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using igneous barometry
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CONSIDERABLE controversy surrounds the suggestion, based on
palaecomagnetic evidence, that large segments of the North
American Cordillera travelled long distances parallel to the coast
during the latest Cretaceous and early Tertiary periods, well after
the amalgamation of exotic terranes. Discordant palaeomagnetic
data from mid-Cretaceous plutonic rocks of the Peninsular Ranges
batholith of coastal southern California and Baja and the Mount
Stuart batholith of the Cascade Range in Washington play a
pivotal role in the controversy. The discordant data were originally
interpreted to reflect northward transport of 21,000 km relative
to cratonal North America, after the batholiths cooled through
their magnetic blocking temperatures'—. More recently it has been
argued that the discordances arise from local tilting of batholiths,
rather than northward offset®’. Here we present and implement
new methods based on hornblende barometry® for determining the
palaeohorizontal in granitic batholiths and correcting palacomag-
netic data for tilting. Our results indicate that the Peninsular
Ranges and Mount Stuart batholiths have undergone northward
offsets of ~1,000 £450 and ~2,900% 700 km, respectively, and
also significant tilting.

When a batholith, or any other rock mass, undergoes large-
scale displacement or rotation relative to the stable interior of
a continental craton, then palaeomagnetic pole locations for
rocks of comparable age from the batholith and from the craton
will differ. The differences in palaecomagnetic pole locations can
be used to quantify post-magnetization latitudinal offset and
rotation of the batholith relative to the cratonal reference frame.
The palacomagnetic poles will also be discordant, however, if
the batholith has undergone post-magnetization tilting, even if
no latitudinal offset or rotation has occurred. It becomes critical,
therefore, to assess palaeohorizontal in palaeomagnetic studies,
so that measured directions of remanent magnetism can be
corrected for the effects of tilting. Interpretation of palaeo-
magnetic data from calc-alkaline batholiths, such as the
Peninsular Ranges batholith (PRB) and the Mount Stuart
batholith (MSB), shown in Fig. 1 has long been hampered by
the fact that granitic rocks preserve no internal stratigraphy from
which palaeohorizontal can be reliably determined.

Our new method for addressing the problem of pluton
palaeohorizontal depends on estimates of magma crystallization
depth. We obtain these estimates using igneous hornblende
barometry®. Two empirical®® and three experimental'®'? studies
have shown that, in the presence of the appropriate buffer
assemblage, the total aluminum content of hornblende in a
crystallizing granitic magma is a sensitive linear function of
pressure. Although there are differences between published
barometer calibrations®'?, they all have similar slope
coeflicients. Our results, therefore, are largely independent of
the calibration used because we are only concerned with the
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TABLE 1 Sample locations and hornblende aluminium content

x (km) ¥ (km)
Batholith Sample (+East) (+North) Z (km) Al'
PRB (West) 1011-191 -4312 9981 0.31 131
1011-195R  -22.74  86.87 0.49 1.35
1011-196 -1388  87.80 0.48 1.61
1011-201 -2327 2819 012 1.09
1011-211 426 3235 0.31 1.58
1011-212 388 2957 0.31 1.61
1011-213 310 2588 0.46 1.62
1011-214 -194 2542 0.40 1.32
1011-238R 32.64 9.70 0.73 1.90
1011-247 13.22 6.47 0.40 1.45
1011-249 544 1047 0.21 1.47
1011-250 077 1017 012 117
SC-69-1b —-4823 9460 0.24 0.88
SC-69-36 -1018 8422 0.55 1.62
SC-69-39 6.26  67.77 0.79 1.65
PRB (East) 1011-224 2508  79.02 1.46 1.59
1011-225 2584 8318 1.68 1.66
1011-227 1618  93.80 1.40 1.57
1011-228 4329 6331 0.79 1.69
1011-230 5177 6474 1.22 1.96
1011-231 5394  67.00 1.07 2,05
1011-232 5520  69.25 0.92 2.08
1011-234 2165 6053 113 1.31
1011-236 1742 4482 0.82 1.38
1011-239 4624 1129 0.73 174
1011-241 5354 2588 0.67 1.77
1011-242 5277 2542 0.79 1.94
1011-243 50.83 2403 0.98 1.79
1011-244 4734 2357 1.28 159
$C-69-40 21.76 7806 1.07 176
SC-69-41 2606  77.72 1.40 177
SC-69-43A 3754 6290 1.46 1.82
SC-69-46 5230  64.66 116 1.98
SC-69-47 65.02 7942 0.07 2.25
SC-69-153 7274  63.00 0.00 2.23
MSB MS-28 970 -13.49 1.54 0.87

MS-37 1211 1306 153 0.83
MS-47 1191 -14.42 1.89 0.86
MS-53 22,05 —-8.84 0.67 0.92
MS-86 1642 -15.14 211 0.89
MS-94 1384 -1521 238 0.85
MS-101B 24.26 -3.30 0.37 0.95
MS-103 24.35 -3.24 0.37 1.00
MS-110B 24.23 -3.26 0.37 0.89
MS-112 -1.88 0.19 1.18 1.20
MS-120 —2.00 152 1.70 0.95
MS-131 -3.77 -2.50 123 1.02
MS-134 -4.63 -271 1.59 110
MS-140 —-4.94 -2.39 1.55 0.94
MS-147 —14.29 9.41 0.77 113
MS-149 ~-14.26 9.14 0.82 116
MS-151 -13.98 841 0.88 122
MS-152 -13.95 8.30 0.91 113
MS-156 -13.36 6.12 0.93 116
MS-171 -13.07 15.34 1.04 1.26
MS-179 -1521 11.03 0.50 1.36
MS-194 -9.79 1117 0.78 1.16
MS-199 ~9.28 11.16 0.85 123
WP-454 621 -1558 213 0.87
WP-545 6.27 -6.37 1.87 114
WP-549 5.60 -8.34 207 081

For PRB and MSB, x=0 km, y =0 km at 243°E, 33°Nand 239°E, 47.617°N,
respectively. Zz, sample elevation with respect to sea level. Al", mean total
Al formula units in rims of euhedral hornbiende crystals (23 oxygen basis;
all Fe®™) coexisting with critical assemblage required for barometry®-12.
Setting Fe®*/Fe?* to zero has a negligible effect on estimated crystallization
pressures (<0.1 kbar). Sample standard deviation in Al" is less than 0.14
for all specimens. Prefix 1011-, Sc-69-, and WP-samples from refs 14, 15
and 17, respectively.
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gradient in palaeopressures, not the absolute accuracy of each
pressure determination. We calculate crystallization depth from
estimated pressures by assuming an average crustal density of
2.8gcm™>.

To determine the orientation of palaeohorizontal, the least-
squares method is used to fit x-y sample location data and
crystallization depth estimates to a planar basis function:

Zror=apta;x+ayy (1)

where Zro7 is the vertical distance from present sea level to the
land surface at the time of crystallization (palacosurface), and
a; are fit parameters. The key assumption here is that the
palaeosurface was on the average parallel to palaeohorizontal,
an assumption that is compatible with the physiography of
analogous modern batholithic provinces, such as the Andes'.
Zror is then related to the depth of crystallization inferred from
barometry, Zg, by

Zror=Zg/cos B+ Zg (2)

where B is the palaeosurface dip relative to present horizontal,
and Zg denotes sample elevation (Fig. 2). This nonlinear least-
squares problem is solved iteratively using standard methods.

Testing the tilt and translation hypotheses requires barometric
and palacomagnetic data for the plutons and palaecomagnetic
data for the cratonal reference frame. Previously published PRB
barometric data'* are augmented here with new analyses of
appropriate samples from ref. 15 (Table 1). Some reconnaissance
barometric results exist for the MSB'®, but we use new determi-
nations obtained specifically for the purpose of constraining
palaeohorizontal. The bulk of the MSB samples were collected
by us, but several samples from Pongsapich!” have also been
studied (Table 1). Published palaeomagnetic data for the PRB
and MSB are from the western and southwestern portions of
the batholiths, respectively'~ (Table 2). Because these parts of
the batholiths crystallized at relatively shallow crustal levels,
they were probably fully magnetized before tilting'®. Plutons in
the western PRB crystallized mainly between 120 and 100 Myr
(ref. 19), whereas the MSB has an igneous age of 93-96 Myr
(refs 20, 21). The cratonal reference frame for this period is well
determined from widely separated sampling sites in North
America; virtual geomagnetic pole data used here are from refs
22, 23 (Table 2).

Uncertainties in our estimates of palaeohorizontal orientation,
terrane displacement and terrane rotation are best analysed
using non-parametric bootstrap statistical techniques®*?*, which
allow us to assess fully the random errors associated with the
barometric data from the pluton, and the palaeomagnetic data
from the pluton and the cratonal reference. These methods entail
repeated resampling of the original data sets with replacement
in order to form a large number of hypothetical data sets, or
‘bootstrap samples’. The means calculated from each of these
bootstrap samples, referred to as ‘replicates’. are then used to
determine the standard error and confidence region of an esti-
mated value?®, such as the mean dip angle of palaeohorizontal.
The replicates are calculated according to the following three
steps. (1) The planar regression model is used in conjunction
with bootstrap resampling of residuals® to determine a replicate
palaeohorizontal tilt by least squares. (2) The mean magnetiz-
ation direction (declination and inclination) measured at each
sampling site in the pluton is corrected according to this replicate
palaeohorizontal tilt. These corrected palaeomagnetic directions
are resampled, and a replicate palacomagnetic pole for the
pluton is computed. (3) The published virtual geomagnetic pole
locations for sampling sites comprising the cratonal reference
data set are resampled to derive a replicate palaecomagnetic pole
for the craton. These steps are repeated ~20,000 times to con-
struct distributions of replicate results that map out the mean
palacomagnetic pole for the tilt-corrected pluton and the
cratonal reference. These two distributions are used, in turn, to
estimate the observed and expected inclination, declination and

147



LETTERS TO NATURE

TABLE 2 Tilt, northward offset and rotation of the PRB and MSB

Schmidt*? calibration of hornblende barometer

Batholith Palaeohorizontal Observed Observed Expected Expected Northwards Rotation
Strike/Dip (deg) Plat (deg) Dec (deg) Plat (deg) Dec (deg) Offset (km) (deg)
PRB (West) 160+55/19+54 W 348+33 3425+84 43721 3422+33 990 + 440 0+9
PRB (East) 161+7.9/15+3.3W
MsB 55+38.1/8+3.0SE 320+6.1 16.3+84 581+22 336.9+45 2900+720 -39+10
Johnson and Rutherford*® calibration of hornblende barometer
PRB (West) 160+55/17+4.8 W 347+34 3453+7.4 437121 3422+33 1,000+ 440 -3+8
PRB (East) 161 +8.0/13+29W
MSB 55+39.9/7+25SE 31.0+54 155x8.2 581+22 336.9+45 3,020+ 650 -39+9

All uncertainties are 95% confidence limits. Observed Plat and Dec, tilt-corrected palaeolatitude and declination for the pluton. Expected Plat and Dec,
expected palaeolatitude and declination for the pluton. Rotations are positive counterciockwise. Uncertainty estimates calculated using 20,000 bootstrap
replications. The small downward bias inherent in bootstrap standard deviation estimates was removed by selecting n —1 observations for each bootstrap
sample, where n is the number of observations in the original data set of interest®®. The piuton palaeomagnetic data comprise 32 and 17 site-mean
directions for the PRB and MSB, respectively!~3, Vertical geomagnetic pole locations for cratonal North America (85 sampling sites) are from the 124 Myr

Monteregian Hills intrusions in Quebec, Canada®? and the 100 Myr Magnet Cove intrusions in Arkansas, USA®3,

palacolatitude for the pluton, from which the mean amounts of
northward offset and rotation, and associated confidence limits,
are computed. The observed values reflect the location and
attitude of the batholith when it was magnetized, whereas the
expected values are those that would be expected for the
batholith if it had always been fixed to the craton. Our bootstrap
methods have been tested against standard palaeomagnetic
statistical methods for comparable cases where no tilt correction
is required®®. We have found that the bootstrap-estimated means
and confidence intervals are in excellent agreement (within 0.1°)
with those computed using standard methods.

Our palaeohorizontal determination and error analysis
methods can be used with any type of geobarometric data, either

from plutons or their intruded wallrocks. Inferring patterns of
batholith tilting from wallrock aureole barometry, however, is
subject to considerable uncertainties associated with the timing
of contact metamorphism and the relative movement between
magma and wallrock which occurs during intrusion.

Analysis of pluton barometric data indicates that palaeosur-
faces for the PRB and MSB are not parallel to present horizontal
(Fig. 1a and b; Table 2a and b). For comparison purposes, we
calculate palaeohorizontal tilt using the two experimental horn-
blende barometer calibrations relevant for the PRB and
MSB!%!2, The two calibrations yield nearly identical results. Our
barometric data reveal a major fault with 7 km of dip separation
cutting through the central PRB (Fig. 1a). This fault correlates

FIG. 1 Contour maps of height (Zror;
km) from present sea level to best-fit
palaeosurface for the batholiths com-
puted using hornbiende barometer
calibration of ref. 12 (see text and Fig.
2). +, O, Samples having residuals
above and below the best-fit surface,
respectively. Average of absolute
values of residuals is 1.2km; maxi-
mum residual is 3.74 km. Location of
batholiths shown in black on inset
location map on right. & Northern
Peninsular Ranges batholith (PRB),
California, USA (indicated by arrow on
inset location map). SA, San Andreas
fault system; @, Palm Springs. Dashed

STATES OF ™

line denotes major fault in the central
part of the batholith (see text). Attitudes of best-fit palacosurfaces to the
west and east of this fault are nearly identical (Table 2). b, Mount Stuart
batholith (MSB), Washington, USA. SC, Straight Creek fault; @, Stevens Pass.
The northeastern MSB has probably been overprinted by a regional metamor-
phic event®® (dashed lines). Palacomagnetic and barometric data used here
are from the southwestern MSB. The southwestern MSB and its contact
aureole show no evidence of metamorphic overprinting following intrusion.
Backscattered electron imaging in the electron microprobe indicates that

textures reflecting subsolidus re-equilibration of hornblende, including ex-
solution and ‘patchy’ recrystallization textures®°, are absent from all ana-
lysed MSB specimens. The excellent fit of the barometric data to the planar
pataeosurface model indicates that the western and eastern PRB and
southwestern MSB were tilted as coherent crustal blocks. Diagonal ruled
line at bottom of location map (right) indicates approximate palaeolatitude,
relative to present-day geography, of the MSB and northern PRB before
northward offset (see text).

palaeosurface dip relative to present sea level, and Z;or is the vertical

e
-~
o
-7
FIG. 2 Geometry of the least-squares model embodied in equation (2) of d :
the text. View is perpendicular to the strike of the palaeosurface. For a @ // /\ | 2B
given sample located at map coordinates (x, ), Z is the depth of crystalliz- 9\)\‘\""/ J cosB
ation estimated from barometry, Z; is the sample elevation, 8 is the \,aeo// Z | |
|
1

distance from present sea level to the palaeosurface.
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with several petrologic transitions, including the well known
step in oxygen isotope ratios'®*’?%, Tilt correction of the western
PRB palaecomagnetic data leads to the conclusion that the
batholith has been translated northward ~1,000+450 km (95%
confidence) with no significant rotation since its crystallization
(Fig. 1; Table 2a and b). Only about 300 km of this northward
translation can be attributed to Neogene opening of the Gulf
of California’. The MSB crystallized at shallower crustal levels
than the bulk of the PRB (Fig. 1b). Our analysis indicates that
the MSB has been translated ~2,900+ 700 km to the north, and
rotated clockwise by ~40=+10° since the mid-Cretaceous (Fig.
1; Table 2a and b).

Our results strongly suggest that the discordant palaeo-
magnetic data from the PRB and MSB are the result of tectonic
tilting, northward translation, and, in the case of the MSB,
clockwise rotation, following mid-Cretaceous intrusion of the
batholiths. Our tilt corrections do not greatly change the large
northward offsets estimated in the original palaeomagnetic
studies of the batholiths, but they do lead to much smaller
rotation estimates for the PRB'?. It is interesting that the calcu-
lated palaeolatitudes for the PRB and MSB are indistinguishable
(Fig. 1; Table 2a and b), suggesting that they originated from
the same part of the Cretaceous Cordilleran magmatic arc. [
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