Neogene tilting of crustal panels near Wrangell, Alaska

Chris Butzer

Robert F. Butler*

George E. Gehrels

Department of Geosciences, University of Arizona, Tucson, Arizona 85721, USA

Cameron Davidson

Kristin O’Connell
Department of Geology, Carleton College, Northfield, Minnesota 55057, USA
Maria Luisa Crawford
Department of Geology, Bryn Mawr College, Bryn Mawr, Pennsylvania 19010, USA

ABSTRACT

A late Oligocene-Miocene igneous complex south and west of Wrangell, Alaska, con-
tains mafic dikes that yield a discordant paleomagnetic direction (inclination, I = 70.4°%;
declination, D = 39.3% ags = 4.8°; N = 72 sites). Combined with local and regional
geobarometric, metamorphic, and structural observations, the discordant paleomagnetic
direction indicates east-side-up tilt by 16° about a tilt axis with azimuth = 8°. Neogene
tilt of crustal blocks in the Insular superterrane accounts for much of the paleomagnetic
discordance in Cretaceous plutons without the coastwise translation of >1000 km, as
suggested by the Baja British Columbia hypothesis.
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INTRODUCTION

Rocks in the Coast orogen and Insular superterrane of southeast
Alaska and western British Columbia constitute the world’s largest ex-
humed Mesozoic-Cenozoic magmatic arc built on a continental margin
(Fig. 1). The tectonic setting evolved through four stages: (1) a colli-
sional orogen during accretion of the Alexander-Wrangellia terrane, (2)
a convergent boundary with a magmatic arc and subduction complex,
(3) a dextral-oblique transpressive and transtensional margin, and (4)
the present dextral Queen Charlotie transform (Engebretson et al.,
1985; Norton, 1995; Stock and Molnar, 1988; Hollister and Androni-
cos, 1997). The geologic consequences of changing plate motions have
been recognized through mapping of structures, pluton and metamor-
phic barometry, and geochronology in the region between Prince Ru-
pert and Petersburg (Crawford et al., 1987; Gehrels and Berg, 1992;
McClelland and Gehrels, 1992; Cook and Crawford, 1994; Andronicos
et al., 1999; Stowell and Crawford, 2000).

Discordant paleomagnetic directions from Cretaceous rocks of the
northern North American Cordillera have been interpreted to indicate
that the Insular superterrane, the Coast Mountains and North Cascades,
and portions of interior British Columbia were located as much as 4000
km south of their present locations during mid-Cretaceous time (Irving
et al., 1996). This Baja British Columbia hypothesis challenges con-
ventional views of North American Cretaceous paleogeography be-
cause it implies the concurrent development of two magmatic arcs oc-
cupying the same position along the continental margin (Dickinson and
Butler, 1998; Butler et al., 2001a). Full review of the Baja British
Columbia controversy is beyond the scope of this paper (see Cowan
et al., 1997; Housen and Beck, 1999; Mahoney et al., 2000; and Butler
et al., 2001a). Resolution of the controversy is important to understand-
ing the tectonics of the North American Cordillera in particular and
continental margins in general.

The original motivation for the Baja British Columbia hypothesis
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was the observation of discordant paleomagnetic directions in Meso-
zoic plutonic rocks of the Insular superterrane in western British Co-
lumbia (Symons, 1977a, 1977b), the Coast Mountains of southern Brit-
ish Columbia (Irving et al., 1985), and the North Cascades (Beck et
al., 1981). On the assumption that present horizontal approximates pa-
leohorizontal, discordant paleomagnetic directions in Cretaceous plu-
tons have been interpreted to indicate as much as 4000 km of post-
mid-Cretaceous northward transport along the continental margin.
Alternatively, these discordant directions could be accounted for by
systematic northeast-side-up tilt by ~30° during uplift. The question
of whether systematic post-mid-Cretaceous tilting of crustal blocks has
occurred in the Insular superterrane of western British Columbia and
southeast Alaska is a central issue in the Baja British Columbia
controversy.

In this paper we report geologic, geochronologic, and paleomag-
netic data from mafic dikes of late Oligocene—early Miocene age that
are widespread south and west of Wrangell, Alaska. These observations
document tilting of crustal panels during Neogene extension of the
continental margin in this area. Paleomagnetic directions obtained from
mafic dikes in the Queen Charlotte Islands by Irving et al. (1992)
indicate a similar history of crustal tilt.

GEOLOGIC SETTING

Essential elements of the geologic development of the continental
margin near Wrangell are as follows: (1) Mesozoic plutonism culmi-
nated in the mid-Cretaceous (115-89 Ma) with plutons emplaced dur-
ing an episode of shortening orthogonal to the NW strike of the orogen
(Crawford et al., 1987). (2) Pluton emplacement between ca. 70 and
53 Ma was accompanied by a change from shortening to arc-parallel
and arc-oblique displacement (Klepeis and Crawford, 1999; Crawford
et al., 1999). (3) Emplacement, cooling, and uplift histories of late
Mesozoic and Cenozoic plutons have documented east-side-up tilting
of crustal blocks during formation of the vertical Coast shear zone ca.
50 Ma (Cook and Crawford, 1994; Klepeis and Crawford, 1999; Butler
et al., 2001b). (4) Extension occurred across the region in the late
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Figure 1. Geologic map and paleomagnetic sampling site locations
(dots). Patterns: horizontal lines—Cretaceous plutonic rocks; verti-
cal lines—Tertiary plutonic rocks; diagonal lines—Tertiary volcanic
rocks. Inset map shows location of map within northwest North
America.

Tertiary, accommodated by N- and NW-trending normal faults (Rohr
and Dietrich, 1992; Evenchick et al., 1999; Davidson et al., 2003). (5)
Structural geologic, fission-track, and (U-Th)/He dating studies in
Douglas Channel by Parrish (1983) and Farley et al. (2001) document
an increased exhumation rate of the Coast Mountains during the past
4 m.y.

The region near Wrangell, Alaska, contains plutons emplaced at
intermediate (>15 km) to shallow (<5 km) crustal levels at various
times during the past 100 m.y. (Fig. 1). South and west of Wrangell,
Cretaceous (93-89 Ma) plutons show ~500 MPa (5 kbar) maximum
pressure of emplacement as demonstrated by andalusite in the contact
aureoles. The youngest of these plutons (30 Ma) record crustal thick-
ening during emplacement, as shown by kyanite- and sillimanite-
bearing assemblages that indicate pressures of >600 MPa. Cook and
Crawford (1994) and Himmelberg et al. (2004) showed that kyanite
replaces andalusite in some of these aureoles and suggested that some
of these plutons were rapidly buried shortly after intrusion owing to
mid-Cretaceous top-to-the-west thrusting, as observed in the Prince
Rupert area (Crawford et al., 1987). A major 30-15 Ma igneous com-
plex is exposed in a northwest-trending zone from Etolin Island to Kuiu
Island (Karl et al., 1999; Lindline et al., 2000, 2004). Post-15 Ma east-
side-up tilting is suggested by plutonic rocks at the southeast end of
the complex that could represent a magma chamber for the coeval
volcanic complex to the northwest (Lindline et al., 2004). On Deer
Island, the plutonic rocks of the Kuiu-Etolin igneous complex have
imparted a low-pressure, high-temperature cordierite-bearing thermal
aureole on the country rocks. Geobarometers suggest early Miocene
pluton emplacement at ~350 MPa (equivalent to ~10 km depth). The
volcanic complex, composed of basaltic and rhyolitic flows, appears to
have been fed by steeply dipping 0.5-5-m-thick mafic and felsic dikes
that crosscut all rock types and earlier-formed structures across the area
and the volcanic pile.

ISOTOPIC AGE DETERMINATIONS
Two whole-rock mafic dike samples, extracted from paleomag-
netic cores at site WT277 from Zarembo Island and WT305 from
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Wrangell Island, were degassed by using a conventional furnace at the
University of Wisconsin Rare Gas Geochronology Laboratory. Singer
and Brown (2002) detailed the analytical procedures and data-reduction
methods used in this study. Argon-release spectra are illustrated in Data
Repository Figure DR1.! Sample WT277 yielded a weighted-mean pla-
teau age of 14.7 = 1.0 Ma, and sample WT305 yielded a weighted-
mean plateau age of 30.1 = 0.2 Ma. Inverse isochrons for these sam-
ples yield similar dates with “CAr/36Ar intercepts indistinguishable from
atmosphere (Fig. DR1; see footnote 1). These dates agree with K-Ar
biotite dates reported by Brew et al. (1984) from shallow-level plutonic
rocks on Kupreanof, Zarembo, and Etolin Islands (ca. 20 Ma) and
thyolite dikes (15 Ma) in the Coast Mountains east of the study area.
We interpret these dates as conservative estimates of the time lapsed
since the solidification of the dikes. Many of the dikes cut volcanic
and plutonic rocks assigned to the Kuiu-Etolin igneous belt. Plutonic
members of this belt have been dated by K/Ar methods on hornblende
and biotite (Douglass et al., 1989) and by whole-rock Rb/Sr and
fission-track methods (Lindline et al., 2000). These ages range from
25.6 to 17.3 Ma. The concordance of all the ages, despite markedly
different closure temperatures, suggests rapid cooling for the plutonic
part of the complex.

PALEOMAGNETIC METHODS AND RESULTS

Paleomagnetic samples were collected from basaltic dikes ex-
posed on shorelines of islands west and south of Wrangell in south-
eastern Alaska (Fig. 1). Eight or more oriented core samples were
collected from each dike. Details of the paleomagnetic analyses are
provided in Appendix DR1 (see footnote 1). The resulting 72 site-mean
directions are listed in Table DRI (see footnote 1) and are equally
divided between normal and reversed polarities (Fig. 2A). The overall
mean paleomagnetic direction is inclination, I = 70.4°, declination, D
= 39.3°, ags = 4.8° (Fig. 2B), whereas the expected Oligocene direc-
tion is / = 73.3° = 2.5°, D = 350.0° *+ 7.8° (using reference pole of
Diehl et al., 1988). Comparison of the observed and expected direc-
tions yields inclination flattening (F = AF) of 2.9° = 4.3° and rotation
of declination (D £ AD) of 49.3° * 13.1°. The concordant paleomag-
netic inclination and discordant declination could indicate either (1)
49.3° + 13.1° clockwise vertical-axis rotation or (2) east-side-up tilt
by 16° with azimuth of tilt axis = 8° (Fig. 2B).

EVIDENCE FOR CRUSTAL TILT

Most geologic terrane boundaries and Paleozoic to Cenozoic
structures throughout southeast Alaska trend northwest, parallel to the
continental margin (Fig. 1). It is therefore unlikely that crustal blocks
in this region have undergone the ~50° clockwise vertical-axis rotation
required to explain the observed paleomagnetic direction. On the other
hand, the east-side-up tilt interpretation of the discordant paleomag-
netic direction is supported by a variety of geologic observations.

The late Oligocene—early Miocene dikes fall into two groups: one
set striking north-northwest and the other set striking northeast. The
average pole to these dikes plunges 16° toward 287°, showing that the
average dike orientation dips 74° toward 107° (Fig. 2C). Removing the
east-side-up tilt of 16° about a horizontal axis with azimuth of 8° (as
indicated by the tilt interpretation of the paleomagnetic results) results
in a vertical dike orientation with the average pole horizontal (Fig.
2D). These observations suggest that the late Oligocene—early Miocene
dikes were intruded with a vertical orientation during extension of the

IGSA Data Repository item 2004167, Figure DRI, argon analyses dia-
grams, Appendix DR1, paleomagnetic analyses, Figure DR2, vector-component
diagram, and Table DRI, site-mean directions of characteristic magnetization,
is available online at www.geosociety.org/pubs/ft2004.htm, or on request from
editing@geosociety.org or Documents Secretary, GSA, PO. Box 9140, Boulder,
CO 80301-9140, USA.
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Figure 2. Equal-area projections of paleomagnetic directions and
dike orientations. A: Site-mean paleomagnetic directions. Filled cir-
cles are in lower hemisphere; open circles are in upper hemisphere.
Mean of normal (reversed) polarity sites is illustrated with larger
filled (open) circle surrounded by 95% confidence limits. B: Mean
observed direction is shown by filled circle surrounded by 95% con-
fidence limits. Expected direction is indicated by gray circle. Arrow
indicates deflection of expected direction to observed mean direc-
tion by 16° east-side-up tilt about horizontal axis with azimuth of 8°.
C: Mafic dike orientations. Lower-hemisphere projection of poles to
dikes (dots) and mean pole (open square) with trend = 287° and
plunge = 16°. D: Projection of poles to dikes (triangles) and mean
orientation (open square with trend = 287° and plunge = 00°) after
correction for tilt are indicated by paleomagnetic directions.

continental margin inboard of the Queen Charlotte transform fault.
East-side-up tilting of crustal blocks east of the Queen Charlotte fault
is also supported by seismic data, collected by Rohr et al. (2000), that
show Miocene marine sediments deposited on the Insular superterrane
in Dixon Entrance dip as much as 20° to the west,

Regional geologic evidence indicates that east-side-up tilt of crust-
al panels has affected large areas of the continental margin from south-
ern Prince of Wales Island north at least to the latitude of Wrangell,
Alaska. The late Oligocene—early Miocene Etolin-Kuiu igneous com-
plex (Fig. 1) comprises shallow-level volcanic rocks on the northwest
and plutons intruded at ~10 km depth on the southeast (Lindline et
al., 2000, 2004). The east-west dimension of the igneous complex is
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~80 km. If the ~10 km structural relief across this belt resulted from
coherent tilt about a horizontal axis with azimuth of 8° the required
tilt angle is 8 or half of the required 16° Neogene tilt indicated by the
paleomagnetic and structural geologic observations from the mafic
dikes. Paleozoic rocks of the Alexander terrane on Prince of Wales
Island have very low metamorphic grade at the northwest corner of the
island. Metamorphic grade increases toward the southeast, implying
~10 km of structural relief from northwest to southeast across the
island with east-west dimension ~80 km (Gehrels and Berg, 1992).
The assumption that this gradient in metamorphic grade resulted from
east-side-up tilt of the entire island also implies a tilt angle of ~8° or
half of the 16° Neogene tilt herein documented for areas east of Prince
of Wales Island.

The observations above suggest that ~8° of the 16° Neogene tilt
could have resulted from coherent tilt of the 60-100-km-wide crustal
panel containing the late Oligocene—early Miocene igneous complex
(Fig. 3A). This leads to the proposal that the remaining 8° of tilt was
accommodated by smaller crustal panels (Fig. 3B). These smaller
blocks could be represented by individual islands, each of ~20 km
dimension, with intervening ocean canals and passages underlain by
normal faults and accommodation zones as inferred for the Portland
Canal area near Prince Rupert, British Columbia (Butler et al., 2001b).
Because rock exposures are almost entirely limited to shorelines and
exposed rocks are dominantly igneous rocks within which faults are
difficult to recognize, even smaller blocks may be involved in and
contribute to the tilting.

CONCLUSIONS

There is growing evidence that systematic northeast- or east-side-
up tilts have affected widely distributed parts of the continental margin
of western North America. Barometry of the metamorphic aureole sur-
rounding the Spuzzum pluton in the southern Coast Mountains indi-
cates northeast-side-up tilt by 33° (Brown and Burmester, 1991). Rohr
and Dietrich (1992) documented that Miocene marine strata of the Fee-
ney basin south of Prince Rupert dip 15°-20° to the southwest. The
Paleocene-Eocene Quottoon plutonic complex in the Portland Inlet re-
gion north of Prince Rupert yields paleomagnetic directions indicating
local northeast-side-up tilt by as much as 40° during Eocene extension
of the Coast Mountains (Butler et al., 2001b). Pressures obtained on
the contact-metamorphic aureole of the 90 Ma Bell Island pluton ex-
posed between Ketchikan and Wrangell, Alaska, document that this
pluton tilted southeast-side-up by 14° between 55 and 50 Ma (Cook
and Crawford, 1994). The evidence presented here demonstrates that
east-side-up tilt of ~16° affected the region south and west of Wrangell
during the Neogene. It is thus abundantly clear that northeast- or east-
side-up tilting is widespread within the continental margin of British
Columbia and southeast Alaska. Crustal tilt accounts for a large part
of the paleomagnetic discordance in Cretaceous plutons of this region,

Figure 3. Model of tilting crustal panels. V pattern indicates volcanic and shallow-level intrusive rocks. Jackstraw pattern indicates plutonic
rocks intruded at ~10 km or deeper levels within crust. A: Original configuration of late Oligocene—early Miocene igneous complex extending
from Etolin Island to Kuiu Island. B: Result of ~8° coherent east-side-up tilt of entire igneous complex. C: Result of superimposed ~8° tilt

of smaller crustal blocks perhaps represented by individual islands.
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and the original basis for the Baja British Columbia hypothesis is ac-
cordingly diminished.
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