites with a
well-defined high-coercivity remanence. The carrier of this rema-
nence was not resolved, but the following four lines of evidence
strongly suggest that the published directions were acquired shortly
after emplacement of the batholith. (1) The ‘‘stable’’ sites all came
from the shallowest and most rapidly cooled portions of the batho-
lith as indicated by our AH results and concordant K/Ar ages for
hornblende/biotite pairs. (2) The high coercivity component was
always normal in polarity, which is consistent with emplacement of
the Mount Stuart batholith at the end of the Cretaceous long nor-
mal. (3) Sites from the batholith and the contact aureole gave sim-
ilar directions. (4) The directions show no indication of tilt-related
smearing. After restoration, the paleomagnetic data indicate 42& 6
11& clockwise rotation and 3100 6 600 km of northward offset

(695% confidence). This result verifies Beck et al.’s original inter-
pretation that the Mount Stuart batholith originated at the paleo-
latitude of northern Mexico.

INTRODUCTION

Paleomagnetic inclinations measured in a broad variety of Late
Cretaceous (ca. 100–70 Ma) igneous and sedimentary rocks from
the northwest Cordillera are significantly shallower than those pre-
dicted using the North American cratonal reference. These discor-
dant data are considered by some to indicate large-scale ('1000–
3000 km), postmagnetization northward displacement relative to
the North American craton during the latest Cretaceous and early
Tertiary periods (e.g., Beck and Noson, 1972; Beck et al., 1981;
Irving et al., 1985; Umhoefer, 1987; Brandon et al., 1988; Beck,
1989; Oldow et al., 1989; Irving and Thorkelson, 1990; Irving and
Wynne, 1990; Garver and Brandon, 1994). Early paleomagnetic
studies generally discounted local tilting as an explanation for the
discordant data (e.g., Beck et al., 1981; Irving et al., 1985) even
though many of the best paleomagnetic data were collected from
plutonic rocks for which paleohorizontal was poorly constrained.

The interpretation of large-scale northward displacement has
become popularly known as the ‘‘Baja British Columbia’’ (Baja BC)
hypothesis (cf. Irving et al., 1985). This hypothesis holds that the
western parts of British Columbia and Washington State—an enor-
mous crustal mass some 1500 km long and 500 km wide—were
transported northward en masse (see Cowan, 1994, for discussion).
The term Baja BC highlights both the presumed original location of
the offset rocks near present-day Baja California and the possible
mode of transport by coast-parallel shear, analogous to the north-
ward motion of Baja California along the San Andreas fault (Packer
and Stone, 1974; Umhoefer, 1987; Umhoefer et al., 1989).

The possibility of a far-traveled Baja BC has profound impli-
cations for our understanding of tectonic processes and plate inter-
actions along the western margin of the North American Cordillera.
As a result, the Baja BC hypothesis has received much critical scru-
tiny. Many workers have argued that regional geologic constraints
do not permit large northward offsets (cf. Price and Carmichael,
1986; van der Heyden, 1992), but these arguments carry some un-
supported assumptions about continuity of proposed batholithic
belts and the uniqueness of proposed stratigraphic and provenance
links. The interpretation of paleomagnetic data from the plutons has
been questioned because intrusive bodies and surrounding wall
rocks rarely preserve unambiguous paleohorizontal indicators
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(Beck et al., 1981; Irving et al., 1985). For example, Butler et al.
(1989) assessed regional structural, metamorphic, and geochrono-
logic relationships and concluded that the discordant paleomagnetic
data from the Mount Stuart, Spuzzum, Porteau, Captain Cove, and
Stephens Island plutons resulted from postemplacement tilting in a
down-to-the-southwest sense. Brown and Burmester (1991) came to
a similar conclusion based on their study of regional metamorphic
gradients around the Spuzzum pluton.

This ongoing debate has prompted new paleomagnetic studies
of units where paleohorizontal and the timing of magnetization can
be more directly assessed. For example, Wynne et al. (1995) re-
ported paleomagnetic data from bedded sediments and volcanics of
the middle Cretaceous Silverquick sediments and Powell Creek vol-
canics, indicating about 3000 km of postmagnetization northward
offset. In our opinion, the paleomagnetic data from plutons remain
central to the Baja BC debate because they provide a record from
a very different petrologic and thermal setting that can be used to
test for regional consistency of the discordant results.

Our contribution to this debate has been the development of a
new method based on geobarometry for determining paleohorizon-
tal in granitic batholiths (Ague and Brandon, 1992). Once paleo-
horizontal at the time of crystallization is determined, primary mag-
netization directions can be corrected for the effects of
postemplacement tilting. The highly discordant paleomagnetic data
from the Mount Stuart batholith (Beck et al., 1981), located in the
Cascades Mountains of western Washington State, have played a
pivotal role in the Baja BC controversy and are the focus of this
paper (Fig. 1). Our initial paleohorizontal determinations (Ague
and Brandon, 1992) were for the southern part of the batholith
because this area coincides with the paleomagnetic sites of Beck et
al. (1981). We concluded that the southern part of the batholith was
tilted'88 in a down-to-the-southeast direction. Restoration of Beck
et al.’s (1981) paleomagnetic data according to this tilt indicated

major northward offset of '3000 km—a result fully consistent with
the Baja BC hypothesis. In this paper, we extend our barometric
studies to the entire batholith in order to constrain more precisely
its emplacement, tilt, and offset history. As part of this effort, we
provide (1) a critical assessment of the aluminum-in-hornblende
barometer (Hammarstrom and Zen, 1986) and its application to
regional tectonic problems, and (2) a full discussion of the methods
used to evaluate paleohorizontal orientation.

REGIONAL GEOLOGIC RELATIONSHIPS

The Mount Stuart batholith (Figs. 2A and 2B) is part of a suite
of calc-alkaline plutons that intruded the metamorphic core of the
Cascades Mountains during early Late Cretaceous time (Arm-
strong, 1988; Zen, 1988; Haugerud et al., 1991; Walker and Brown,
1991; Brown and Walker, 1993). The batholith consists mostly of
tonalite, quartz diorite, and granodiorite but includes some granite,
gabbro, and ultramafite (Fig. 2B) (Pongsapich, 1974; Erikson, 1977,
Kelemen and Ghiorso, 1986). For descriptive purposes, the batho-
lith is commonly separated into three parts: an elongate southwest
lobe, a hook-shaped region that makes up the northwest part of the
northeast lobe, and a bulbous region that makes up the southeast
part of the northeast lobe. In this paper, we distinguish between a
southern part of the batholith, which is dominated by tonalite and
quartz diorite, and a northern part dominated by leucotonalite and
biotite granodiorite (Fig. 2B). U/Pb zircon determinations for the
Big Jim ultramafic complex and the tonalitic-granodioritic phases of
the batholith (Fig. 2B) are ca. 96 and ca. 93 Ma, respectively (Tabor
et al., 1982, 1987, 1993; Brown andWalker, 1993; R. B. Miller, 1993,
written commun.). K/Ar determinations for biotite-hornblende
pairs (Fig. 2B) are mostly concordant and range from ca. 90 to ca.
82 Ma, although one pair from the northeast lobe of the batholith
is strongly discordant.

Figure 1. Simplified geologic map of the Mount Stuart area, after Tabor et al. (1982, 1987, 1993) and Frizzell et al. (1984). MSB 5
Mount Stuart batholith; WPT 5 Windy Pass thrust; S 5 Swauk basin; CRB 5 Columbia River basalts.
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The Mount Stuart batholith intruded two distinct wall rock
units (Fig. 2A), the upper Mesozoic Ingalls ophiolite to the south
(Miller, 1985), and the Chiwaukum Schist to the north (Plummer,
1980; Evans and Berti, 1986; Brown and Walker, 1993). The Chi-
waukum Schist consists mostly of aluminous pelite with subordinate
marble, amphibolite, quartzofeldspathic gneiss, and ultramafite. Ge-

ologic relationships indicate that the Ingalls ophiolite was thrust
over the Chiwaukum Schist along a major fault, the Windy Pass
thrust, at ca. 95 Ma (Miller, 1985; Evans and Berti, 1986). Because
portions of the batholith cut the Windy Pass thrust, intrusion must
have occurred, at least in part, after ophiolite obduction (Miller and
Paterson, 1992, 1994).

Figure 2. (A) Sample localities, isotopic ages, and depth of crystallization contours for theMount Stuart batholith area. WPT5Windy
Pass thrust; BJI 5 Big Jim intrusion. Isotopic ages for the Mount Stuart batholith are indicated by boxes, and those for metamorphosed
rocks of the Chiwaukum Schist and the Ingalls ophiolite, by circles. U 5 U/Pb zircon; h 5 K/Ar hornblende; m 5 K/Ar muscovite; b 5
K/Ar biotite; a 5 apatite fission track ages. Isotopic ages are from Tabor et al. (1982, 1987, 1993), Brown and Walker (1993), and R. B.
Miller (1993, written commun.). Contours represent depth of crystallization for the batholith based on the best-fit paleosurface orientation
calculated using equation 4 jointly with our aluminum-in-hornblende barometry results. The contours were determined by calculating the
intersection of planar isodepth surfaces (isobaric surfaces converted to depth using an average crustal density of 2800 kg m23) with the
present landscape, as represented by 30-second digital topography from the DNAG CD-ROM (National Geophysical Data Center, 1989).
(B) Intrusive phases of the Mount Stuart batholith, after Pongsapich (1974) and Erikson (1977), with modifications by Tabor et al. (1982,
1987, 1993) and Frizell et al. (1984).
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The Mount Stuart batholith produced a contact aureole in the
surrounding Ingalls ophiolite and Chiwaukum Schist (Frost, 1975;
Evans and Berti, 1986; Brown andWalker, 1993). The batholith was
almost certainly emplaced at relatively shallow crustal levels, for the
aureole in the Chiwaukum Schist contains widespread andalusite
(Fig. 3). Around the northeastern margin of the batholith, the au-
reole was overprinted by amphibolite facies regional metamor-
phism. Evans and Berti (1986) and Brown and Walker (1993) pre-
sented textural evidence that demonstrates that an early generation
of andalusite was replaced by kyanite and staurolite in the area
directly adjacent to the batholith. In the northeastern part of the
Mount Stuart area, metamorphic pressures reached 0.6–0.7 GPa
(6–7 kbar; 20–25 km depth) during this younger regional metamor-
phic event (Evans and Berti, 1986; Brown and Walker, 1993).

The following relationships establish the relative timing of re-
gional metamorphism and ophiolite emplacement. First, the Mount
Stuart batholith intruded both the Chiwaukum Schist and the Ingalls
ophiolite. Second, the presently exposed parts of the batholith must
have been emplaced at low pressures because andalusite and relict
andalusite occur throughout the contact aureole in the Chiwaukum
Schist. Third, replacement textures of kyanite and staurolite after
andalusite indicate that regional metamorphism postdated forma-
tion of the contact aureole. Biotite and muscovite K/Ar ages for the

Chiwuakum Schist indicate postmetamorphic cooling ca. 82–84 Ma
(Fig. 2B). Exhumation following regional metamorphism was rapid.
Evans et al. (1993) estimated rates of 5–6 km/m.y. The tectonic
significance of this loading/exhumation event is controversial. Evans
and Berti (1986) and McGroder (1991) have argued that loading
resulted from emplacement of high-level thrust sheets. The alter-
native hypothesis, magmatic-loading as proposed by Brown and
Walker (1993), accounted for the increase in metamorphic pressure
by the emplacement of a higher-level batholith.

Apatite fission-track dating (Fig. 3B) shows that by early Eo-
cene time, much of the batholith had cooled to temperatures
,100 8C. Assuming a normal thermal profile, these fission track
data indicate that present exposures of the batholith have been
within '3 km of the Earth’s surface since the early Eocene. The
early Miocene apatite fission-track ages along the southwest margin
of the batholith are attributed to heating associated with the intru-
sion of late Cenozoic plutons to the west of the batholith. A small
Miocene stock in the southwest lobe (Erikson, 1977; Fig. 2B) dem-
onstrates the proximity of this younger magmatic activity.

The southwestern margin of the batholith is in contact with
southwesterly dipping clastic strata of the lower Eocene Swauk For-
mation. The nature of this contact—whether stratigraphic or struc-
tural—remains unresolved despite considerable debate (see Butler

Figure 3. (A) Contact aureole surrounding the Mount Stuart batholith. Andalusite-bearing aureole in Chiwaukum Schist shown with
fine diagonal rule; aureole in Ingalls ophiolite shown in black. Depth contours computed from the best-fit paleosurface by determining
the intersection of the present topography with surfaces of constant crystallization depth (cf. Fig. 2A). Tertiary rocks 5 stipple pattern;
Ingalls ophiolite 5 coarse horizontal rule; WPT 5 Windy Pass thrust (dashed where inferred; cf. Fig. 2A). Aureole extent based on the
work of Plummer (1980), Evans and Berti (1986), Brown and Walker (1993), Paterson et al. (1994), and Ague and Brandon (unpubl. field
observations). X (east) Y (north) map grid is the same as that used for paleohorizontal estimation; X 5 0 and Y 5 0 are at long 239&E
and lat 47.617&N, respectively. (B) Generalized summary of apatite fission-track ages for the Mount Stuart batholith. The numerical ages
of Tabor (1982b, 1987) shown in Figure 2 are supplemented here by general results reported by Erickson and Williams (1976) and Yeats
(1977). The Miocene apatite fission-track ages are attributed to heating associated with the intrusion of the Miocene Snoqualamie
batholith, which lies directly west of the batholith. The Eocene ages, which characterize the bulk of the batholith, reflect cooling and
erosional unroofing following Late Cretaceous plutonism and metamorphism.
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et al., 1989; Miller et al., 1990; Umhoefer and Magloughlin, 1990;
Tabor et al., 1993; Fig. 2A). However, to the south of the batholith,
the Swauk Formation clearly rests in angular unconformity on the
underlying Ingalls ophiolite (Fig. 2A). Where mapped, this uncon-
formity generally dips to the south (Tabor et al., 1982, 1993; Frizzell
et al., 1984).

Butler et al. (1989) argued that regional tilting of the Swauk
Formation as exposed along the southwest margin of the batholith
indicated post-emplacement tilting of the entire batholith by '308
in a down-to-the-southwest direction, enough to fully account for
the observed paleomagnetic discordance. This interpretation, how-
ever, was based on only a small and poorly exposed area (Miller et
al., 1990). For example, most of the Swauk, exposed to the south of
the Ingalls ophiolite (Fig. 1), has a general southerly dip, a rela-
tionship that is inconsistent with the tilting inferred by Butler et al.
(1989). Moreover, throughout the Mount Stuart area, the Swauk
strata are generally highly deformed into long-wavelength folds with
limb dips of'208–808 (Tabor et al., 1982, 1993; Frizzell et al., 1984).
Because the basement to the Swauk (Ingalls ophiolite) shows no
evidence of this folding, we conclude that, in many areas, the Swauk
has been detached from its basement and folded above decolle-
ment-style faults. As a consequence, local bedding orientation is not
a useful indicator of paleohorizontal for the batholith.

METHODS FOR PALEOHORIZONTAL ESTIMATION AND
STATISTICAL ANALYSIS

Paleohorizontal Estimation

Given reliable measurements of crystallization pressures across
the area of a coherent batholith, we can estimate the orientation of
paleohorizontal (Ague and Brandon, 1992) by

ZTot 5 Z/cosb 1 ZE 5 a0 1 a1x 1 a2 y . (1)

ZTot is the vertical distance from present sea level to the land surface
at the time of crystallization (the paleosurface), Z is the depth of
crystallization, ZE is the sample elevation, b is the dip angle of the
paleosurface, and ai are fit coefficients to be determined by least-
squares (Fig. 4). b is related to the fit coefficients by

b 5 arctan Îa12 1 a2
2 . (2)

Z is related to crystallization pressure, P, by

Z 5
P

rg
, (3)

where g is the acceleration of gravity, and r is the average crustal
density, assumed here to be 2800 kg m23. Rearrangement of equa-
tion 1 to isolate Z yields

Z 5 ~a0 1 a1x 1 a2 y 2 ZE! cosb 5
P

rg
. (4)

The objective of our analysis is to use the least-squares method
to estimate the fit coefficients in equation 4 based on an observed set
of paleodepth measurements, Zj

obs, determined at sample localities
(xj, yj), where j 5 1, . . . , n. The degree of fit is given by

x2~ai! 5 O
j
SZjobs2Zjcalc~ai!sj D 2, (5)

where Zj
calc is determined from equation 4, and sj is the standard

error for Zj
obs. The best-fit solution corresponds to the set of ai that

minimizes x2. This inverse problem is nonlinear and thus must be
solved iteratively. For the purposes of fitting, the expected value of
sj is assumed to be approximately constant from sample to sample.
Therefore, we do not have to specify sj to determine the best-fit
parameters.

The use of equation 1 to restore paleomagnetic data is based on
two major assumptions. The first is that the batholith underwent no
significant tilting until after it had cooled through the magnetic
blocking temperature ('200–680 8C; Irving et al., 1985; Beck,
1991). Departures from this assumption can be effectively mini-
mized by using paleomagnetic data from the shallowest and most
quickly cooled portions of batholiths (Beck, 1991), which can be
readily identified using aluminum-in-hornblende (AH) barometry.
The second major assumption is that isobaric surfaces in the cooling
magma were parallel to the paleohorizontal. Topographic variation
of the landscape over the batholith could introduce horizontal gra-
dients in the pressure field, which would result in a discordance
between isobaric surfaces and paleohorizontal. This potential dis-
cordance is probably insignificant for our purposes for two reasons.
First, the fluid character of the magma would provide little means
for supporting lateral ‘‘pressure’’ gradients during crystallization.
Second, the local topographic relief was likely to be small. Across
modern continental arcs such as the Andes, local changes in eleva-
tion are generally ,1–3 km over horizontal distances on the order
of 100 km (e.g., Grow and Bowin, 1975).

Uncertainty Analysis

In order to properly evaluate our results and their implications
for the Baja BC hypothesis, we need to combine uncertainties from
our AH barometry with those for estimates of the paleopole position
of both the Mount Stuart batholith and the North American cra-
tonal reference frame. The standard statistical methods used in pa-
leomagnetic studies, such as Fisher statistics (Fisher, 1953), do not
directly account for errors in paleohorizontal orientation and also
are optimized for ease of calculation. Ague and Brandon (1992)
used the nonparametric bootstrap method for estimation of uncer-

Figure 4. Geometry of the least-squares problem used to esti-
mate paleohorizontal orientation. View is perpendicular to the
strike of the paleosurface. For a given sample located at map co-
ordinates (x, y), Z is the depth of crystallization estimated using
barometry, ZE is the sample elevation with respect to present sea
level, b is the dip of the paleosurface with respect to present sea
level, and ZTot is the vertical distance from present sea level to the
paleosurface.
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tainties for the pluton paleomagnetic problem. Relative to conven-
tional paleomagnetic data reduction, our method yields nearly iden-
tical values of average terrane displacement and rotation but
provides more precise estimates of the uncertainties (or ‘‘error
brackets’’) for the average values. The bootstrap calculation pro-
vides a more complete account of analytical uncertainties and avoids
the systematic biases that arise when a true sample distribution is
approximated by an idealized Fisher distribution. Tauxe et al. (1991)
outlined the application of the bootstrap method to the analysis of
paleomagnetic directions. The reader is referred to Efron (1982)
and Efron and Tibshirani (1993) for general information about the
bootstrap method and to Tichelaar and Ruff (1989) and Ague
(1994) for other examples of its application to problems in the earth
sciences. A more extended discussion of the methods used in this
paper and by Ague and Brandon (1992) will be presented in a sep-
arate contribution.

SAMPLES, ANALYTICAL METHODS, AND STRUCTURAL
FORMULA CALCULATIONS

We have made estimates of crystallization pressure using AH
barometry at a total of 46 sites throughout the Mount Stuart
(Fig. 2A). These comprise 26 sites from Ague and Brandon (1992)
and 20 new sites. Equilibration temperatures were estimated for 10
representative samples using amphibole-plagioclase thermometry
(Holland and Blundy, 1994). To place additional constraints on the
regional pressure regime, we have done TWEEQU thermobarom-
etry (Berman, 1991) on two garnet-bearing rocks collected from
within the Mount Stuart batholith: (1) a granite and (2) a gneissic
metamorphic screen enclosed by quartz diorite. Sample locations
and average compositions of mineral rims are given in Appendix
Tables A1–A3.

Mineral composition determinations and back-scattered elec-
tron images were obtained using the fully automated JEOL JXA-
8600 microprobe at Yale University. Accelerating voltage and beam
current were 15 kV and 20 or 25 nA, respectively. Quantitative
analyses used natural and synthetic standards, wavelength dispersive
spectrometers, offpeak background corrections, and ZAF matrix
corrections. Feldspars and micas were analyzed using a slightly de-
focused (5 mm diameter) electron beam to prevent alkali volatility;
analyses of all other phases were done with a focused beam. Com-
positions in Tables A2 and A3 are averages of 8 to 16 individual
‘‘spot’’ analyses of the rims of two to five grains of the specified
mineral in each probe mount.

Structural formulas for all phases except hornblende were
calculated assuming that all Fe is divalent. Hornblende structural
formula calculations should consider Fe21 and Fe31, because
hornblende can contain significant Fe31. Following Cosca et al.
(1991), we estimated hornblende Fe21 and Fe31 using a struc-
tural formula normalization scheme based on Si 1 Ti 1 Al 1 Fe
1 Mn 1 Mg 5 13 cations per 23 oxygens. The average estimated
Fe31/(Fe31 1 Fe21) for our Mount Stuart data set is 0.276 0.077
(61s sample standard deviation). We note that these estimates
of Fe21 and Fe31 are fairly imprecise (Hammarstrom and Zen,
1986; Cosca et al., 1991), but the effect of these uncertainties on
AH barometry is very small ('0.01 GPa; Ague and Brandon,
1992).

ALUMINUM-IN-HORNBLENDE BAROMETRY

Both field and experimental studies have shown that in the
presence of the appropriate buffer assemblage, the total Al content
of hornblende is a sensitive linear function of crystallization pres-
sure (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson
and Rutherford, 1989; Schmidt, 1992, 1993). Hornblende Al content
will also vary as a function of temperature (Spear, 1981; Ham-
marstrom and Zen, 1986; Holland and Blundy, 1994; Anderson and
Smith, 1995). The success of the barometer depends on correctly
accounting for these temperature effects; we return to this topic
below.

The AH barometer records pressures at or very near the time
of magma solidification. The maximum temperature for barometer
equilibration is near the solidus, because the full buffering assem-
blage required for barometry, including quartz and K-feldspar, be-
comes stable only near solidus conditions. The minimum tempera-
ture is governed by the kinetics of the Al exchange reactions.
Because of the sluggishness of Al diffusion in chain silicates, the
barometer is unlikely to equilibrate at temperatures less than about
650 8C (cf. Freer, 1981; Hammarstrom and Zen, 1986).

The field-based calibrations of the AH barometer by Ham-
marstrom and Zen (1986) and Hollister et al. (1987) are virtually
identical to the experimental calibration by Schmidt (1992). In con-
trast, the experimental calibration by Johnson and Rutherford
(1989) yields pressures that, for a given hornblende Al content, are
'0.1–0.15 GPa lower than those predicted by the other studies. This
discrepancy is attributed to the fact that the Johnson and Ruther-
ford (1989) study was done at temperatures '100 8C higher than
solidi for typical granitic magmas using CO2-rich fluids that are not
representative of magmatic fluids (Schmidt, 1992).

In our study, we are most concerned with the gradient in the
paleopressure field. Consequently, the relative precision, not the
absolute accuracy, of the individual pressure determinations is what
limits the accuracy of our tilt estimates (Ague and Brandon, 1992).
We note that the published calibration curves for AlT versus P do
vary in their absolute position but otherwise have very similar slopes
dAlT/dP. Because dAlT/dP is the parameter relevant for our study of
paleopressure gradients, determinations of paleohorizontal are
largely independent of the calibration used (Ague and Brandon,
1992). We use the AH barometer calibration of Schmidt (1992),

P5 0.476AlT 2 0.301, (6)

where P is pressure in GPa, and AlT is the total Al content of
hornblende.

The empirical correlation between hornblende Al content and
crystallization pressure has been clearly demonstrated, but the use
of this relationship as a barometer remains controversial, largely
because the specific pressure-sensitive reactions have not been un-
ambiguously identified. Nonetheless, experimental studies (Johnson
and Rutherford, 1989; Schmidt, 1992) strongly suggest that the pres-
sure-sensitive change in hornblende Al content is governed by the
tschermak exchange: (Mg, Fe21)21Al

VIAlIVSi21. In other words,
increases in Al content with pressure arise from equal amounts of
substitution of AlIV for Si on tetrahedral sites and AlVI forMg, Fe21

on octahedral sites. Hollister et al. (1987) proposed a reaction that
may govern the tschermak exchange for calc-alkaline magmas, but it
has not been rigorously tested.
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Practical Application of the AH Barometer

Practical application of the barometer requires attention to
several issues.

Critical Mineral Assemblage Required for Barometry. As dis-
cussed in all field and experimental calibration studies of the AH
barometer, pressure determinations must be done on samples that
contain hornblende in textural equilibrium with biotite, K-feldspar,
quartz, plagioclase, sphene, and Fe-Ti oxides. For the Mount Stuart
samples, the macroscopically observable oxide phase is ilmenite.
Experience indicates that pressure estimates for rocks that lack K-
feldspar are systematically too high relative to those where the full
critical assemblage is present (Ague and Brimhall, 1988). Our re-
sults were obtained by analyzing the rims of euhedral hornblende
crystals coexisting with the full buffer assemblage required for ba-
rometry. In this way, we maximize the probability that the horn-
blende composition reflects chemical equilibrium among all phases
of the required critical assemblage. Schmidt (1993) gives a detailed
discussion of the importance of the phase assemblage in controlling
hornblende Al content.

Anderson and Smith (1995) and Paterson et al. (1994) have also
reported AH barometry results for the Mount Stuart batholith. We
have not considered their results in our analysis, because these
workers failed to ensure that the critical assemblage was present in
those samples used for pressure estimation. In particular, their sam-
ple suite included K-feldspar–absent tonalites and quartz diorites.

Oxygen Fugacity. Ague and Brimhall (1988) found that pres-
sure estimates from Fe-rich amphiboles (log [Mg/FeTotal], '20.2)
that crystallized under very low f02 conditions were systematically
too high. Anderson and Smith (1993) came to a similar conclusion,
and suggested that the effect was because of ‘‘. . . low Mg no longer
competing with AlVI for occupancy of the M2 site.’’ This problem
does not affect our results, because the Mount Stuart amphiboles
are fairly Mg-rich (Table A2; Pongsapich, 1974).

Low-Temperature Alteration. Hammarstrom and Zen (1986)
pointed out that low-temperature subsolidus alteration of horn-
blende could result in erroneous pressure estimates. A common
example is the late-stage alteration of hornblende rims to actinolite.
Actinolitic alteration, if undetected, will result in anomalously low
pressure estimates. Back-scattered electron (BSE) imaging is a pow-
erful tool for determining alteration in hornblende, especially if
used in high-contrast mode. For example, two BSE images of the
same amphibole are shown in Figure 5. One (Fig. 5A) was taken
using standard operating conditions, whereas the other (Fig. 5B)
was taken using high-contrast mode. Alteration features along
cracks and grain boundaries are immediately apparent in the high-
contrast photo. Similar BSE imaging tests were done on all of our
Mount Stuart samples; those whose hornblendes showed extreme
compositional variations and alteration along microcracks and
cleavages were rejected. Subsolidus production of Al-poor amphi-
bole is typically associated with chloritization of biotite, which sug-
gests alteration reactions of the form

4H2O 1 4 phlogopite 1 8 quartz 1 tschermakite

3 tremolite 1 4 K-feldspar 1 2 chlinochlore. (7)

Note that alteration features are generally rare, except in the region
overprinted by regional metamorphism in the northern part of the
batholith.

Temperature Dependence of Hornblende AlT. The total Al con-
tent of hornblende AlT is a function of both temperature and pres-
sure (Spear, 1981; Hammarstrom and Zen, 1986; Blundy and Hol-
land, 1990; Holland and Blundy, 1994). Increases in temperature
promote edenite-type substitutions, which enrich hornblende in
AlIV but not AlVI (Holland and Blundy, 1994; Anderson and Smith,
1995). As a result, if the AH barometer assemblage equilibrates at
temperatures that differ greatly from the conditions of barometer
calibration, then pressure estimates will be in error (Anderson and
Smith, 1995).

In principle, independent mineral thermometers could be used
to assess the effects of equilibration temperature on AH barometry.

Figure 5. Back-scattered electron (BSE) images of subsolidus
alteration of hornblende. (A) Normal-contrast image. Ksp is K-
feldspar in contact with the hornblende rim, and the arrows point
to small inclusions of chloritized biotite within the hornblende. (B)
High-contrast image. Variations in gray scale indicate variations in
hornblende composition. Dark gray areas are actinolitic horn-
blende with high Mg/Fe and Si/Al, whereas light gray areas are
more aluminous hornblende with significantly lower Mg/Fe and
Si/Al. The considerable compositional variations along cracks and
near chloritized biotite inclusions is interpreted to reflect fluid-
driven subsolidus alteration.
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Anderson and Smith (1995) and Paterson et al. (1994) attempted to
do this for a variety of calc-alkaline intrusions, including the Mount
Stuart batholith, using the hornblende-plagioclase thermometer of
Blundy and Holland (1990). Anderson and Smith (1995) and Pater-
son et al. (1994) noted a positive correlation between estimates of
pressure and temperature and suggested that the barometer was
giving biased pressure estimates because of temperature sensitivity.

Although temperature effects can influence hornblende Al con-
tent, one must view the temperature estimates of Anderson and
Smith (1995) and Paterson et al. (1994) with caution. As discussed
by Mengel and Rivers (1991) and Holland and Blundy (1994), the
Blundy and Holland (1990) thermometer is flawed and is incom-
patible with a broad spectrum of amphibole compositions. For ex-
ample, the Blundy and Holland (1990) thermometer tends to over-
estimate equilibration temperature for hornblendes with XAl

M2

(5 AlVI/2) in excess of '0.15–0.2 such that the error increases
systematically as XAl

M2 increases (see Figure 1 of Holland and
Blundy, 1994). Conversely, the thermometer may underestimate
temperature for less aluminous amphiboles. Because hornblende
coexisting with the AH barometer assemblage will show a systematic
increase in XAl

M2 with pressure, the flaws in the Blundy and Holland
(1990) thermometer will tend to produce an artificial positive cor-
relation between estimates of crystallization temperature and pres-
sure. Although Anderson and Smith (1995) acknowledged the prob-
lems with the Blundy and Holland (1990) formulation, they argued
that the flaws do not significantly affect temperature estimates for
metaluminous tonalite and granodiorite bulk compositions.

We can assess independently the performance of the Blundy
and Holland (1990) thermometer for the case where plagioclase and
hornblende coexist with the AH barometer assemblage by using the
tonalite phase equilibrium experiments of Johnson and Rutherford
(1989) and Schmidt (1993). One problem with this approach is that
the plagioclase and orthoclase compositions for Schmidt’s 0.25–0.45
GPa experiments are not equilibrium compositions (J. L. Anderson,
1995, personal commun.). For example, the Fuhrman and Lindsley
(1988) two-feldspar thermometer predicts temperatures in excess of
'1000 8C for these experiments, but the known experimental tem-
peratures were'700 8C. Schmidt (1993) suggested that some of the
experimental plagioclase compositions may reflect some type of
metastable behavior, but our interpretation is that the plagioclase
analyses are in error. Schmidt (1993) noted that the plagioclase that
crystallized during the experiments grew as rare, thin (,5 mm) rims
on seed crystals. Because Schmidt (1993) used a slightly defocused
electron beam to analyze the run products, it seems likely that the
problematic plagioclase compositions represent a mixture of the
compositions of the thin rim overgrowths and the starting seed crys-
tals. Above 0.45 GPa, Schmidt’s (1993) coexisting feldspar compo-
sitions are reasonably consistent with experimental temperatures
and apparently were not affected by this problem.

In contrast to plagioclase, orthoclase compositions do not ap-
pear to be complicated by experimental or analytical problems
(Schmidt, 1993). Therefore, we estimated the plagioclase composi-
tions in equilibrium with the measured orthoclase compositions for
the 0.25–0.45 GPa experiments of Schmidt (1993) using the activity-
composition relationships for the ternary feldspars derived by Fu-
hrman and Lindsley (1988). Using equation 11 of Fuhrman and
Lindsley (1988), the computed equilibrium XAlbite values for plagi-
oclase are 0.79, 0.80, and 0.75 for the 0.25, 0.35, and 0.45 GPa
experiments of Schmidt (1993), respectively. These plagioclase com-
positions were used for the temperature estimates described below.

The performance of the Blundy and Holland (1990) thermom-
eter for the experimental data of Johnson and Rutherford (1989)
and Schmidt (1993) is shown in Figure 6. For the pressure range of
interest (,'0.8 GPa), the estimated temperatures and the known
experimental pressures of Johnson and Rutherford’s and Schmidt’s
experiments are positively correlated (Fig. 6A). The correlation is
entirely artificial and is the result of temperature underestimation at
pressures below '0.35 GPa and temperature overestimation at
higher pressures. The amount of error can be large, ranging from
240 to 190 8C between '0.2 and '0.8 GPa. On this basis we con-
clude that the positive correlation between AH pressure estimates

Figure 6. Comparison of amphibole-plagioclase thermometers
using the tonalite phase equilibrium experiments of Johnson and
Rutherford (1989) and Schmidt (1993). (A) Blundy and Holland
(1990) thermometry. T(B&H) is temperature calculated with the
Blundy and Holland (1990) thermometer, TExp is the actual exper-
imental temperature, and PExp is the experimental pressure. Open
triangles denote experiments FC78, FC106, FC129, and FC119 of
Johnson and Rutherford (1989; a summary of the feldspar compo-
sitions and temperatures for these experiments is provided by Hol-
land and Blundy, 1994). Filled triangles 5 experiments of Schmidt
(1993). Note that there is an artificial positive correlation between
temperature estimates and experimental pressures. (B) Tempera-
tures of equilibration for the experiments described in Figure 6A
computed using thermometers A (open squares) and B (filled
squares) of Holland and Blundy (1994). T(H&B) is temperature cal-
culated using the Holland and Blundy (1994) thermometers, and
TExp is the actual experimental temperature. In general, the Hol-
land and Blundy (1994) thermometers perform much better than
the earlier Blundy and Holland (1990) thermometer.
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and Blundy and Holland (1990) temperature estimates discussed by
Anderson and Smith (1995) results largely from errors in the Blundy
and Holland (1990) calibration. It follows that the temperature
‘‘corrections’’ to AH pressure estimates made by Anderson and
Smith (1995) using the Blundy and Holland (1990) thermometer are
suspect.

Holland and Blundy (1994) recognized the flaws in the earlier
Blundy and Holland (1990) thermometer and presented two new
thermometer calibrations that incorporate nonideal mixing models
for amphibole. The thermometer reactions are

edenite 1 4 quartz 5 tremolite 1 albite

and

edenite 1 albite 5 richterite 1 anorthite.

When applied to the experimental data of Johnson and Rutherford
(1989) and Schmidt (1993), the Holland and Blundy (1994) ther-
mometers perform somewhat better than the Blundy and Holland
(1990) thermometer, particularly at pressures in excess of'0.4 GPa
(Fig. 6B). The temperature estimates are accurate to within650 8C
(Fig. 6B). A weak positive correlation between pressure and Hol-
land and Blundy (1994) temperature estimates is apparent, but the
slope of the trend is significantly smaller than that observed for the
Blundy and Holland (1990) temperature estimates (cf. Fig. 6A).

THERMOBAROMETRY RESULTS

Aluminum-in-Hornblende Barometry

Pressure estimates determined using AH barometry decrease
from'0.3 to'0.15 GPa from northwest to southeast (Fig. 7A). The
northwest-southeast trend is maintained regardless of rock type
(granite, granodiorite, or tonalite; see Fig. 2B), which suggests that
bulk rock composition has little effect on the pressure estimates. The
pressure estimate for one sample at the northern tip of the batholith
(MS-275) is anomalously high ('0.47 GPa) and was not included in
the paleohorizontal analysis. This sample is from the area over-
printed by regional metamorphism, but metamorphic temperatures
(500–600 8C; Evans and Berti, 1986; Brown andWalker, 1993) were
probably not high enough to reset hornblende compositions in the
absence of a fluid phase (Hammarstrom and Zen, 1986). Fluid-
driven alteration of hornblende would be expected to produce sig-
nificant alteration textures along cracks and grain boundaries
(Fig. 5B), but these were not observed. It is possible that MS-275 is
from a part of the intrusion that was still crystallizing during regional
metamorphism and deep burial of the northeastern part of the
batholith. If this interpretation is correct, then such late-stage mag-
matism would seem to be very local in that it is observed at only one
of our sample sites.

Thermobarometry of Garnet-Bearing Rocks Within the Batholith

Thermobarometry was done on two garnetiferous samples
from within the batholith in order to place additional constraints on
emplacement pressures. Pressure-temperature (P-T) estimates were
made using the TWEEQU software of Berman (1991). Activity-
composition relations for garnet, biotite, muscovite, and plagioclase
were computed using the models recommended by Berman (1991)
and McMullin et al. (1991). Ideal mixing was assumed for K-feld-
spar, and quartz was taken to be pure. Rim compositions of phases
in mutual contact were used for P-T estimation.

The first sample is a garnetiferous, two-mica granite from the
northern part of the batholith (MS-210; Fig. 2A). Fluid-absent equi-
libria involving muscovite, K-feldspar, biotite, plagioclase, quartz,
and garnet yield a P-T estimate of 0.286 0.05 GPa and 5106 38 8C
(1s TWEEQU uncertainties; see Berman, 1991). Our AH barom-
etry results predict a nearly identical pressure of about 0.3 GPa for
this location.

The second sample is from a screen of coarsely crystalline pla-
gioclase 1 quartz 1 biotite 1 garnet 1 K-feldspar 1 cordierite
gneiss surrounded by quartz diorite in the southern portion of the
batholith (MS-305; Fig. 2A). The cordierite is altered to pinnite and
is unsuitable for thermobarometry, but the other minerals are fresh.
TWEEQU P-T estimates can be calculated for equilibria in-

Figure 7. (A) View perpendicular to the strike of the recon-
structed paleosurface (see text and Fig. 4), illustrating pressure
determinations across the batholith. NW and SE denote the map
directions northwest and southeast, respectively. Heavy vertical bar
5 contact metamorphosed peridotites of Paddy-Go-Easy Pass
(Frost, 1975); filled triangles 5 Chiwaukum Schist in the Mount
Stuart aureole (Sample 4 of Evans and Berti, 1986; Samples 172-
36a, 173-180a, and 173-254i of Brown and Walker, 1993). The con-
tact metamorphism pressure quoted for 172-36a was computed by
Brown and Walker using garnet core compositions (see Fig. 8 in
Brown and Walker, 1993). Open squares 5 AH barometry sites;
filled circle 5 MS-210; filled square 5 MS-305. Note general de-
crease in pressure from '0.3 GPa in the northwest to '0.15 GPa
in the southeast. (B) View perpendicular to the strike of the recon-
structed paleosurface, illustrating the individual data points used
in the least-squares fitting procedure (compare with Fig. 4). The
best-fit paleosurface is indicated by the solid line. The expected
variation for each datum (62s) is denoted by the error bars.
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volving K-feldspar, biotite, plagioclase, quartz, and garnet, if the
activity of water is specified. Taking aH2O

Fluid 5 1 yields a P-T estimate
of 0.17 GPa and 706 8C. This is a maximum estimate for P; decreas-
ing aH2O

Fluid decreases P estimates. The T estimate is nearly independ-
ent of the aH2O

Fluid value used in the calculations. Our AH barometry
predicts a pressure of '0.18 GPa for the MS-305 locality.

The pressure estimates for the garnetiferous samples imply a
general decrease in pressure from north to the south-southeast and
are in good agreement with the trend defined by AH barometry
(Fig. 7A). The high equilibration temperature for MS-305 is appro-
priate for a strongly recrystallized gneiss engulfed in quartz diorite.
The temperature estimated for MS-210 is considerably lower and
reflects equilibration under sub-solidus conditions.

Comparison with Contact Aureole Barometry

A number of pressure estimates have been published for the
contact aureole surrounding the Mount Stuart batholith. Frost
(1975) estimated that ultramafic rocks of the Ingalls ophiolite in the
Paddy-Go-Easy Pass area along the southwestern margin of the
batholith were metamorphosed at pressures of 0.2–0.3 GPa. Our
prediction at this locality is '0.2 GPa based on AH barometry
(Fig. 7A). Evans and Berti (1986) and Brown and Walker (1993)
estimated pressures of'0.3 GPa for andalusite- or sillimanite-bear-
ing schists of probable contact metamorphic origin in the north-
central Mount Stuart area (Fig. 7A). Our AH barometry results
from adjacent plutonic rocks are in the range of '0.2–0.35 GPa
(Fig. 7A). Overall, our AH barometry agrees well with available
aureole barometry.

To the south of the batholith, some meta-igneous and meta-
sedimentary units of the Ingalls ophiolite far removed from the
thermal aureole of the batholith preserve very low-grade, prehnite-
bearing mineral assemblages (Miller, 1985). This relationship
strongly suggests that the shallowest levels of the batholith are ex-
posed at its southern end, consistent with our AH barometry results.

Effect of Temperature on AH Barometry

AlIV and AlVI Systematics of Hornblende. As discussed above,
the pressure-sensitive change in hornblende Al content is probably
governed by the tschermak exchange. If the tschermak substitution
governs hornblende Al systematics, then both AlVI and AlIV should
increase by the same amount for a given increase in AlT. On the
other hand, temperature-sensitive edenite substitutions will enrich
hornblende in AlIV but not AlVI. As shown in Figure 8A, our horn-
blende analyses from the Mount Stuart batholith conform closely to
the relationship predicted by the tschermak substitution. Moreover,
hornblende Al systematics are virtually identical to those observed
for the experimental AH barometer calibration studies of Schmidt
(1992, 1993; Fig. 8B).

Estimates of Equilibration Temperature. We have estimated
equilibration temperatures for 10 representative tonalite and gran-
odiorite samples of the Mount Stuart batholith using Holland and
Blundy (1994) thermometry to determine if our AH barometry re-
sults could be biased by temperature effects (Table 1 and Fig. 9).
The temperature estimates do not vary in any systematic way when
plotted against pressure determined using the AH barometer
(Fig. 9A). The average of the estimated temperatures is '650 8C
(Fig. 9B). We attribute much of the scatter in calculated tempera-

ture (Fig. 9A) to statistical errors in the structural formula estimates
of hornblende Fe31, NaA, and NaM4.

Analysis. The calculated temperatures are directly comparable
to the temperatures of AH barometer calibration (Hammarstrom
and Zen, 1986; Hollister et al., 1987; Schmidt, 1992) and strongly
suggest that assemblage equilibration occurred at or very near mag-
matic conditions. Our calculations are fully consistent with the ob-
servation that the Al systematics of the Mount Stuart batholith
hornblendes are dominated by the pressure-sensitive tschermak sub-
stitution, regardless of the pressure estimate (Fig. 8). Therefore, we
conclude that temperature effects have a negligible influence on our
pressure estimates.

We emphasize that even if our pressure estimates were con-

Figure 8. Compositional systematics for the Mount Stuart
batholith hornblendes. Pressures estimated using the Schmidt
(1992) calibration of the aluminum-in-hornblende (AH) barometer.
See text for additional discussion. (A) Mount Stuart hornblende
AlVI and AlIV as functions of total Al content (AlT). Linear least-
squares regressions denoted by solid lines. Increases in hornblende
Al content are governed almost entirely by pressure-sensitive
tschermak-type substitutions, regardless of AlT value. (B) Horn-
blende AlVI and AlIV for the Mount Stuart batholith (open symbols)
and the experimental AH barometer calibration studies of Schmidt
(1992, 1993) (solid symbols) as functions of pressure. Linear least-
squares regressions of the Mount Stuart data denoted by dashed
lines. Note that the Al systematics for the Mount Stuart samples
and the experimental studies are closely comparable.
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taminated by biases resulting from variations in intensive variables
such as temperature outside the range of AH barometer calibration,
our estimate of paleohorizontal would be affected only in the case
of systematic, batholith-scale gradients in the relevant variables, a
case which we consider to be unlikely. More likely are local-scale
variations that would appear as random errors in our pressure de-
terminations. These errors would tend to be averaged out in our
analysis and thus should have little effect on our determination of
pressure gradients at the scale of the entire batholith.

PALEOHORIZONTAL ORIENTATION AND IMPLICATIONS
FOR AH BAROMETRY

Paleohorizontal Orientation

Depth contours for Z were computed from the best-fit paleo-
surface by determining the intersection of the present topography
with surfaces of constant crystallization depth (Figs. 2A and 10). The
pattern of the contours reflects the '3 km of topographic relief
across the Mount Stuart area. The average absolute value of the
residuals is only 1.2 km (maximum residual5 3.4 km). The residuals
show no systematic pattern in map view and appear randomly dis-
posed above and below the best-fit surface. These results strongly
suggest that paleohorizontal is well represented as a simple planar
surface. Our analysis indicates that paleohorizontal dips gently to
the southeast; the strike and dip of the best-fit surface are 43.28 6
30.48 and 7.08 6 2.08 southeast, respectively (695% confidence;
Fig. 7B).

It is useful to calculate separate estimates of paleohorizontal
for the southern and northern parts of the batholith, given that these
areas may have had separate tilt histories. The southern part has a
strike of 558 6 388 and dip of 88 6 38 to the southeast. The northeast
lobe has a strike of 858 6 888 and dip of 78 26/1178 southeast (note
that the confidence distribution is non-Gaussian). The large uncer-
tainties associated with the northern part of the batholith (the ‘‘hook
shaped’’ portion) reflect the fact that the paleohorizontal surface is
poorly constrained because of the restricted sample distribution im-
posed by the elongate shape of the body. It is important to note,
however, that both results indicate a gentle south or southeast dip
for the batholith.

Implications for the AH Barometer

A direct test of the variability inherent in geologic applications
of the AH barometer can be made using our data and the planar
paleosurface model (equation 4). For the best-fit paleosurface, the
observed residuals for the Zj values have a variation of '3.2 km
(62s) in depth (Fig. 7B), and '60.1 GPa in pressure. This esti-
mated variation is for a single pressure estimate. Variability on the
order of 60.1 GPa is comparable to that observed in the experi-
mental calibrations of the AH barometer. Thus, we infer that the
natural system is well approximated by the experimental studies.
However, we stress again that this low level of variability is attain-
able only if one uses appropriate samples, namely, those which con-
tain unaltered igneous hornblende in textural equilibrium with the
full buffering assemblage required for the barometer.

It is critical to emphasize that the variability of the individual
depth determinations (63.2 km) should not be taken as an indicator
of the precision of the tilt estimate. The best-fit tilt estimate is much

Figure 9. Temperature and pressure of equilibration for 10
representativeMount Stuart batholith samples computed using am-
phibole-plagioclase thermometers of Holland and Blundy (1994)
and the aluminum-in-hornblende barometer calibration of Schmidt
(1992; Table 1). (A) Temperature estimates made using thermom-
eters A (open squares) and B (filled squares) of Holland and Blundy
(1994). Error bars correspond to 640 &C uncertainties for amphi-
bole-plagioclase thermometry given by Holland and Blundy (1994).
Mean temperature of '650 &C denoted by dashed line. (B) Average
temperature estimates for the samples computed by averaging re-
sults for thermometers A and B of Holland and Blundy (1994).
Mean temperature of '650 &C denoted by dashed line. Note lack of
correlation between temperature and pressure estimates.
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more precise because it is based on all of the depth determinations
across the full area of the batholith (see Taylor, 1982, for a discus-
sion of uncertainty versus random variation).

DISCUSSION

Regional Structural and Stratigraphic Relationships

The general stratigraphic succession in the vicinity of the
Mount Stuart batholith also bears on the question of regional tilt.
From north-northwest to south-southeast across the Mount Stuart
area, one moves in an up-section direction from the Chiwaukum
Schist through the Ingalls ophiolite into the unconformably overly-
ing sedimentary strata of the Swauk Formation (Figs. 1 and 10). We
take these relationships as evidence that, at the regional scale, the
Mount Stuart block presently dips gently to the south-southeast,
consistent with our results.

The Windy Pass thrust and superjacent Ingalls ophiolite prob-
ably originated as a near-horizontal structural sequence that ex-
tended across the entire Mount Stuart area. The present southerly
dip of the fault (Miller, 1985) and the outcrop pattern of the Ingalls
ophiolite (Figs. 1 and 2) are, therefore, compatible with our best-fit
tilt estimate. A subtle feature that we call attention to is the fact that
theWindy Pass thrust appears to climb from the 7 km contour in the
southwest to the 6 km contour in the northeast (Figs. 2A, 3A).
Because thrust faults are generally observed to climb in the direction
of transport, we interpret this relationship as indicating top-north-
east motion on the Windy Pass thrust. This direction is consistent
with the cross section reconstructions of McGroder (1991), which
show the Ingalls being thrust from the metamorphic core of the
Cascades in a top-northeast direction, but is contrary to the top-
north interpretation of Miller (1985). Miller’s (1985) interpretation
was based, in part, on the present southward dip of the Windy Pass
thrust, which we have shown is the result of postemplacement tilting
of the Mount Stuart area.

Summary of Inferred Sequence of Regional Tilting Events

Now we summarize the tectonic history of the Mount Stuart
area, starting with the top-northeast(?) thrusting of the Ingalls
ophiolite over the Chiwaukum schist at ca. 96–94Ma (Miller, 1985).
This thrusting was followed by intrusion of the Mount Stuart batho-
lith at ca. 96–93 Ma (Tabor et al., 1982, 1993; Brown and Walker,
1993; R. B. Miller, 1993, written commun.). Our AH barometry
demonstrates that the batholith, as presently exposed, was every-
where emplaced at relatively shallow crustal levels (,12 km;
Figs. 2A and 3A). The 6–7 km depth for the Mount Stuart batholith
in the vicinity of the Windy Pass thrust (Figs. 2A and 3A) indicates
that emplacement of the Ingalls thrust sheet caused only modest
loading.

Intrusion of the batholith was followed by a second loading
event and subsequent rapid exhumation. The second loading is re-
corded by a metamorphic gradient, increasing to the northeast, with
the maximum grade marked by widespread kyanite in the Chiwau-
kum schist to the north and northeast of the batholith. In this area,
the exposed margin of the batholith was driven downward from an
initial depth of'10 km to a maximum depth of 22 to 25 km—a total
burial of 10–15 km (Brown and Walker, 1993). U/Pb ages for met-
amorphic monazite indicate that peak metamorphism was at 90–88
Ma (Brown and Walker, 1993). K/Ar mica ages record postmeta-
morphic cooling at ca. 86–82 Ma. The northeast part of the batho-
lith shows clear evidence of having been affected by this load-related
metamorphism, as indicated by (1) discordant K/Ar hornblende/
biotite ages, (2) regional metamorphic overprinting of the contact
aureole (Evans and Berti, 1986; Brown and Walker, 1993), and (3)
chloritic alteration of igneous hornblende and biotite in the batho-
lith. Much of the southwestern part of the batholith was apparently
not affected, as indicated by (1) tight concordance between K/Ar
hornblende/biotite ages, (2) the absence of postintrusion metamor-
phism of the contact aureole along the southeast margin of the
batholith, and (3) well-preserved igneous hornblende and biotite.

These relationships show that the Mount Stuart area was af-
fected by regional-scale tilting in a northeast-down direction (Brown
and Walker, 1993). What remains unresolved is how much of the
batholith was affected. Tilting may have been confined to the north-
ern part of the batholith, which would imply a fold hinge located
between the two lobes of the batholith. On the other hand, the tilting
may have involved the whole batholith, which would imply a fold
hinge near the southwest margin of the batholith. Resolution of the
tilt geometry has an important bearing on the interpretation of the
paleomagnetic data, a point we return to below.

A remarkable aspect of this northeast-down tilting is that it was
nearly completely reversed during postmetamorphic exhumation.
This conclusion is supported by the following observations: (1) the
batholith is presently surrounded on all sides by an originally shal-
low contact aureole (Fig. 3A), (2) the isodepth surfaces determined
from the AH barometry appear to share a common planar attitude
throughout the batholith (Figs. 7 and 10), and (3) apatite fission-
track ages indicate that, by early Eocene time, the presently exposed
level of the batholith was within 3 km of the surface (Fig. 3B).

The cycle of tilting and untilting described above seems too
coincidental to have happened by chance alone. We suggest that
loading was caused by emplacement of a tapered thrust sheet that
decreased in thickness to the south-southeast (e.g., ‘‘supra-Nason’’
thrust sheet of McGroder, 1991). To account for the observed kya-
nite overprint, the thrust sheet would have to have been 10–15 km

Figure 10. Depth contours computed from the best-fit paleo-
surface by determining the intersection of the present topography
with surfaces of constant crystallization depth (cf. text and Fig. 2A).

AGUE AND BRANDON

482 Geological Society of America Bulletin, April 1996



thick in the northeastern Mount Stuart area. Isostatic considera-
tions indicate that '20% of this thrust load would have been ex-
pressed as an increase in topography (2–3 km in the northeast
Mount Stuart area). The increases in topography would have led
directly to increases in erosion rates. Exhumation appears to have
been primarily by erosion as extensional faults have not been rec-
ognized within the Cascade metamorphic core. Basins on both sides
of the Cascade orogen show clear evidence for erosional exhuma-
tion at this time (Nanaimo basin to the west andMethow-Tyaughton
basin to the east; McGroder, 1991). If the area remained well
drained by rivers, then we would expect erosion to continue until the
new topography and the underlying thrust load were removed. In
this way, erosional exhumation would be expected to eventually
return the batholith back to near its original configuration.

Paleomagnetic Data

Beck et al. (1981) published an extensive paleomagnetic data
set for the southern part of theMount Stuart batholith. They argued
that the remanence was acquired during postmagmatic cooling fol-
lowing immediately after emplacement (‘‘primary’’ remanence).
Four lines of evidence lead us to conclude that Beck et al. (1981) did
in fact report primary magnetization directions. (1) The represen-
tative stepwise alternating magnetic field (AF) demagnetization
curves published by Beck et al. (1981) show a monotonic decay in
remanent magnetization as would be expected for the removal of a
single-component magnetization (cf. Irving et al., 1985). (2) The
Mount Stuart batholith crystallized during the Cretaceous long-nor-
mal polarity interval (118–84 Ma). Beck et al.’s (1981) sites all had
normal polarities, which is consistent with the measured remanence
having been acquired soon after emplacement and crystallization of
the batholith. (3) Beck et al. (1981) determined remanence direc-
tions for three sites in contact-metamorphosed peridotite exposed
along the southwestern margin of the batholith and found that mag-
netic directions for the peridotite and the batholith do not differ
significantly from one another. (4) Most of Beck et al.’s (1981) data
are from the southern part of the batholith. As shown above, this
part of the batholith was emplaced at the shallowest crustal levels
and probably cooled quickly. Beck and Noson (1972) and Beck et al.
(1981) were unable to measure a consistent remanence in the north-
ern part of the batholith. This problem is consistent with the ob-
servation that the northern Mount Stuart area was overprinted by
regional metamorphism. The metamorphism could have obscured
or destroyed the primary remanence.

Lund et al. (1993, 1994) and Paterson et al. (1994) have started
a new paleomagnetic study of theMount Stuart batholith. This work
is important because it provides a modern analysis of the Mount
Stuart remanence using both AF and thermal demagnetization.
These results have not yet been fully published and cannot be eval-
uated in detail, but some general conclusions seem warranted at this
time. Lund et al. argued that the remanence is commonly carried by
pyrrhotite. Fine-grained pyrrhotite would be expected to have a
relatively high AF-demag coercivity but a relatively low blocking
temperature of '300 8C (Geissman et al., 1982; Irving et al., 1985;
Dekkers, 1988). We agree with Paterson et al. (1994) that pyrrhotite
is a widespread phase in the batholith and that the mineral generally
appears to be igneous in origin. Nonetheless, the possibility remains
that some or even most of the remanence is carried by magnetite,
because magnetite is much more magnetic than pyrrhotite. In ad-
dition, the magnetite carrier may be restricted to submicron-sized

grains (e.g., Irving et al., 1985) and, therefore, would be extremely
difficult to detect petrographically. The dominant carrier of the
remanence will also vary with lithology, with more mafic rock types
having a greater probability of containing a stable magnetite carrier.
Thus we remain cautious about using the preliminary finding of the
Lund et al. study to interpret the paleomagnetic data of Beck et al.
(1981). For our discussion here, we conclude that the remanence is
carried by some combination of very fine-grained magnetite and
pyrrhotite. Furthermore, because both of these phases are probably
of igneous origin, the remanence that they carry would be a thermal
remanence acquired during cooling through the temperature range
of '550–200 8C.

This range in magnetic blocking temperatures raises questions
about when the magnetization in the southern part of the Mount
Stuart batholith was acquired and if it may have been affected by
tilting associated with regional-scale loading of the northern part of
the batholith. The K/Ar closure temperatures for hornblende
(550 8C) and biotite (300 8C) can be used to estimate the times at
which stable magnetite and pyrrhotite carriers would have acquired
a thermal remanent magnetization. The southern part of the batho-
lith has generally yielded concordant K/Ar ages for hornblende and
biotite pairs, with ages ranging from 93 to 82Ma. These cooling ages
fall almost entirely within the Cretaceous long-normal polarity in-
terval (118–83 Ma), which would account for the normal polarity of
the entire Beck et al. data set. Furthermore, we are forced to con-
clude that the Beck et al. directions would have been acquired while
the northern part of the batholith was being loaded and exhumed.
In this regard, it is interesting to note that the Beck et al. directions
(Fig. 11) show no evidence of vertical smearing as would be expected
if the magnetization was acquired while the body was tilting around
a northwest-trending axis. From this relationship, we conclude that
the southern part of the batholith was not involved in any significant
manner with the loading and tilting so clearly recorded in the north-
ern part of the batholith. Thus, the igneous paleohorizontal indi-
cated by our AH barometry provides the reference frame needed to
restore the magnetization direction of Beck et al. (1981). We note
that the stepwise demagnetization experiments and associated com-

Figure 11. Paleomagnetic directions measured by Beck et al.
(1981) and Paterson et al. (1994). Regional tilt corrections have not
been applied to the data.
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ponent analysis by Lund et al. should provide a rigorous test of our
conclusion here, namely, that the southern batholith remained un-
tilted during acquisition of its stable magnetization.

Paleomagnetic reference is needed to determine the relative
northward offset of the Mount Stuart batholith with respect to the
stable interior of North America. The North American cratonal
reference frame for the middle Cretaceous is well established from
widely separated sampling sites; virtual geomagnetic pole data used
here are from Globerman and Irving (1988) and Van Fossen and
Kent (1992).

Restoration of Paleomagnetic Data

The paleomagnetic data for theMount Stuart batholith must be
restored according to the best-fit paleohorizontal orientation before
regional tectonic interpretations can be made. Standard Fisher sta-
tistics applied to the Beck et al. (1981) paleomagnetic data (uncor-
rected for tilt) yield a declination of 9.98, an inclination of 45.68 and
an a95 of 4.98. Restoration of Beck et al.’s data using the best-fit
paleohorizontal orientation yields declination and inclination esti-
mates of 16.18 6 8.08 and 49.48 6 4.68, respectively (695% confi-
dence). Using these restored data, we calculate a paleolatitude es-
timate of 30.38 6 4.08 and rotation and northward offset estimates
of 428 6 118 (clockwise) and 3100 6 600 km, respectively (695%
confidence) (Fig. 12). Thus we conclude that the batholith under-
went tectonic tilting, clockwise rotation, andmajor northward offset.
Beck et al. (1981) argued that northward motion resulted from in-
teraction of the Mount Stuart region with the Kula or Farallon
plates. These plates were moving northward relative to cratonal
North America at rates on the order of '100 km/m.y. during Late

Cretaceous–early Tertiary time (cf. Engebretson et al., 1985, 1987)
and thus could have facilitated northward transport.

TECTONIC IMPLICATIONS

The significance of our results are illustrated by Figure 13,
which shows a Late Cretaceous reconstruction of western North
America following Cowan (1994). This reconstruction attempts to
account for both geologic and paleomagnetic constraints. Baja BC
is now recognized to be restricted to the Insular belt and southern
Coast plutonic complex (Cowan, 1994; Wynne et al., 1995). The
eastern boundary of the block remains poorly resolved but is
thought to coincide with the Pasayten fault in western Washington
and southern British Columbia, and the tonalite sill of southeast
Alaska (Cowan 1994; Garver and Brandon, 1994). The Mount Stu-
art results analyzed here and the Mount Tatlow results of Wynne et
al. (1995) indicate some 3000 km of northward transport during the
interval 85–55 Ma. Thus Baja BC would have originated at the
latitude of present-day Baja California.

To the east of Baja BC lies another offset block, called here
‘‘Alta BC’’ (E. Irving, 1995, personal commun.). This block consists
mainly of terranes of the Intermontane belt of Canada. It is bounded
on its east side by the Tintina fault, which has '450 km of right-
lateral displacement during the latest Cretaceous and early Tertiary
(Price and Carmichael, 1986). The southern continuation of this
structure has been obscured by Eocene extension in southern British
Columbia and eastern Washington State (Price and Carmichael,
1986; Parrish et al., 1988). Paleomagnetic results from the middle
Cretaceous Spences Bridge volcanics indicate a somewhat greater
northward offset of '1100 km (Irving et al., 1995).

Baja Alaska (Packer and Stone, 1974) contains the Wrangellia
and Southern Margin composite terranes and is bounded on its east
and north sides by the Chatham Strait andDenali faults (Plafker and
Berg, 1994). This block has yielded conflicting Late Cretaceous pa-
leomagnetic data (Hillhouse and Coe, 1994). We emphasize here
the MacColl results of Panuska (1985), which indicate some 4900
km of northward offset since the latest Cretaceous (Maastrichtian).
The reconstruction in Figure 13 shows Baja Alaska as having orig-
inated along the west side of Baja BC. This result is consistent with
the occurrence of the Wrangellia composite terrane in both blocks
and with the evidence of truncation of the west side of Baja BC
during the latest Cretaceous or early Tertiary (Brandon, 1989b).
The reconstruction also shows an active subduction zone along the
outboard side of Baja Alaska, as recorded by the Chugach terrane,
which records subduction accretion during Late Cretaceous and
early Tertiary time (Plafker et al., 1994). There is no comparable
subduction complex preserved along the western side of Baja BC
(Brandon, 1989a, 1989b), which is consistent with our reconstruc-
tion of a Baja Alaska flanking the west side of Baja BC.

Paleomagnetic data indicate that the Sierra Nevada batholith,
Salinian block, and Peninsular Ranges batholith have been variably
offset by some 500–1000 km since the middle Cretaceous (e.g., SN
and PR summarized in Figure 13). These results indicate that Baja
Alaska plus Baja BC would have originally lain outboard of the
Peninsular Ranges batholith of Baja California. This arrangement is
attributed to early Late Cretaceous collision of the Insular super-
terrane in a position south of the Sierra Nevada batholith (Brandon
et al., 1988; Cowan, 1994).

It is interesting to note that magmatism in the Sierra Nevada,
Salinian block, and Peninsular Ranges ceased at ca. 90–80 Ma

Figure 12. Histogram of replicate means of northward offset for
the Mount Stuart batholith as determined by bootstrap resampling
methods (Efron, 1982; Ague and Brandon, 1992). Vertical axis in-
dicates probability of a given northward offset value. Distribution
includes uncertainties associated with the best-fit paleohorizontal
and mean virtual geomagnetic pole (VGP) direction for the Mount
Stuart, and the mean VGP direction for coeval North American
craton sites.
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Figure 13. Late Cretaceous reconstruction of the western margin of the Cordillera following Cowan (1994). Tectonic elements have
been selected to highlight the effects of latest Cretaceous–early Tertiary coastwise transport. A shows the present tectonic configuration,
and B shows the configuration at 85 Ma, immediately following collision of the Insular superterrane (e.g., Monger et al., 1982; Brandon
et al., 1988). The latitude scale and the dashed outline of the North American coast for part B are relative to the middle Cretaceous cratonal
reference frame (Umhoefer, 1987). Abbreviations and predicted paleolatitudes for selected middle to Late Cretaceous paleomagnetic
studies are MC 5MacColl Ridge Formation, 32& 6 9& (Panuska, 1985); SB 5 Spences Bridge Group, 50.8& 6 5& (Irving et al., 1995); MT
5 Mount Tatlow area, 35.9& 6 3.5& (Wynne et al., 1995); MS 5 Mount Stuart batholith, 30.3& 6 4& (Beck et al. 1981; this paper); SN 5
Sierra Nevada batholith, 40& 6 7.6& (combined results, Frei, 1986); PR 5 Peninsular Ranges batholith, 34.8& 6 3.3& (Teissere and Beck,
1973; Hagstrum et al., 1985; Ague and Brandon, 1992).
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(Cowan, 1992), immediately following the proposed collisional
event. We propose that this transition does not mark a magmatic
hiatus but rather a westward shift in magmatism to the Baja BC and
Baja Alaska blocks, which contain numerous plutons of latest Cre-
taceous and early Tertiary age (Armstrong, 1988; Plafker and Berg,
1994). Our interpretation challenges the widely accepted idea of the
Laramide magmatic lull, which is commonly attributed to shallow-
slab subduction (Snyder et al., 1976; Dickinson and Snyder, 1978).
In our interpretation, normal subduction with a moderately-dipping
slab would have continued along the west side of Baja Alaska and
Baja BC as these blocks migrated northward along the margin and
outboard of an extinct Sierra Nevada arc and an inactive Franciscan

subduction complex. Arc magmatism and subduction accretion
would have been reinitiated during the Eocene after passage of Baja
BC and Baja Alaska, which is consistent with the magmatic record
of the western United States, which shows renewed volcanism along
the ‘‘Laramide amagmatic corridor’’ during the Eocene (Dickinson
and Snyder, 1978).

The final docking of Baja BC and Baja Alaska was completed
by Eocene time (Irving andWynne, 1990; Hillhouse and Coe, 1994).
The entire northward motion and docking appears to have occurred
entirely along conservative plate boundaries because there are no
post–Early Cretaceous ophiolitic rocks or subduction complexes
preserved along the inboard margins of these blocks. The identifi-
cation of the specific strike-slip faults involved in this northward
transport remains an active and controversial focus for current re-
search along the western margin of the North American Cordillera.
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APPENDIX

The Appendix presents information on sample locations and horn-
blende AlT (Table A1), hornblende analyses (Table A2), and analyses of
biotite, muscovite, garnet, plagioclase, and potassium feldspar (Table A3).
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