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Abstract. The San Juan-Cascade (SJC) nappes were subducted to a depth of ~18 km, meta-
morphosed under low-temperature, high-pressure conditions, and then exhumed, all within
~16 m,y. During exhumation, penetrative deformation by solution mass transfer (SMT) re-
sulted in a widespread spaced cleavage. Strain directions were determined for 27 sandstone
samples, and absolute strain measurements for a subset of 19 samples. Z directions generally
plunge moderately to the NE, and X and Y directions are scattered in the plane perpcndicular
to Z. SMT deformation is constrictional at the local scale, but the tensor average indicates
plane-strain uniaxial shortening at the regional scale, with S, S,, and S, equaling 1.01, 0.91,
and 0.58, respectively. The average flattening plane (XY) dips 30° to the NE, and the average
X direction plunges 20° to the north. The large shortening in Z was compensated by a mass-
loss volume strain of ~47%. We present a simple one-dimensional model that illustrates the
relationship between finite strain and ductile exhumation for a steady state convergent
wedge. Assuming depth-dependent ductile tlow and no reversal of principal strain rates with
depth, this model indicates that ductile thinning of thc SJC nappes accomplished only 3% of
the total exhumation, despite a vertical shortening strain of 36%. There is no evidence that
normal faulting contributed significantly to exhumation. We conclude that erosion operating

at an average rate of ~1.1 kmm.y.” was the dominant exhumation process.

1. Introduction

The occurrence of regionally coherent low-temperature
(LT), high-pressure (HP) mctamorphic terranes in convergent
orogens remains an important tectonic problcm. Much atten-
tion has been given to undcrstanding the exhumation of these
oncc deeply buried rocks. Three processes are commonly in-
voked (Figurc 1): (1) erosion [e.g., England, 1981; Brandon
et al., 19981, (2) normal faulting near the top of thc wedge
[e.g., Plart, 1986; Jayko et al., 1987], or (3) ductile flow
deeper within the wedge [Selverstone, 1985; Wallis, 1992,
1995; Platt, 1993; Dewey et al., 1993]. Ductile thinning has
not received as much attention, but several examplcs suggest
that it might be important. Selverstone [1985] proposed that
ductile thinning in the eastern Alps was responsible for ~20
km of exhumation recorded by HP metamorphic rocks ex-
posed in the Tauem window. Wallis [1992, 1995] used dc-
formation measurements to estimate ~20 km ductile thinning
for metamorphic rocks exhumed dusing Late Cretaceous and
early Cenozoic subduction along the SW Japan convergent
margin. Dewey et al. [1993] argued that vertical ductile short-
ening, with values up to 80%, was an important factor in un-
roofing high-pressure (20-28 kbar) mctamorphic rocks in the
SW Norwegian Caledonides.

In this paper, we focus on the hypothcsis of Platr [1986)
that underplating beneath a thick accretionary wedge, coupled
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with viscous ductile flow within the wedge, might lead to
vertical thinning within the upper part of the wedge, either in
the form of normal faulting or in the form of ductile tlow
(Figure 1). Pavlis and Bruhn [1983] and Platt argued that a
Coulomb rheology might not be appropriate for wedges
thicker than ~15 km becausc thcrmally activated ductile de-
formation mecchanisms should start to control the strength of
the wedge. In convergent wecdges dominated by LT-HP
metamorphism, the dominant ductile deformation mechanism
is pressure solution or solution mass transfer (SMT). This
mechanism gives rise to a distinctive semi-penetrative cleav-
age, which is generally best developed in sandstones and
mudstones. Temperatures in a LT-HP setting are commonly
too low for intragranular deformation mechanisms, such as
dislocation glide, to contribute significantly to the overall de-
formation. There is growing empirical cvidence that SMT is
the dominant ductile deformation mechanism in LT-HP
wedges to depths and tcmperaturcs up to 35 km and 300°C
[Norris and Bishop, 1998; Fisher and Byrne, 1992; Brandon
and Kang, 1995; Schwartz and Stickhert, 1996; Ring and
Brandon, 1999].

The wedge model considered by Platt {1986] has a mixed
flow field (Figure 2a), involving vertical thickening at depth
and vertical thinning near the surface. This case is only onc of
thrce end-members for flow in a wedge (Figure 2). The term
flow is used here in a general sense to indicatc the motion of -
material through the wedge, as is illustrated by the schematic
flow lines in Figure 2. The flow lines provide some informa-
tion about the velocity-gradient field within the wedge: con-
vergence or divergence between the lines indicates shortening
or cxtension in that direction. The deformation is assumed to
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. Erosion

Figure 1. Schematic itlustration of material flow through a
convergent wedge. Exhumation at the back of the wedge oc-
curs through a combination of ductile thinning, brittle fault-
ing, and erosion.

be continuous at the scale of the entire wedge, but it may in-
volve both continuous and discontinuous processes at the lo-
cal scale, such as penetrative ductile flow or slip on spaced
faults. The mixed flow case (Figure 2a) was first indicated by
the analogue modeling experiments of Cowan and Silling
[1978). Plarr [1986, 1987, 1993] dcveloped the idea more
fully and outlined a number of convergent wedges where
mixed flow might have occurrcd. The diagnostic feature of a
mixed flow wedge is that material moving through the wedge
experiences a reversal in the principal strain-rate directions.

Other kinds of flow tields are possible. A thinning flow
field (Figure 2b) would be characterized by contractional ver-
tical strain rates everywhere along thc cxhumation path.
Measurements of ductile SMT deformation in the Eastern
Belt of the Franciscan Complex of California indicate that the
Franciscan wedge probably had a thinning flow field [Ring
and Brandon, 1999]. A thickening flow field (Figure 2c)
would be characterized by extensional vertical strain rates
everywhere along its exhumation path. The Cascadia accre-
tionary wedge of western Washington State probably has a
thickening flow field as is indicated by vertically lineated
rocks observed where the wedge has been uplifted and deeply
cxhumed in the Olympic Mountains of western Washington
State (Tabor and Cady, 1978; Brandon and Kang, 1995,
Brandon et al., 1998).

Our goal is to use finite-strain measurements from ex-
humed samples to deduce the flow field that existed within
the wedge. Our approach is based on the fact that the strain
observed in exhumcd rocks accumulated while those rocks
moved through the wedge. The Late Cretaceous San Juan-
Cascade (SJC) thrust belt is an ideal place for this kind of
study because its deformation, metamorphic, and exhumation
history is well understood [Brandon et al., 1988; Cowan and
Brandon, 1994]. Furthermore, syntectonic LT-HP metamor-
phism indicates that temperatures rcmained relatively low (<
200° C) throughout the development of the wedge. We first
review the regional sctting and tectonic history of the SJC
nappes. Next, we report the results of our textural observa-
tions and strain mcasurements for sandstones deformecd by
SMT. We finish with a simple one-dimensional analysis of
the contribution that ductile strain has made to exhumation of
the SJC wedge.
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2. Tectonic Setting

The SJC nappes lie within a top-to-the-SW thrust belt that
anks the SW side of the Coast Mountain orogen. This 230
km-wide orogen formed by Late Cretaceous collision of the
Insular superterrane with the western margin of North Amer-
ica [Brandon et al., 1988; McGroder, 1991; Cowan et al.,
1997]. The SJC nappes are exposcd in the San Juan Islands
and NW Cascade Mountains (Figure 3). They contain a di-
verse suite of lower Paleozoic through middle Cretaceous ter-
ranes, plus several Upper Jurassic-Lower Cretaceous clastic
sedimentary units that were deposited on or adjacent to the
older terranes [Brown, 1987; Brown et al., 1987; Brandon et
al., 1988; Tabor et al., 1994]. At present, the terranes and
clastic sequences are imbricated along a system of SE and
east dipping thrust faults. Cowan and Brandon [1994] esti-
mated that the Rosario and Lopez {ault zones in the San Juan
Islands (Figures 3 and 4) accommodated a combined slip of
>60 km in a top-to-the-SW direction. McGroder's [1991] oro-
gen-scale balanced cross section indicated a minimum of 580
km convergence across the entire Coast Mountain orogen,
relative to the SW-NE shortening dircction detcrmined by
Cowan and Brandon [1994].

The unifying feature of the SJIC nappes is that they all ex-
perienced, to somc degree, a LT-HP metamorphism charac-

A) Mixed flow field forearc high

Sk

Figure 2. Schematic illustrations of flow fields for three end-
member steady state wedges: (a) a mixed flow field, (b) a
thinning flow field, and (c) a thickening {low field. Variables
shown are: a« is the rate of basal accretion, z, is the initial
depth of accretion, and &+1] is the combined exhumation

rate for erosion and shallow normal faulting. SL indicates sea
level.
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Figure 3. Generalized geologic map of the San Juan Islands and NW Cascadc Mountains. Sample locations are shown by dots
and numbers. After Misch [1977)], Brown et al. |1987), Brandon et al. [ 1988], McGroder [1991)], and Tabor et al. [1994].
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Figure 4. Geologic map of the Lopez Structural Complex, which is exposed on southem Lopez and eastern
San Juan Island. The hox in Figure 3 over the San Juan Islands shows the location of this map. The legend
shows units within the Lopez Complex. All contacts in the map are faults. The upper limit of the complex is
defined by the Lopez thrust and overlying ophiolitic rocks of the Decatur terrane (diagonal ruled pattern). The
large foliation-lineation symbol shows the orientation of the strain data reported in Table 1. The foliation at-
titude is the flattening plane of the strain ellipsoid and the arrow indicates the trend of the maximum exten-
sion direction. Sample numbers are indicate by small numbers. The small foliation symbol shows bedding at-
titudes in stratified units. After Brandon et al. | 1988).
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terizcd by widesprcad dcvelopment of assemblages containing
variable amounts of prehnite, high-aluminum pumpellyitc,
aragonite, and lawsonite [Vance, 1968; Glassley et al., 1976;
Brown, 1987; Brandon et al., 1988]. In the San Juan Islands
the Haro thrust juxtaposed the SJC nappes against rclatively
unmetamorphosed clastic strata of the Upper Cretaccous
Nanaimo Group (Figure 3). The Nanaimo Group contains
synorogenic  conglomerates ~ with  clasts of law-
sonite+pumpellyite-bearing sandstone, chert, and blueschist
derived from the SJC nappes [Brandon et al., 1988]. Thus the
Nanaimo basin is thought to represent a foreland basin that
was locally overridden by the advancing nappes.

The relative timing of thrust faulting, LT-HP metamor-
phism, cleavage formation, and exhumation in the San Juan
Islands is discussed in Brandon et al. |1988)] and Cowan and
Brandon [1994]. The following cvidence indicates that slip
on thc major thrust faults largely predated LT-HP metamor-
phism:

1. Cataclastic fabrics within the fault zonc are overprinted
by unfractured and newly crystallized LT-HP metamorphic
minerals, present both in veins and as a replacement of detri-
tal grains. Most notable is that this textural relationship is
found in highly brecciated exotic fault slices scattcred along
the Rosario and Lopez fault zones, two of the major fault
zones in the San Juan Islands. LT-HP metamorphism must
have postdated the emplacement of these slices in the fault
zone.

2. A sysiematic pattern of metamorphic assemblages is ob-
served in the San Juan Islands with higher temperaturc as-
semblages found at increasing structural depth. This pattern is
taken as cvidence that the nappes preserve a coherent struc-
tural sequence that was metamorphosed afier thrust faulting.
In turn, textural evidence indicates that SMT cleavage post-
dated, at least in part, the peak of LT-HP-metamorphism. Tor
instance, Cowan and Brandon [1994] showed examples of
lawsonite veins that were folded or boudinaged depending on
their orientation with respect to cleavage.

Thrusting and metamorphism of the nappes in the San Juan
Islands are constrained by the 100 Ma age of the youngest
rocks involved in thrusting and by the 84 Ma age of the
Nanaimo conglomerates with SJC-derived cobbles [Brandon
et al., 1988]. Apatitc fission track ages indicate cooling and
exhumation of the nappes over this 16-m.y. limc interval
[Brandon et al., 1988]. The fact that the SJIC nappes preserve
metamorphic aragonite and Late Cretaceous apatite {ission
track ages indicates that present cxposures have been in the
uppcrmost crust since ~84 Ma (temperature < ~80°C and
depths < 3-4 km). Thus wec arc confident that our measure-
ments of SMT strains are representative of deformation
within the SJC wedge and have not been significantly modi-
fied by younger events.

Timing is not as tightly constraincd in the more eastern
SJC nappces, which crep out in the NW Cascade Range. The
youngest rocks involved in thrusting there were the Nooksack
Group, which includes strata as young as Hauterivian (~135
Ma) and the Easton Metamorphic Suite, which was regionally
metamorphoscd to blueschist facies during the Early Creta-
ceous (~120-130 Ma). The Easton makes up the Shuksan
plate, which is presently the highest nappe cxposed within the
SIC nappes; its emplacement postdates its Early Cretaceous
metamorphism [Misch, 1977, Brown and Blake, 1987].
Blueschist cobbles correlative to the Easton are found in
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Nanaimo Group conglomerates [Vance, 1975], indicating ex-
humation of the Shuksan nappe during the Late Cretaceous.
Deposition in the Nanaimo foreland basin ceased at the end of
the Cretaceous [Pacht, 1984], which implies that thrusting
was largely finished by that time. The Eoccne Chuckanut
Group is the oldest unit that definitively overlies the SJC nap-
pes, both in the NW Cascades and in the eastern San Juan Is-
lands [Vance, 1975; Johnson, 1984].

Timing rclationships and age constraints, especially those
preserved in the San Juan Islands [Brandon et al., 1988;
Cowan and Brandon, 1994], indicatc that rocks of the SJC
wedge saw the following events between 100 and 84 Ma: (1)
rapid subduction and subscquent underplating along a system
of brittle faults operating at the base of a convergent wedge,
(2) LT-HP metamorphism at maximum pressure-temperature
(P-T) conditions soon after accretion, (3) slow development
of an SMT clcavage resulting from sustained deviatoric
stresses within the wedge, and (4) a return to the surface by
cxhumation. Given the short time involved, only 16 m.y,, it
seems likely that some of these events might have overlapped
in time. For example, SMT deformation would have been ex-
pected to start prior to accretion given that deviatoric stresscs
probably increased rapidly during subduction of the nappes
beneath the wedge. Even so, the textural evidence indicatcs
that brittle faulting predated the development of SMT fabrics.

We envision that subduction and accretion occurred very
quickly, leaving little time for SMT detormation to accumu-
late during subduction. This interpretation is supported by the
consideration of subduction rates at typical accretionary
wedges. Accretionary wedges have an average surface slope
of ~3° and a décollement dip of ~5° [Davis et al., 1983],
which implies that ~7.1 km of convergence would have been
nceded to get 1 km of structural burial. Thus the 18 km of
structural burial of the SIC nappes would have required ~125
km of convergence, which would take ~2.5 m.y., assuming a
typical subduction zone convergence rate of 50 km m.y.".
I'rom this we infer that the SJC nappes spent only a short pe-
riod of time moving along the subduction thrust and a much
longer interval, perhaps ~14 m.y., in rcsidence within the
wedge.

Davis et al. [1983] and Dahlen and Barr [1989], among
others, have argued that a Coulomb wedge must deform in-
ternally in a pervasive and brittle fashion to maintain its taper.
We sce little evidence for significant brittle deformation in the
SJC nappes after their accretion. Map-scale faults appear to
entirely predate cleavage and metamorphism as is indicated
by the coherent distribution of cleavage and mctamorphic as-

semblages at the regional scale. The major nappc-bounding
faults would have been pronc to reactivation during younger
deformation, but we have already noted cvidence that cata-
clastic labrics within the fault zones were overprinted by
cleavage and L'T-1IP metamerphic assemblages. Late-stage
brittle structurcs are locally observed at the outcrop scale and
in thin section, but they tend to have wide spacing and small
offsets, which suggests that their contribution to within-
wedge deformation was negligible. On the basis of this evi-
dence, we infer that the taper of the SJC wedge was main-
tained by distributed underplating and within-wedge ductile
flow, and not by brittle faulting. Ring and Brandon [1999})
came to a similar conclusion in their study of SMT deforma-
tion in the Franciscan accretionary wedge.
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3. Sampling

In the field the most obvious expression of SMT deforma-
tion is a semipenetrative anastomosing cleavage, which is best
developed in sandstones and mudstones. In the San Juan Is-
lands the cleavage generally dips NE at a gentle to modcratc
angle [Brandon et al., 1988; Cowan and Branden, 1994), The
cleavage orientation has not been systematically studicd in the
NW Cascades, but our rcconnaissance indicates similar ori-
entations there. :

Sampling was restricted to medium-grain sandstones from
the Upper Jurassic-Lower Cretaceous clastic units (see Tig-
ures 3 and 4 [or samplc localitics). Our stratcgy was to avoid
those terranes that were metamorphosed and deformed before
accretion (e.g., the Permian-Triassic Garrison and Vedder
schists, the Early Cretaceous Easton schist, and the carly Pa-
Icozoic Turtleback and Yellow Aster igneous complexes
[(Brandon et al., 1988]). By sampling the Jurassic-Crctaceous
clastic units we ensure that our measurements are representa-
tive of dcformation that occurred within the SJC wedge. We
focused on sandstones because SMT textures are well dis-
played in these rocks and becausc dctrital grains can be used
as strain markers.

Most samples come from the Lopez Structural Complex,
exposed in the southern part of the San Juan Islands. Other
sampled units include the Constitution and Obstruction [or-
mations of the San Juan Islands [Garver, 1986; Brandon et
al., 1988] and the Nooksack Group of thc NW Cascades
[Brown ¢t al., 1987]. The Nooksack samples were cellected
from stratigraphically coherent units that form the structurally
lowest part of the Mount Baker thrust window ("Autochthon"
of Misch {1977]) and from a structurally higher imbricate
zone (Church Mount plate of Misch [1977]). These units ate
separated by the Church Mountain theust (Figure 3). In three
cases, our samples are fromn outcrops that Brown et al. |1987]
assigned to the upper Paleozoic Chilliwack Group. Howevet,
attribution of these outcrops is uncertain. Tabor ef af. [1994]
assigned one outcrop to the Nooksack Group. We favor a
Nooksack assignment for all of the outcrops becausc our
samples from there appear similar in all respects to definitive
Nooksack sandstoncs.

4. Microtextures and Deformation Mechanisms

Microtextural observations and strain measurements were
made using thin sections cut parallel to the major fabric di-
rections in c¢ach rock (Ifigure 5). Principal strain directions are
indicated by X, Y, and Z, corresponding to the maximum, in-
termediate, and minimum stretches, S, > S, > S,, where stretch
S equals the final length divided by the initial length. The XY
sections were cut parallel to cleavage, which is assumed to be
the flattcning plane for SMT strain. Thosc scctions were used
to find X, as defined hy directed overgrowths on the detrital
grains. Then, XZ sections were cut parallel to X and perpen-
dicular to the cleavage plane.

Intragranular fracturc and cataclastic tcxtures are com-
monly observed in thc thrust zones that bound the nappes, in-
dicating that most rocks were lithified prior to the time of
subduction and accretion. Thus we conclude that intragranular
flow was not a significant deformation mechanism after ac-
cretion. The fact that scdimentary fabrics are well preserved
in SJC sandstones supports this conclusion. The only excep-
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tions are some mudstones that show evidence of local flow-
age and injection within the larger fault zones [Cowan and
Brandon, 1994]. Outside of those fault zones, intragranular
fractures are rare, which indicates that cataclastic flow did not
contribute significantly to within-wedge deformation {Cowan
and Brandon, 1994}.

The most obvious [abric in thesc rocks is that produced by
SMT deformation. Evidence for SMT (Figure S) includes
pressure shadows adjaccnt Lo detrital grains, directed fibrous
overgrowths insidc the pressure shadows, truncated grains,
and selvages of insoluble material [cf. Williams, 1972, Mitra,
1976; Ramsav and Huber, 1983].

Some grain-boundary slip must have accompanied SMT
deformation Lo allow for diticrential extension between grains
on adjacent sides ot selvage surfaces, but we emphasize that
this slip was parallel to the selvages as is indicated by straight
fiber overgrowths that are, on average, parallel to the sel-
vages. Furthermore, selvage-parallel slip must have been very
small because the selvages are anastomosing and discontinu-
ous in form and generally no more than several grain dimen-
sions in length. If therc was open porosity or slip on sutfaces
oblique to the selvages, as might be expected during general
grain-boundary sliding, we would expect to see kinked and
curved fibers, which we have not observed. In fact, the obser-
vation that almost all of thc ncwly crystallized minerals in the
sandstones formed as directed overgrowths indicates that
there was little or no porosity during SMT deformation. This
conclusion is based on the fact that directed fiber overgrowths
are thought to only form where the void space (i.e., crack ap-
ertures) is less than several microns across {Urai et al., 1991;
Fisher and Brantley, 1992]. We note that the SJC sandstones
are generally poorly sorled, so mechanical compaction could
have removed much of the primary porosity before the onset
of SMT dcformation.

There is no evidence that other thermally activated mecha-
nisms, such as dislocation glide, contributed significantly to
deformation within the wedge. Most quariz and feldspar
grains and many of the lithic grains it our sandstone samples
are first-cycle volcanic detritus. Quartz, generally occurs as
monocrystalline grains, showing little or no undulose extinc-
tion under polarized light. Some polycrystalline quartz grains
do show undulosc cxtinction, but the sandstoncs also contain
minor amounts of metamorphic detritus. The minor fraction
of undulose quartz grains could have come from a metamor-
phic source as well.

Somc previous workers have suggested that the cleavage in
the San Juan Islands formed as a shear-zone fabric associated
with displacement on major terranc boundaries [Whetren,
1975; Maekawa and Brown, 1991]. This possibility is sup-
ported by the casual observation that cleavage intensity ap-
pears to be stronger near some fault zones, with the Lopez
thrust (igure 4) providing thc best example. There arc other
areas, however, such as the southern part of Lummi Island,
where cleavagc is strong but no major thrust fault is nearby. If
deformation during cleavage formation was highly noncoax-
ial, as is predicted by the shear-zone interpretation, we would
expect curved or discordant fibers, which are not observed.
The fact that the fibers, which record the incremental strain
history of the rock, are straight and parallel to the selvages,
which closely approximate the finite [lattening planc, demon-
stratcs that SMT strain was not due to simple shear but in-
stead accumulated in a coaxial fashion.
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Figure 5. Photomicrographs in plane light showing SMT textures in (a) XZ and (b) XY thin sections for a
sample from southern Lopez Island. Images have a long dimension of 2 mm. Dark wispy lines in the XZ scc-
tion are selvages of insoluble material. Fibrous overgrowths of chlorite, quartz, and white mica are present in
pressurc shadows around the detrital grains. Note the truncation of the large detrital grains normal to Z in the
XZ section. Fibers are nearly everywhere straight and parallel to cleavage, indicating that strain accumuiated
coaxially. In the XY section, detrital grains are more equant, and pressure shadows arc less obvious. Selvages

are generally not visible in XY sections.

5. Principal Strain Directions

Principal directions for SMT strain were determined [or 27
samples (Figure 6) on the basis of measurements of SMT fab-
ric elements in the XY and XZ thin sections. Uncertainties in
determining these directions relative to the present coordi-
nates are estimated to be ~5°-10°. Cleavage commonly has a
consistent orientation at local scalcs (< 5 km). This observa-
tion is supported by stereograms in Cowan and Brandon
[1994] and thc strain directions and cleavage oricntations
shown in map view for the Lopez Complex (Figure 4), When

all of the directions arc plotted on stereograms in geographic
coordinates, Z directions define a steeply dipping, NE striking
girdle (Figure 6). Field observations indicate that Z varies at
the regional scale (>5-10 km), whereas X and Y arc highly
variablc at both outcrop and regional scales (see Figure 4 for
examples).

This variability in principal directions is the result of two
independent processes. The first operated at the local scalc lo
produce seemingly random local variations in X and Y. The
second was related to wminor postorogenic deformation,
probably Eocene in age, which produced systematic variations
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A) Unrestored
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B) Restored

Figure 6. Equal-area stereograms of principal strain directions from the 27 SJC samples used in this study.
X, Y, and Z indicatc thc principal extension, intermcdiate, and shortening directions, respectively. (a) Unre-
stored stereograms show principal directions in their present orientations. (b) Restored stereograms show di-
rections after correction for Eocene folding (see text for details). Density contours start at 1 times uniform
density and increase in increments of 0.66 times uniform. Areas with densities greater than 2 times uniform

arc considered to be significantly overpopulated.

at the regional scale. The Eocenc deformation is characterized
by broad folds that plunge gently to the NW and SE and have
~10 to 1S km wavelengths in the San Juan Islands. These
folds are readily apparent in the Uppcr Crctaceous Nanaimo
Group to the north of thc San Juan Islands [England and Ca-
lon, 19917 and in the Eocene Chuckanut Group in the eastern
San Juan Islands and thc NW Cascades [Johnson, 1984). The
thrust faults in the San Juan Islands are folded in a similar
fashion around a gently SE plunging axis (Figure 3). 'The anti-
clinal form of the Mount Baker thrust window in thc NW
Cascades may be another manifestation of this deformation.
We interpret the girdle in Z directions (Figure 6) to have been
produced by this folding cvent. In the San Juan Islands the
horizontal shortening caused by Eocene folding is fairly mi-
nor, probably less than 5-10%. Furthermore, the preservation
of Late Cretaceous apatite fission track ages in San Juan Is-
lands (discussed abovc) indicates that this event did not pro-
duce much uplift and associatcd crosion. From this we con-
cludc that Eocene folding occurred at low temperatures and
shallow depths. Deformation was probably accommodated by
the rigid rotation of fold limbs with local flexural slip on fa-
vorably oriented faults and bedding planes.

In order to focus on the [.ate Cretaceous deformation, we
have attempted to remove Lhe effects of the Eocene folding by
rotating our measured principal strain directions around an
average fold axis defined by the polc to the girdle of Z direc-
tions (Figure 6). Each sample was then rotated to bring its Z
direction into the plane defined by the average Z direction and
the average fold axis. The restored cleavage planes dip, on
average, ~30° to the NE. The restored X and Y directions both
define girdles that lie subparallel to the average cleavage
plane. Even after restoration, X and Y remain highly scattered
within the girdle distribution. The density contours show a
weak tendency for both X and Y to be oriented down dip, but
this obscrvation makes no account for strain magnitudes or
the orthogonality that must exist between the principal strain
directions.

The fact that the X and Y dircctions remain scattered even
after restoration suggcsts that this feature is intrinsic to SMT
deformation in this area. This conclusion is supported by the
observation that the variability of X and Y extends to the local
scale. Figure 4 shows several examples where thc X and Y
strain directions vary considerably between adjacent sample
locations. For this reason, we emphasize thc tensor average
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{Brandon, 1995; Ring and Brandon, 1999] for our strain data
when discussing dcformation at the regional scale.

6. Methods for Strain Measurements

Finite strains were determined [or 19 samples using the
projccted dimension strain (£1S) and Mode mcthods. (Al
programs used in  this study are avaifable at
http:/fhess.geology.yale.edu/~brandon.)  These = methods,
which were developed for this study, provide estimates of ab-
solutc stretches and thus permit calculation of volume strains
associated with SMT deformation. ‘I'he PDS method is based
on the observation that SMT deformation is controlled en-
tirely by processes opcrating at the grain boundaries. In direc-
tions of shortening, grains converge by dissolution along the
grain boundaries. In directions of extension, grains diverge,
forining intergranular spaces, which are filled with directed
fiber overgrowths. If SMT was thc sole ductile mechanism
(i.e., no intragranular strain) and if S, > 1, then the original
dimension of each detrital grain should be preserved in the X
direction because the grain surfacc there is mantled by fiber
overgrowth. Conversely, shortening in the rock must have
been accommodated by a reduction of the original dimensions
of each detrital grain. All samples here have unidirectional fi-
ber overgrowths, which means that they were shortening in
both ¥ and Z (ct. Ring and Brandon [1999] who described
multidirectional fibers, indicating extension in both X and V).

The PDS method provides a way of mcasuring SMT strain
in those principal directions where S < 1. The underlying con-
cept is that the average maximum projccted dimension meas-
ured in a specified direction for a group of grains in a sand-
stone must be reduced by a proportion cqual to the stretch in
that direction. The maximum projected dimension is morc
commonly called the caliper dimension and can be viewed as
the size determined by placing a thrce-dimensional grain in a
caliper with the caliper facc oriented in the direction of inter-
est. Stretch is determined by measuring thc avcrage caliper
dimension for a group of detrital grains in a principal short-
ening direction (Y or Z in our case) and dividing that valuc by
the avcrage caliper dimension of the same set of grams in the
X direction. Because the grain dimensions are censerved in
the X direction, the average caliper dimension for the X direc-
tion should provide an unbiased estimate of the original aver-
age caliper dimension of thc grains in the Y and Z directions.
This calculation assumes that the initial sedimentary fabric
was, on average, isotropic, but it does not require that the in-
dividual grains were originally spherical.

To directly measure inaximum projeclted dimensions, it is
necessary to have three-dimensionat access to each grain. Our
measurements were made using two-dimcnsional thin scc-
tions. Only rarcly does the section show the maximum dimen-
sions of a grain. As a result, PDS measurements made in a
thin section will give a biased strctch, designated as S”. This
biased result will tend to be less than the true stretch S. We
have found that the relationship of S” 1o S is well approxi-
mated by using a truncated sphere to represent the average
three-dimensional shape of a measured set of detrital grains
truncatcd by SMT selvages. The sphere is "shortened" on each
side by truncation surfaces oriented perpendicular to the prin-
cipal shortening direction and symmetric about the ccnter of
the sphere. The true strctch S is cqual to the ratio of the trun-
cated diamctcer in the shortening direction over the original di-
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ameter of the sphere. The observed apparent stretch S de-
pends on where the section of view passcs through the trun-
cated sphere. Those sections that pass through the center of
the truncated sphere will have §’= S, whercas thosc that pass
far from Lhe center will tcnd to show circular sections (i.e., S~
= 1). The expccted average for S”is given by integraiion ol all
posstble sections passing through the tsuncated sphere parallel
to the shortening direction. The result is

S V1=-8% +sin7'($)
n/2 )

In practice, the PDS method is used with thin section
measurements to estimate avg(S') for the section, and then
cquation (1) is used to solve for the true streich S. Tests using
randomly generated eilipsoids with varying degrees of trun-
cation inclicate that equation (1) gives S to within £ 0.02 as
long as the original grain shapes have aspect ratios < 3, which
is generally the case for sandstones [Paterson and Yu. 1994;
Ring and Brandon, 1999].

The PDS method has also been tested using shaliowly
buried sandstones that have not been affected by processes
other than deposition, mechanical compaction, and loca} in-
tragranular fractures [Ring and Brandon, 1999; M. T. Bran-
don and J. G. Feehan, unpublished work, 1995]. The average
result is S, = S, = S, = 1.0, which is consistent with the ab-
sence of SMT fabrics in these sandstoncs. Thesc tests support
our assumption that thc caliper dimensions for grains in our
sandsiones remained, on average, isotropic until the start of
SMT deformation. From this, we infer that the PDS method is
relatively insensitive to the rigid rotation of grains that ac-
companies the formation of early fabrics during deposition
and mechanical compaction.

The conventional method for measuring extensional
stretches in SMT-deformed rocks is to divide the length of the
fiber overgrowths on a grain by the section radius of the grain
[Ramsay and Huber, 1983]. This mcthod tcnds 1o overesti-
mate extensional stretches in our samples, perhaps because of
a bias toward selecting thc most visible fibers, which are usu-
ally the longest.

Extensional stretches can be more precisely determined
using the mode method, which is based on the modal abun-
dance of fiber overgrowth in the rock. Tor a rock with unidi-
rectional fibers (i.e., S, >12S,28S,), the fiber mode m in an
XZ section is rclated to S, according to

avg(S') = M

'S.t :(’I—m)". (2)

Fiber modes were determined by the line-integration
method using a computer-automated microscope stage that
advances al increments of 1-5 jtm. Repeat measurements by
the same and different operators indicate that standard errors
for measured fiber modes are < 5 modal %. Critical require-
ments for this method are that the detrital grains have not
been significantly recrystallized and that the microscopist can
makc an casy and confident distinction between the three
main components of the rock: detrital grains, fiber over-
growth, and selvages. Our rocks meet these requirements.
Mctamorphic asscmblages are present but typically make up
< 3% of the rock. Plagioclase is locally replaced by fine fi-
brous mats of randomly oriented sub-microscopic lawsonite
and pumpellyite, but more commonly, the LT-HP metamor-
phic minerals are found in thin discontinuous veins. In theory,
it would be nccessary 1o include the extension caused by veins
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to fully detcrmine SMT strain, but veins make up, on average,
only 1-2% of the rock.

@ur measurements providc estimates of voluime strain and
mass loss resulting from SM7T deformation. The PDS meas-
urements give the amount of grain volume removed by dis-
solution. The mode measurements indicatc the amount of that
dissolved volume that was precipitated as newly formed fiber
overgrowths. The difference indicates a change in volume of
the grain mass due to a transfcr of mass in or out of the sam-
ple. If we consider a rcpresentative elementary volume (REV)
within the rock defined by a set of material points, thcn the
volume strctch S, equal to the ratio of the final volume over
the initial volume, describes the net change in volumc of thc
REV during deformation. The principal stretches are related
to S, according to S, = S, S, S,. Volume stretch can result from
a transfer of mass in or out of the REV, a porosity change
within the REV, or a metamorphic transformation that affect
thc avcrage density of the mineral grains in thc REV [Bran-
don, 1995]. As noted above, the sandstones probably lacked
any significant initial porosity at thc start of SMT deforma-
tion. Furthermore, the PDS method measures changes in grain
dimensions and ignorcs strains due to changes in porosity. We
discount changes in grain density becausc thc detrital grains
show only minimal amounts of metamorphic transformation.
Thus we conctude that our reported volumc stretches are a
measure of open-system mass transfer at a scale larger than
the thin section.

We have estimated the uncertainties associatcd with our
measurements using the bootstrap method of Efron {19821
On average, the stretches have a relative standard error of
~5%. Propagation of these errors indicates that the relative
standard error for S, is ~10%. Somc cxamples of estimated
uncertainties for S, are included in Table i.

7. Results for Strain Measurements

The strain data are summarized in Table 1 and displayed
graphically in Figure 7. The Nadai plot (Figure 7a) indicates
that the strain ellipsoids generally have a prolate symmctry.
The maximum axial ratio, X,, = S,/ S,, ranges from 1.6 to 2.7.
The largest strains are in the Z direction, with S, ranging from
0.71 to 0.47, indicating a maximum shortening of 29-53%. S,
ranges from 0.94 to 0.65, which indicates that SMT strain is
constrictional at the local scalc (Figure 7b). Surprisingly, S, is
quite small, ranging from 1.08 to 1.4 1. Thus the constrictional
aspect of the strain is primarily the result of shortening in the
Y and Z directions and not extension in X, as is commonly as-
sumed. Smith [1988] and Maekawa and Brown [1991] argued
for much greater extensional strains in these rocks, with S,
ranging from 2 to 6.4. However, their estimates were calcu-
latcd from relative strain data (i.e., axial ratios) using the as-
sumption of constant volume; they had no direct information
about absolute principal strains.

Our determinations of S,.range from 047 to 0.67 (Table 1),
which indicates that the sandstones have lost 33-53% of their
mass during SMT deformation. At the outcrop scale there is
no evidence of a sink for this missing mass. Modal measure-
ments were made at several outcrops using ~5 m line travers-
es. Veins make up no more than 5% by volume of a typical
outcrop, with the avecrage closer to 1-2%. Thus we conclude
that SMT deformation was mediated by a large flux of fluid
that was able to dissolve the sandstones and to transport thc
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dissolved load over large distances, probably several kilome-
ters or more.

Figure 7c and 7d show that volume strain correlates closely
with S, and the deviatoric component of the strain. This cor-
relation suggests that mass transter controlled both the de-
viatoric and volumetric components of the strain. In contrast,
Brandon [1995] and Ring and Brandon [1999] found that de-
viatoric and volumetric strains were decoupled for SMT de-
formation in the Franciscan Complex.

Tensor averages are used to reprcsent the effect of SMT
deformation at the regional scale. The strain measured at a
point can be visualized as a product of an average strain,
which corresponds to a homogenous strain at some appropri-
ate regional scale, and a perturbation strain, which represents
the local departure from the average strain [Patterson and
Weiss, 196 1; Cobbold, 1977). Brandon [1995} showed that if
the rotational component of the deformation is minor, then
the tensor-average strain can be accurately estimated by cal-
culating the average of each component of thc natural-strain
Lensor or Hencky tensor Hyj,

. 1 n ( )

avg(H,:,-) 3 ;2’,{:; HU A > ' ©)
where the indices i and j indicate the components of the 3x3
tensor and the subscript k indicatcs the kth tensor out of a to-
tal of n measured strain tensors. H; has the principal stretch
directions as its eigenvectors and the logarithms of the princi-
pal stretches as its eigenvalues. Thc cigenvectors and eigen-
valucs of avg(H,) give the principal directions and logarithms
of the principal stretches of the average strctch tensor.

Two tensor averages are reported in Table 1. The unre-
storcd average is bascd on the strain data as determined rela-
tive to the present geographic frame, and the restored average
is bascd on strain data corrected for Eocene folding. Note that
the restored and unrestored averages are similar.

We focus here on the restored tensor, which indicates prin-
cipal strctches, S, S,, and S, of 1.01, 0.91, and 0.58, respec-
tively, and a flattening plane (XY) dipping 30° to the NE. A
surprising result is that the stretches in the X and Y directions
are both nearly equal to one. This reflccts the dispersion of
the individual X and Y directions in the flattening plane (Fig-
ure 6), so that differcnces in S, and S, are averaged out at the
regional scale. Thus SMT strain at the regional scalc is char-
acterized by uniaxial shortcning, whereas individual determi-
nations indicate that strain at the local scale is heterogeneous
and constrictional (S, < 1.0). The regional-scale deformation
is kinematically analogous to sedimentary compaction in a
basin where vertical shortening is balanced by volume loss
and horizontal strains remain close to zero.

Smith [1988] and Maekawa and Brown [1991] argued that
the SJC nappes were strongly extended in a NW direction,
parallel to the strike of the orogen, and that this extension was
due to transprcssive shear along the Latc Cretaceous North
American margin. If the strain measurements are considered
with respect to orogenic coordinates (average present strike of
the orogen is 136°), we obtain averagc across-strike, parallel-
to-strikc, and vertical stretches of 0.79, 0.96, and 0.64, re-
spectively. This indicate an average across-strike horizontal
shortening of 21%, which is consistent with other evidence
discussed above that indicates SW-NE contraction during the
Late Cretaceous orogenic event. The average parallcl-to-strike
horizontal strain is 4% shortening, which indicates that SMT



Table L. Strain Data for Selected Clastic Units in the San Juan-Cascade Nappes

Sample Sy Sy SZ Sy Modes, %
Number  Trend Plunge Stretch Trend Plunge Stretch Trend Plunge Stretch VelVi  RSE, % Fiber Selvage
Lopez Structural Complex, San Juan Islands
1 113 24 1.27 358 44 0.80 222 36 0.53 0.54 - 20.6 2.5
2 299 56 127 33 26 0.86 190 16 0.52 0.57 - 2101 1.2 -
3 20 14 1.24 129 26 0.78 267 58 0.59 0.57 6.5 19.6 257,
4 101 33 1.20 329 46 0.77 208 26 0.71 0.65 6.6 16.9 0.3
5 108 9 1.41 15 20 0.71 221 69 0.53 0.53 -- 29.0 0.6
6 100 14 1.25 3 26 0.65 216 60 0.59 0.47 - 19.7 1.1
7 326 15 1.15 67 34 0.78 208 52 0.65 0.58 - 13.2 1.2
8 82 32 1.30 338 23 0.75 2006 51 0.54 0.53 - 229 2.0
9 51 45 1.20 141 0 0.73 231 44 0.54 0.47 - 17.1 ]
10 16 53 1.13 133 9 0.90 235 30 0.47 0.48 -- 11.8 25
11 1 20 -- 104 34 - 247 50 -- - - - --
12 314 10 - 50 37 -- 210 51 - - - - -
13 297 7 1.25 135 83 0.72 27 0 0.52 0.47 6.6 19.7 1.5
14 320 10 - 59 42 0.69 219 46 -- -- - - -
Constitution (15). Lummi (16. 21) and Obstruction (17-20) Formations, San Juan IslandsT
15 145 10 - 53 12 - 227 75 -- - -~ = -~
16 208 22 - 111 20 - 341 60 = -- - - -
17 205 18 1.17 110 18 0.77 340 65 0.62 0.56 5.6 14.4 213
18 210 11 1.27 117 19 0.72 329 74 0.50 0.45 7:3 21.0 2.8
19 242 4 1.26 151 3 0.70 31 85 0.51 0.45 - 20.4 59
20 46 4 1.19 140 38 0.89 311 52 0.53 0.56 - 15.8 1.0
21 316 20 1.08 113 58 0.94 52 23 0.66 0.67 7.5 72 0.7
Nooksack Formation, NW Cascades
22 146 1 1.32 236 39 0.75 51 51 0.49 0.48 7.5 24.5 1.3
23 325 0 - 234 10 - 55 80 ~ - - -- -
24 12 75 1.08 265 5 0.81 173 13 0.67 0.58 5.7 7.3 1.5
25 336 12 1.26 78 48 0.79 238 39 0.55 0.55 9.5 19.7 1.5
26 301 60 - 204 4 -- 1 29 - - -- -- -
27 292 58 - 22 0 -~ 112 32 - -- - - -
Tensor averages
Unrestored 110 13 0.95 14 26 0.82 224 60 0.68 0.53 - 17.0 1.6
Restered 353 20 1.01 92 23 0.91 226 60 0.58 0.53 - 17.0 1.6

* Sy = Vf/V; equals final volume over initial volume. RSE is the relative standard error given as a percentage of the measured S,.
{ Numbers in parentheses refer to sample numbers.
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Figure 7. Plots of strain data using methods of Brandon [1995]. (a) The Nadai plot indicates the symmctry of
the strain, either prolate or oblate. S°, is the intermediate deviatoric stretch, cqual to the S, normalized to con-

stant volume (S'y.= S, -Si’ ). Most SIC strain ellipsoids (dots) have prolate symmetry, but the tensor-

average ellipsoid (circles) has an oblate symmetry. (b) The strain-type plot, which is based on the absolute
magnitudes of the stretches, indicates that the strain is generally constrictional (S, < 1) with a significant
compactional volume strain (S, < 1). However, the tensor average (circle) plots near the true plane strain line.
Diagonal lines are S, contours. (c) ‘The 3,-S, plot indicatcs that the volume stretch was mainly accommodated
by shortening in the Z direction. (d) The E,-E, diagram [Brandon, 1995] shows a good correlation, which
suggests that volumetric and deviatoric components of the strain were linearly coupled. E,. = In(S,) and is a
measure of volume strain. E; is 2 measure of the average deviatoric strain, defined by E2 = UBI(ELE)? +
(E,,-EZ)2 + (E-E,)?), where E,, E,, and E, are the natural logarithms of the principal stretches. For a coaxial
deformation, E, and E, are linearly related to the principal strain rates. Equivalent values for the volume
stretch S, and the conventional octahedral shear strain E,, are shown on logarithmic axes.

deformation was close to plane strain. @ur strain data arc at
odds with the transpressive shear hypothesis.

8. Models for Ductile Thinning and Exhumation
8.1 Exhumation by Ductile Thinning Alone

Our measurements indicate that SMT deformation caused a
vertical shortening of 36% and thus contributed to exhuma-
tion of the SIC nappes. To evaluate the tectonic significance

of ductile thinning, we first consider a simple model, where
exhumation is controlled solely by pervasive ductile deforma-
tion of the wedge. In this case, vertical thinning is completely
described by the average vertical stretch S,., of the overbur-
den. A particle that started at depth z will move to a new
depth z S, With the amount of cxhumation given by

d= Z (1' Sverl)« (4)

S.ex Would have to be zero (i.e., 100% shortening) for the
rocks to become fully exhumed. This example illustrates why
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ductile thinning alonc cannot account for all of the unroofing
of a once deeply buried metamorphic rock. Erosion or local-
ized faulting is needed to bring the rocks to the surface.

This simple model is similar in design to that proposed by
Wallis [1992, 1995] for his analysis of cxhumation by ductile
thinning. We comment here about his calculation because it
may seem at odds with (4) above. Wallis developed an equa-
tion for ductile thinning that was based on two parameters:
the strain ratio R,, and the mean kinematic vorticity number
W,. ®eformation was assumed to be plane and isochoric
(constant volume). W, is defined below, but for now it is suf-
ficient (o state that W, is a measure of the average rate of ro-
tation relative to the average strain rate. The use of W,, im-
plies that the rotational component of the deformation must
be specified to calculate the amount of exhumation caused by
ductile thinning. In actuality, W,, is not needed if the orienta-
tion of the strain cllipsoid is known. Orientation data are usu-
ally collected when measuring finite strain, so there is no ad-
vantage in using W,, in the calculation. This conclusion is
consistent with the fact that S, is, by definition, the stretch
experienced by a material line presently lying in the vertical.
Thus one only needs a full determination of the strain tensor
to cstimate S.e [Malvern, 1969, equations 4.5.16 and 4.6.3],
assuming, of course, that the strain data are measured relative
to the final state, which is always thc case in structural geol-
ogy.

This simple mode! breaks down when cxhumation occurs
by more than one process. To illustrate, consider an accre-
tionary wedge in which a material particle is accreted to the
base of the wedge and then rctumed to the surface by a com-
bination of ductile thinning and some shallow process, such
as erosion or normal faulting. When shallow exhumation pro-
cesses are active, the overburden will thin at a faster rate than
would occur by ductile thinning alonc. As a result, each in-
crement of vertical strain is distributed over a thinner section
of overburden, which means a smaller increment of ductile
thinning relative to that predicted by the simple model. The
ductile thinning rate will also be influenced by any depth de-
pendence in the ductile deformation rate. These examples
show that the contribution of ductile thinning to exhumation
can no longer be determined solely from S,.,. A more com-
prehensive model is needed.

¢ erosion

S

coordinate
axes

accretion | 2
at z
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8.2 One-Dimensional Model for Exhumation of a Steady-
State Wedge

To assess the contribution of ductile flow to exhumation,
we need Lo estimate the time-depth history [or the particle of
interest and the velocity-gradient field near the particle path.
One problem is that the overburden that used to overtie our
samples is now gone, which means that there is no dircct m-
formation about how that overburden deformed internally.
Furthermore, we can only loosely constrain the full deforma-
tion history of our strain samples. Thus we make the assump-
tion that the overburden and exhumed samples experienccd
the same deformational history. This implies a steady state
wedge where Lhe accretion rate, erosion rate, and velocity
field within the wedge are constant with time. Given a bal-
ance between accretion and erosion, a steady state wedge will
ncither grow nor shrink with time.

Consider a single material path through an idealized steady
state wedge (Figure 8). This path can be viewed as the aver-
age trajectory for an underplated rock as it moved through thc
wedge. A x-z coordinate frame is erected with positive z down
and positive x toward the rear of the wedge. Material is ac-
creted to the base of the wedge at an initial depth of z, and at
arate @, and then displaced upward through a combination
of basal accredon, within-wedge ductile flow, shallow normal
faulting, and surficial crosion.

The vertical velocity ot a point at z along the material path
is given by

w(z) = £ -—I"| -8(z)+ u(z)tana | (5)

where £ is thc crosion rate, 1) is the rate of exhumation due

to normal faulting, &z) is the rate of change in thickness of
the wedge above z due to within-wedge ductile flow, u(z) is
Lthe horizontal velocity of the material point at z, and ¢ is thc
dip of the wedge surface. Steady slale means that & = w(zp) .

Exhumation occurs whenw <0, and burial occurs when
w>0. Note that by represcnling the exhumation rate due Lo
normal faulting by a constant 1}, we have ignorcd the depth
range over which normal faulting might operate. We usc this
abstraction because we are primarily interested in the contri-

normal velocity gradient  exhumation rate
faulting tensor with depth  for material point
e 0 ) O 5 P

N depth-

= dependent

B case

-]

=

z | L(z)

Figure 8. Schematic cross section of a steady state accretionary wedge showing the major processes respon-
sible for vertical thinning or thickening of the wedge and how they affccl a particle moving through the

wedge along an idealized exhumation path.
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bution that within-wedge ductile flow makes to the total cx-.
humation. From herc on, wc ignore the term u(z)tana be-

cause real wedges have very gentle surfacc slopes (&= 3°)
[Davis et al., 1983} and because horizontal velocities # in the
back of an underplated wedge should not be significantly
greater than the vertical velocities w.

The rate variables &, 1, and 8(z) are positive when they

contribute to vertical thinning. At steady state, £, 1, 8(z2).
a , and zz rcmain constant with time. In this casc, the rate of
ductile thinning above z is given by

z

—J.l«(z)zadz ©)

Z
5(Z)=—Jl’i1‘(2)zjl)jd1=

0 0
where p; is a unit vector in the z direction and

L(Z)i/ =y, /ij is the velocity-gradient tensor at z, with v,

and x; referring to the velocity and position vectors at z. Indi-
ces follow the standard Einstein summation convention. Note
that L;=D;+Wj, where Dj; is the stretching tensor and W; is
the vorticity tensor [Malvern, 1969, pp. 146-147]. More spe-
cifically, we refer to W;; as the external vorticity [Means et al.,
19807 because it is defined relative to the coordinate frame of
the wedge. Vorticity can also be represented as a vector with a
magnitude of 2w, where o is the average rate of rotation of
the material around the vector; ® > 0 indicates a right-handed
rate of rotation.

Means et al. {1980]) and Lister and Williams [1983]
showed that external vorticity can be accommodated at the lo-
cal scale through a combination of a rigid-body rotation,
called spin, and a shear-induced rotation, called internal vor-
ticity. Note that external vorticity, spin, and internal vorticity
are all ratcs. When integrated along a flow path, they yield fi-
nite quantities called external rotation, rigid-body rotation,
and internal rotation, respectively. Rock fabrics only provide
information about the internal rotation. Our model is not sen-
sitive to this distinction because it is based on cxternal vor-
ticities and external rotations. However, in applying the
modcl, we will nced to evaluate how internal rotations deter-
mined from rock fabrics relate to the external rotation data
needed for the model.

We consider two simple rate equations for SMT deforma-
tion: a uniform relationship

L(z); =L (7a)
and a depth-dependcnt relationship
2L
L(z)y == (7b)
%

In both cases, 1_,1.,, is the depth-averaged velocity-gradient ten-

sor along the entire  cxhumation path, as is dcfined by

Zp
L_‘f'i =1/z, ~[L(z),-,-d,z. We would prefer to use a rhcologically
0
based rate law, but such a law docs not exist nor can it be
casily specified for a deformation that is strongly mediated by
fluid flow and may involve large-scalc mass transfer. ‘The uni-

form relationship in equation (7a) can be viewed as approxi-
mating a situation where the ratcs of dissolution and shorten-
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ing are governed by a pcrvasive tlow of tluid through the
whole wedge. In turn, the depth-dependent relationship
(equation (7b)) approximates a situation where the dissolution
and shortening rates are governed by parameters that increase
with depth, such as dcviatoric stress, temperaturc, and mineral
solubility in the fluid phase. Equations (7a) and (7b) are only
applicable for steady state wedges with a strictly thinning or
thickening flow field (Figures 2b or 2c). A more complicated
rate relationship would be needed to model steady state
wedges with mixed flow fields (Figure 2a).

Substitution of (7) into (6) and (S) gives

w(z) =—€—1T\+ 2143 and (82)
-

W) 3G, (8b)
2p

where (82) and (8b) are derived from tlie uniform and depth-
dcpendent relationships, respectively.
Our objective is to use our measurements of SMT defor-

mation and initial accretion depth to estimate £, 1 , and Lj; .
First, we need to establish the relationship between the in-
stantaneous deformation described by L;; and the finite de-

formation that a material particle acquires while moving along
its trajectory through the wedge. Finite deformation at a mate-
ria] point is described by the deformation-gradient tensor £(t);;
= V(). R(t),;, where V. is the left stretch tensor and Ry, is the
rotation tensor [Malvern, 1969]. IFollowing the same termi-
nology for vorticity, this rotation is an external rotation be-
cause it is defined relative to the wedge reference frame. The
external rotation can also be described by a vector and a rota-
tion angle Q, where Q > 0 indicates a right-handed rotation
relative to the vector. The evolution of F(t);; is given by

D,F(t);; = L)y F(t)yj, )

where D, indicates the derivative of F(r); with respect 1o a
reference frame that moves with the material point |Malvern,
1969; McKenzie, 1979]. Equation (9) contains nine coupled
diflcrential equations, one for each of the nine components of
F(1);. Equation (8) provides a tenth differential equation,
which tracks the path of the material point through the wedge.
Because this additional equation defines the relationship be-
tween the differentials of depth and time, dz and dt, we can
replace L(¢);, in (9) with L(z); as defined by (7). The resulting
equations are

dz(t) =[-& -1 ~(2)at. (18b)

This system of differential equations is integrated numerically
using the Runge-Kutta method [Press et al., 1990]. Initial
conditions at £ = 0 arc sct at z = z; and F; = /,; (identify ma-
trix) to simulate the accretion of undeformed matetial to the
base of the wedge. The intcgration is continued until the ma-
terial point reaches the top of the wedge atz=0and ¢ = 1.
‘The integration of (10) describes the [orward problem, re-
lating variables F(t); and z(f) to the parameters &, 7, and

Lix . Our objective is to solve the inversc problem where the
parameters €, 1, and Ly arc cstimated from our measure-

ments of F(t); and z;. Equation (18) does not distinguish be-
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tween exhumation by erosion or normal faulting, both of
which are assumed to operate near the surface of the wedge.
Thus we can only solve for the sum (&+ 17). The result is an

evenly determined inverse, with 10 equations and 10 un-
knowns. We solved for parameters (¢+1}) and Li numeri-

cally by using the forward calculation defincd by (10), to-
gether with an iterative search algorithm, Amoeba, from Press
et al. [1990],

Given a solution, we can calculate the total exhumation
due to both erosion and nofinal faulting,

e+n=1(E+1). ai)

The absolute contribution of within-wedge ductilc deforma-
tion to the overall exhumation is

8=z, -1(E+1), (12)
and the relative contribution is
UE+T
fi=l _Q_ (13)
2

9. Application of the Exhumation Model to the
SJC Nappes

Two critical assumptions for application of the model arc
(1) that the flow field within the wedge was either thinning or
thickening but not mixed (Figure 2), and (2) that ductile de-
formation and exhumation occurred while the wedge was at
steady state. Deformation textures and strain measurements
indicate vertical coaxial thinning during SMT deformation,
with no evidence of a reversal in principal strain directions.
Thus we infer that the SIC wedge had a thinning flow field.
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The steady state assumption is more difficult to assess, but
there is good evidence indicating that when the clastic units
studied here were accreted, the wedge was probably close to
steady state. We used McGroder's [1991] orogen-scale bal-
anced cross section to estimate the amount of cenvergence
completed at the time of the accretion of the sampled nappes.
Our calculations are summarized in Table 2, The total con-
vergence of the Insular superterrane (Wrangellia of Vancou-
ver Island; see Figure 3) beneath the outboard SW vergent
side (SJC wedge) of the Coast Mountain orogen is estimated
to be >535 km. Of the clastic units studied here, the first to bc
accreted were the Lummi and Obstruction formations. By that
tlime, the SJIC wedge had already accommodated >170 km of
convergence. The last unit of our study to be accreted was the
Nooksack Group. At that time, the SJC wedge had accommo-
dated >455 km convergence. Following accretion of the
Nooksack, there was an additional >80 km of convergence
before the SIC wedge reached its final contracted state.

Synorogenic erosion of the SIC wedge is recorded in fore-
deeps on both sides of the orogen, the Methow basin to the
NE and the Nanaimo basin to the SW [Brandon et al., 1988;
McGroder, 1991}. Garver [1986] showed that the Obstruction
Formation in the San Juan Islands was formed in a synoro-
genic basin adjacent to the SJC nappes. The Obstruction
shows the same SMT strains (samples 17-21 in Table 1 and
Figure 3) as do other clastic units in the SJC nappes. The con-
clusion is that SIC wedge was being synorogenically eroded
at the time the first units of our study were being accreted.
Timing constraints indicate exhumation rates > 1 km m.y."
(subduction to 18 km, followed by exhumation, all in 16
m.y.). There is little evidence of normal faulting in the SJIC
nappes, so we infer that erosion was the primary near-surface
exhumation process. We have already noted apatite tission

Table 2. Estimated Convergence before Accretion of Clastic Units in the SJC Wedge

Nappe Above Clastic Unit

Clastic Units In SJIC Wedge

Overriding Nappe Amount of Top-SW Clastic Unit beneath Amount of Top-
Convergence Before Overriding Nappe SW Convergence
Initial Motion of at Time of
Nappe* Accretion
Shuksan nappe >45 km Lummi and Obstruction  >170 km
(including Easton Formations
Schist)
Decatur terrane >115 km Lopez Complex and >240 km
Constitution Formation
Church Mountain >330 km Nooksack Group of the >45S km
nappe "Autochthon”
Total convergence >53S km
Accommodated by the
SJC Wedge

* Determined from McGroder's [1991] cross sections, by measuring the shortening between the
leading edge of the overriding nappe and the leading edge of the supra-Nason nappe. The supra-
Nason marks the highest nappc in the SIC wedge, which is the outboard SW-vergent part of the
Coast Mountain orogen. All distances are with respect to the SW-transport direction determined by

Cowan and Brandon [1994].

T Added 125 km to estimates in the second column to account for subduction of each clastic unit to
adepth of 18 km before accretion beneath its overriding nappe (see section 2 for details on the 125-

km estimate).
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track cooling ages that indicate that the present exposures of
the SJIC nappes were cxhumcd during orugencsis to within
several kilometers of the surface of the wedge. These obser-
vations implies a closc balancc between accretion and crosion
while the clastic units of our study were being accreted, de-
formed, and exhumed in the SIC wedge.

The initial conditions and parameters required to obtain a
solution for the exhumation model are constrained by thc
following evidence. Textural analysis indicatcs that signifi-
cant SMT strains did not start to form until after accretion of
the SIC nappes. Thus we set F(t = 0); = ;. Estimates of
maximum metamorphic pressure and residence time within
the wedge indicate that z;, =~ 18 km and © = 14 m.y. (assuming
that subduction took ~2 m.y.)

Our measured principal stretches define the eigenvectors
and cigenvalues of V(1); at time T when the sample reaches
the end of its path through the wedge. The restored tensor av-
erage (Table 1) is used so that SMT deformation is rcpre-
sented at the regional scale. The observation that fiber over-
growths arc both straight and parallcl to selvages indicates
that SMT deformation was coaxial. In other words, the inter-
nal rotation was zero, but, as noted above, the external rota-
tion cannot be directly constrained from this information
alone. For now, we assume that the external rotation was zero,
which means that R(t),; = /,; and Q(t) = 0.

"The results of our model calculation are shown in Figurc 9.
Using the uniform relationship (equation (7a)), (€ + M) = 14.6
km, 8 = 3.4 km, andf; = 19%. Thc dcpth-dcpendent relation-
ship (equation (7b)) gives (€ + 1) = 15.6 km, 3 = 2.4 km, and
f5 = 13%. From the SMT strain measurements we calculate
that S, = 0.63. The simple model (equation (4)) predicts a
much greatcr amount of cxhumation, 8 = 6.7 km, which
would be appropriate if ductile thinning had acted alone.

These calculations illustrate that the contribution of ductile
thinning to exhumation depends on interactions with other
exhumation processes, and it also depends on how ductile de-
formation is distributed with depth. For thesc cxamples, duc-
tile thinning makes the smallest contribution when the defor-
mation rate is depth depcndent (cquation (7b)). The rcason is
that as a material point rises toward the surface of the wedge,
it moves out of thc more rapidly deforing part of the wedge.

A) Uniform Ductile Flow Rate
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Thus the thinning rate for the remaining overburden is less
than that [or the other cases (cquations (4) and (7a)). This line
of reasoning suggests that a dislocation-controlled rheology,
which should be strongly nonlincar with depth, would further
reduce the contribution of ductile thinning to exhumation.
This conclusion holds for any steady state wedge with a thin-
ning flow field.

The model results also allow us to compare various rates.
For instance, the uniform relationship indicates a basal accre-
tion rate 2 = 1.6 km m.y.", a ductile thinning rate for the en-

tire wedge 5(2:;7) = 0.5 km m.y.", and a surface exhumation
rate (¢+ 1) = 1.0 km m.y.” For the depth-dependent relation-
ship, the model indicates slightly faster rates: & = 1.7 km
m.y.”, s(z;,) =06 km my.”, and (¢+1) = 1.1 km m.y.".
These rates indicate that whole-wedge ductile thinning oper-
ated at a significant rate, equal to approximately one third of
the accretion rate.

Using the uniform relationship, the model predicts that
SMT deformation had a principal shortening strain rate é; = -

1.2 x10™"%s™. For the depth-dependent relationship, ey ranges

from -2.7 x 10™s™ at the base of the wedge to zero at the top
of the wedge. These rates are slow compared to strain rates
expected for a plate boundary zone. For examplc, cnvision
that subduction was accommodated by a thick ductile shear
zonc at the base of the wedge. The maximum shortening rate
within this zone would be equal lo é3 =~v./2h where v, is
the convergence rate and / is the thickncss of the shcar zone.
For a typical accretionary wedge we would expect that v.>

~10 km m.y." and h < ~10 km, which means that é; should be
less than (i.e., faster than) about-1.5 x10™"%™",

This calculation indicates that for the SJC wedge, orogenic
convergence was accommodated mainly by slip on the basal
thrust, or décollement, so that the wedge itself remained
largely decoupled from the subducting plate. In this context,
SMT deformation can be viewed as a background deforma-
tional process that was active throughout the history of the
wedge but accounted for only a small fraction of the total
orogenic convergence. The SJC nappes did acquire significant

B) Depth-Dependent Ductile Flow Rate
0.4

05
0.6

0.7

Principal stretches

Time since accretion (m.y.)

Figure 9. The exhumation model as applied to the STC nappes, using the restored tensor average (Table 1) to
represent within-wedgce ductile deformation. See text for details.
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deformation by the SMT mechanism. This result reflects the
~14-m.y. period that the nappes spent in the wedge, which
allowed a large finite deformation to accumulate from a rela-
tively slow deformation rate.

10. Discussion

The contribution of ductile flow to exhumation in a steady
state wedge is determined by the depth dependence of the rate
of deformation, the magnitude of the finite strain experienced
by the exhumed rocks, and the vorticity of the deformation.
We have already examined how ductile thinning is affected by
the depth dependence of the ductile flow rate. Here we con-
sider the influence of other factors.

10.1 Influence of Rotational Flow

We assumed in section 9 that the external vorticity was
zero during SMT deformation of the SJC nappes. This as-
sumption was based on the observation that SMT deformation
was coaxial, meaning that the internal vorticity in the sand-
stones was zero during deformation. It is possible to have a
coaxial rotational flow [Lister and Williams, 1983] where the
internal vorticity is zero but the external vorticity is not. This
can occur when rocks of different competencies are deformed
in a shear zone [Twiss et al., 1993} or folded [Lister and Wil-
liams, 1983]. The external vorticity is partitioned into rigid-
body rotation in the competent units and noncoaxial shcaring
in the incompetent units. ‘

There are two reasons for discounting this explanation for
the coaxial fabrics observed in the competent sandstones of
the SJIC nappes. First, there is no evidence for significant
folding during SMT deformation, nor is there any evidence
that the nappes are part of a regional-scale ductilc shear zone.
Second, if vorticity partitioning had occurred, strains and in-
ternal rotations would be heterogeneous at the scalc of the
differentially rotated blocks. We see no evidence for nonco-
axial Ilow in less competent units nor do we find oblique or
curved fibers indicating local non-coaxial deformation.

We recognize that it is difficult to prove that ductile de-
formation was both coaxial and irrotational (i.e., external and
internal vorticity both equaling zero). A deformation study of
the incompetent units might help to rcsolve this problem. For
now, we consider, in a general way, how a rotational flow
might influence ductile thinning. )

The kinematic vorticity number W, of Truesdell {1954, p.
107] is a useful parameter for representing the rotational
component of a steady deformation. It is defined by

20
Wk~~f2—Dr'

where 2w1is the magnitude of the vorticity vector, ® is the av-
erage rotation rate around the vector, and Dy is a scalar meas-
ure of the average strain rate. More specifically,

D;‘l = Dl2 + D22 + D% , where D;, D,, and D; are the principal
values of the

(13)

stretching tensor D and

i
w? :W322+W,32+W2[2, where W; is the vorticity tcnsor.
When considering a gcneral deformation that might include a

volume strain, it is advantageous to replace Dy with a scalar
measure of the deviatoric strain rate defined by

D} = (113)((D1 =03 Y% 4tD5. =DD? =B, —1)3)2) (14)
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(see equation 6 in Branden {1995)). D, describes the average
ratc of distortion caused by the deformation; it is proportional
to the average shear strain rate and independent of the volume
strain rate. The modified kinematic vorticity number (distin-
guished by an asterisk) is

W = 20
2D,

Irrotational coaxial flow has W, = W‘L. = 0, and isochoric
simplc shear has |W,| = IW*kl = 1. For simple shear with a vol-
ume change, [W',| remains equal to one, but |W] can take on
any value. This illustrates why W' is preferred.

w x is defined using W;and Dj;, so it represents an‘instan-
taneous property of the deformation. Nonetheless, W, is di-
mensionless and therefore independent of the actual deforma-
tion rate. In our application here, we consider deformation
histories where the components of L;; can change, hut only in
a proportional way. Thus both the geometry of the deforma-
tion and W*k will be constant, but the deformation need not be
steady.

Figure 10 shows the dependence of 5 on W'k for the range
-1 to +1. This calculation assumes a depth-dependent flow
rate (equation (7b)) and a vorticity vector oriented parallel to
the strike of the orogen (136° trend and @° plunge). For the
anisochoric (nonconstant volume) casc, we used the restored
tensor average (Table 1). In this case, the variation of W'
[rom -f to +1 is equivalent to Q ranging from -22° to +22°.
The polarity of the rotation is relativc to the vorticity vector,
so that a positive W' indicates a top-to-the-SW shear sense
and a negative W', indicates a top-to-the-NE shear sense. The
conclusion is that for the SJC nappes, the rotational compo-
nent of the deformation had little influence on the contribu-
tion o[ ductilc thinning to exhumation.

(15)

o
(s}

pory
[42]

Percentage of Ductile Exhumation, fé

- isochori}:
[ topNE
5  simple
- shear
0 1 i ) I | T -]
-1.0 -0.5 0.0 0.5 1.0

Kinematic vorticity number, Wl:

Figure 10. The influence of rotation and volume strain on
ductile thinning of the SIC nappes. The “first result” indicates
the depth-dependent result calculated in section 9 (also see
Figure 9b), where W'k =0and S, # L The anisochoric curve
shows that the rotational component of the deformation has
little influence on the contribution of ductile thinning to cx-
humation. The isochoric curve shows a significant scnsitivity
to the rotational component of the deformation, but the con-
tribution still remains small, < 16%.
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10.2 Influence of Volume Strain

The isochoric case in Figure 10 shows what would happen
if volume were conserved during SMT deformation. S, and Z
are the same as used in the anisochoric case above. The de-
formation is assumed to be plane strain (S, = 1) with the plane
of deformation vertical and parallef to the trend of Z. The re-
sult is that ¥ is now defined to lie in the horizontal, parallel to
the strike of the orogen. This designation ignores thc meas-
ured orientation of ¥, but it is warranted given that stretches
in the XY section are all nearly equal (i.e., S, = S,). In fact, S,
is the only principal stretch of the restared tensor average that
is significantly different from one. To mimic an isochoric de-
formation, we assume that thc mass loss observed at the out-
crop scale is balanced in some manner by extension at a larger
scale, which means thatS, = 1/ S, = 1.72. X is assumed to lie
in the plane of deformation, indicating a 46° trend and a 38°
plunge. The vorticity vector is set parallel to Y.

For this cxample, the variation of Wl from -1 to +1 is
equivalent to Q ranging from -30° to +30°. The greatest duc-
tile thinning occurs when W'y = -1, and decreases towards
2ero as W’k increases to +1. These examples show that if the
deformation was isochoric, the amount of ductile thinning
would generally be less than that predicted for an analogous
anisochoric deformation.

10.3 Influence of Strain Magnitude and Strain
Orientation

The orientation and magnitude of the principal stretches
determine the magnitude of ductile thinning or thickening
duting exhumation. To examine this problem, we consider an
irrotational plane deformation with the Y direction lying hori-
zontal and perpendicular to the plane. The calculation is based
on the depth-dependent relationship (equation (7b)). The dip
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of cleavage (~XY plane) is allowed to vary in 30° increments
from 0° to 90°. (Note that the model makes no distinction
betwcen a forward or rearward dip.) S, is set at | (i.c., planc
strain). S, is allowed to vary from 1 to 0.1. For the anisochoric
case, S, = 1. For the isochoric case, Sy = 1/ S,.

Figure [1 shows that very large strains are needed before
ductile deformation makes a significant contribution to ex-
humation. Anisochoric deformation and a gentle dip are fac-
tors that enhance ductile thinning. The isochoric examples
show that when the cleavage dip is greater than ~45°, ductile
detormation will thicken the wedge and thus inhibit the rate
of exhumation. This situation does not occur for the aniso-
choric examples because the deformation is everywhere con-
tractional or zero.

11. Concluding Remarks

Our study demonstrates that SMT was the primary mccha-
nism for deformation within the SJIC wedge. The dominance
of this ductile mechanism down to depths of 18 km is attrib-
uted to the LT-HP conditions in this wedge. What remains
odd is the paucity of brittle faulting within the wedge. Ac-
cording to the Coulomb model [Davis et al.. 1983], a wedge
is only able to slip along its base when it reaches its critical
taper. Erosion and frontal accretion will force the wedge into
a subcritical taper. It is commonly assumed that the wedge re-
gains its critical taper by deforming internally. One might ar-
gue that the Coulomb model is not appropriate for the SIC
wedge given the evidence that SMT was the dominant defor-
mation mechanism inside the wedge. Howcver, we have clear
evidence that accretion of the nappes occurred by brittle
faulting. Thus the base of the wedge had a mixed boundary
condition, involving frictionally generated shear stresses and
accretionary fluxes, exactly as specified for the Coulomb
model,
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Figure 11. The influence of strain magnitude and strain orientation on duchkile thinning. Both plots assume
plane deformation (S, = 1), with Y oriented horizontally and perpendicular to thc deformation plane. (a) The
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Our exhumation model indicates that ductile flow caused -

thinning of the SJC wedge at a rate equal to approximately
one third of the accretion rate. Thus ductile flow acted to-
gether with erosion and frontal accretion to reduce the taper
of the wedge. Some other process must have acted to maintain
the wedge at a critical taper. A relevant question is how much
brittle faulting would be expected if the wedge was main-
taining its taper by internal faulting? Judging from Dahien
and Suppe [1988], the highest brittle strains should occur
when accretion is mainly at the front of the wedge and erosion
is mainly at the back of the wedge. The other end-member is
an actively accreting wedge with no internal deformation,
which occurs when there is uniform accretion along the base
of the wedge and uniform erosion at the surface of the wedge.

We propose a model of distributed underplating to explain
how the SIC wedge maintained its critical taper with little in-
ternal brittle deformation. Erosion, frontal accretion, and slow
ductile thinning will cause a Coulomb wedge to become sub-
critical, but this condition should generally be localized to
only part of the wedge at any particular time. The décollement
beneath the wedge becomes locked beneath the subcritical
segment, but slip remains possible beneath the more rearward
segment where thc overlying wedge is at critical taper. Lo-
calized imbrication and thickening within duplexes along the
slipping portion of the décollcment would allow the taper to
locally increase and the wedge to advance across the locked
segment. In this fashion, the wedge could maintain its critical
taper by underplating, with little to no deforination within the
overlying wedge. This interpretation is consistent with the ba-
sic tenet of the Coulomb wedge model, that the critical taper
condition is defined by the frictional properties of the décol-
lement and the wedge.

We return Lo the question raised above: What controls the
rates of within-wedge deformation? As shown by Dahlen and
Barr [1989], the velocity field within a wedge can be fully
determined by specifying all of the accretionary and erosional
fluxes operating around the boundary of the wedge. In fact, a
unique solution is guaranteed, as long as the velocity field is
irrotational and isochoric, as assumed by Dahlen and Barr
(also see p. 99-184 in Baschelor [1967]). I is too early to state
if these assumptions are realistic. Our observations of coaxial
SMT deformation are consistent with the irrotational assump-
tion, but we do not know if anisochoric ITow actually occurs
at the scale of the entire wedge. Perhaps volume losses ob-
served in our samples are balanced at some intermediate
scale.

The more general point is that diffcrent diswributions ol ac-
cretionary and erosional fiuxes will give slower or faster rates
of internal deformation. Thus the factors controlling the
fluxes into and out of the wedge maybe more relevant to un-
derstanding deformation within the wedge. For the SJIC
wedge the distribution of fluxes was apparently appropriate to
allow the SMT mechanism to accommodate much, if not all,
of the deformation within the wedge. A different distribution
of fluxes might have caused higher strain rates and higher dc-
viatoric stresses, perhaps high enough to activate brittle
faulting within the wedge.
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