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FRANCISCAN COMPLEX DEFORMATION 77 

antiforms and synforms which mainly trend 
140-160° with a plunge of 10-20°. In rare cases, 
the folds trend 100-110° with plunges of 10-20°. 
Restoration of limb dips involve 10-40° rotation 
about these fold axes. The corrected data are 
designated as 'unfolded' in Tables 4 and 5 ,  
whereas the original, uncorrected data are desig­
nated as 'present coordinates' (Tables 3 and 5) .  
In most cases, the 'unfolding' correction pro­
duces only a modest change in the orientation of 
the individual measurements. Tensor averages 
for each study area (Table 5) are also little 
affected by the 'unfolding' corrections. 

Finite strain 

Yolla Bolly Mountains. The field orientations of 
the measured finite-strain axes show scattered 
orientations (Fig. 4, Table 3). In the Yolla Bolly 
terrane, cleavage typically has a moderate dip 
and a variable strike. X generally plunges gently 
within the cleavage plane. Stereograms of 
'unfolded' principal directions (Fig. 7) reveal a 
well-defined subvertical maximum for Z and a 
sub horizontal girdle for X with maxima plunging 
gently to the NE and SW. The maxima in the 
stereograms have similar orientations to the 
principal directions of the average strain tensor 
(Table 5), which are shown as open squares in 
Fig. 7. 

Modes indicate that the sandstones are made 
up of 3-34% fibre by volume. S x shows a rela­
tively wide scatter, ranging from 1 .06 to 1 .52. S2 
ranges from 0.53 to 0.77, and Syranges from 0.70 
to 1 . 19 with the data split evenly between con­
strictional (Sy < 1) and flattening (Sy > 1) strain 
types (Fig. 8b). The tensor average (Sx:Sy:Sz = 

1 .02:0.96:0.75, Table 5) indicates little shortening 
in X and Y at the regional scale. What may seem 
odd about this result is that the tensor average 
for S x falls outside the range of individual S x 
values. The reason is that the individual strain 
tensors do not share the same principal direc­
tions. In particular, because X and Y are variable 
at the local scale, local variations in S x and Sy 
tend to be averaged out, which accounts for why 
the tensor averages for S x and Sy are c. 1 .  

The principal directions for sandstones from 
the Valentine Springs Formation of the Pickett 
Peak terrane are similar to those from the Yolla 
Bolly terrane (Fig. 4, Tables 3 and 4), but the 
tensor average (Sx:Sy:Sz = 1 .16:0.86:0.53, Table 
5) indicates smaller Sy and S2 values and a 
slightly larger S x value. 

Leech Lake Mountain. The field orientations of 
the finite-strain axes and the orientation of 
cleavage are similar to those in the Yolla Bolly 

Mountains (Fig. 5, Table 3). The only difference 
is that the average X is horizontal in a NW -SE 
direction, as indicated by the tensor average and 
the stereograms (Table 5, Fig. 7). Fibre modes 
for individual samples are between 0% and 
29%,  with three samples lacking fibres at all. The 
absolute stretches range from 1 .00 to 1 .36 for S x, 
0.66 to 1 .09 for Sy, and 0.50 to 0.81 for S z. The 
tensor average is Sx:Sy:Sz = 1 .06:0.91 :0.66 
(Table 5). 

Diablo Range. The field orientations of the 
finite-strain axes and the cleavage attitudes 
resemble those in the Yolla Bolly Mountains and 
at Leech Lake Mountain (Fig. 6, Table 3) . This 
area is similar to the Yolla Bolly Mountains in 
that the average X is horizontal in a NE-SW 
direction (Table 5, Fig. 7). Fibre modes for indi­
vidual samples are between 2% and 23% .  
Absolute stretches for S x range from 1 .01 to 
1 .30. S y is once again both constrictional and 
flattening (Fig. 8b) with values ranging from 0.60 
to 1 .09. Sz ranges from 0.45 to 0.70. The tensor 
average gives principal stretches of Sx:Sy:Sz = 

0.95:0.83:0.69. 

All areas combined. The tensor averages indi­
cate that SMT deformation at the regional scale 
was similar in all three study areas. This result is 
remarkable given that the study areas are spaced 
over a distance of c. 500 km along the Franciscan 
margin. The grand tensor average for all strain 
measurements gives Sx:Sy:Sz = 0.96:0.92:0.70 
(Table 5), which indicates contraction in Z but 
almost no strain in X and Y. This deformation is 
best viewed as plane strain uniaxial shortening, 
with the shortening in Z balanced by a compar­
able mass-loss volume strain. The average Z 
direction is subvertical and indicates moderate 
vertical thinning of the wedge. 

Volume strain 

All Eastern Belt sandstones show significant 
compactional volume strains, ranging from 4% 
to 66% with an average of 38% (Table 5). We 
reiterate that these measurements represent 
mass-loss volume strains, because they are 
defined by the difference between the loss of 
mass from the detrital grains and the precipi­
tation of new mass in the fibre overgrowths (Fig. 
8d). As noted above, other sources of volume 
strain, such as changes in porosity or average 
mineral density, are considered to have been 
unimportant during SMT deformation and to 
have had no significant influence on our PDS 
and mode measurements. Our modal measure­
ments provide a complete inventory of the 

http://sp.lyellcollection.org/


78 U. RING & M. T. BRANDON 

volume of grains, selvage, and fibre in each 
sample. Thus, we contend that the missing mass 
has moved beyond the scale of an individual 
rock sample. 

At the outcrop scale, there is no evidence of a 
sink for this missing mass. Modal measurements 
performed at Leech Lake Mountain along line 
traverses across outcrops show that veins make 
up no more than 3% by volume of a typical 
outcrop with the average about 1 % . We con­
clude that SMT deformation was accomplished 
by a relatively large flux of fluid that was able to 
dissolve the grains and transport the dissolved 
load over great distances (several kilometres 
and perhaps more). Work in progress in the 
Central and Coastal Belts of the Franciscan indi­
cates that the missing mass was not precipitated 
there. This leaves us with two options: either the 
missing mass was precipitated at a deeper level 
within the wedge, or it left the wedge entirely, 
perhaps carried by fluids that were vented on the 
sea floor or subducted into the mantle. 

SMT deformation included both closed and 
open exchange involving local precipitation of 
fibre overgrowth and wholesale loss of mass 
from the rock (Fig. 8d). The open-system 
exchange was apparently controlled by dis­
solution and removal of the more soluble 
components of the rock. In contrast, the closed­
system exchange was controlled by grain-scale 
transport of the relatively insoluble components 
of the rock. The presence of relatively Al-rich 
phases in the fibre overgrowths, such as phen­
gite, chlorite, and lawsonite, is consistent with 
the very low solubility of AI species in a normal 
metamorphic fluid. Thus, the growth of the 
extensional fibres is probably well approximated 
by the closed-system Coble creep mechanism 
(Elliott 1973) , whereas the mass-loss volume 
strain must be related to the dissolution and 
transport properties of an advecting fluid. 

Internal rotation 

For individual samples, the measured internal 
rotation axis is commonly subparallel to Y 
(Table 3) .  The rotation axes vary considerably at 
the local scale and show no systematic patterns 
in map view. Their distribution is similar to that 
observed for the Y directions. Internal rotation 
angles are generally small, with ni < 1 oo in all but 
two samples. Individual measurements of W* m 
are generally <0.4 (Table 3; Fig. 8c ) .  

The tensor-averaged internal rotation axes 
(Table 5; centre stereograms in Fig. 7) show con­
siderable variation between the study areas. 
Furthermore, there is no longer any parallelism 
between the rotation axes and Y. These results 

might be due to the fact that the average internal 
rotation angles and kinematic vorticity numbers 
for the study areas are very small, with ni <3° 
and W* m <0.26 (Table 5). The main conclusion is 
that SMT deformation in the Eastern Belt sand­
stones was close to coaxial, both at the local and 
regional scale. 

Discussion 
Our study provides only a preliminary view of 
deformation in the Franciscan wedge. None the 
less, it challenges many first-order predictions 
about deformation in accretionary wedges. 
Cloos & Shreve (1988) argued that subduction­
related accretionary wedges are dominated by a 
strongly shearing flow, but our results show only 
low-magnitude coaxial deformation. Almost all 
wedge models assume isochoric deformation, 
which forces a balance between shortening and 
extension, but our results indicate that mass-loss 
volume strains are an integral part of the defor­
mation. It is commonly inferred that dislocation 
glide becomes important in wedges that are 
thicker than about 15 km (Davis et al. 1983; 
Pavlis & Bruhn 1983) but our observations indi­
cate that the SMT mechanism remained the 
dominant ductile deformation mechanism to 
depths of 25-30 km in the Franciscan wedge. 
Wakabayashi (1992) has argued that margin­
parallel linear fabrics in the Franciscan Complex 
might have been produced by oblique conver­
gence but our results indicate that when aver­
aged at the regional scale, margin-parallel 
ductile strains are close to zero. 

Issues that remain unresolved in our study 
include the role of shear partitioning, either as 
spin of beds or blocks or as enhanced non­
coaxial deformation in mudstone-rich units. The 
sandstone units that we have sampled show no 
evidence of large spin-induced rotations (i.e. 
rigid rotations). We have no quantitative infor­
mation about deformation in mudstone litholo­
gies, which occur as interbeds in turbidite 
sequences and in local melange units. We note, 
however, that mudstones typically make up less 
than 40% of the Eastern Belt, and are even less 
common in the Yolla Bolly terrane, which is 
dominated in many places by massive sand­
stones. Mudstones of the Eastern Belt do not 
show any unusually strong fabrics, which sug­
gests that the degree of deformation is not 
greatly different from that measured in the sand­
stones. Furthermore, the mudstones do not 
appear to be unusual in composition, which 
might be the case if the mass dissolved from the 
sandstones was precipitated in adjacent mud­
stone units. These issues are being addressed by 
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work in progress, but nothing has been found yet 
to suggest that our preliminary inferences here 
are incorrect. 

Ductile fabrics at Del Puerto Canyon 

We have already outlined the proposal of Platt 
(1986) that the Eastern Belt was exhumed by 
normal slip on the Coast Range fault zone. Sub­
sequent work has indicated that much of what 
we now see as the Coast Range fault zone 
formed during Cenozoic time above an east­
ward-moving tectonic wedge or triangle zone 
(Wentworth et al. 1984; Glen 1990; Unruh et al. 
1995; Wakabayashi & Unruh 1995) . 

Harms et al. ( 1992) proposed that the Del 
Puerto area (Fig. 6) might preserve an older 
record of Coast Range faulting because the 
gentle dip of the fault zone at Del Puerto indi­
cated that it was little affected by Cenozoic tec­
tonic wedging. Harms et al. (1992) reported the 
presence of a 'mylonitic lineation' in Yolla Bolly 
terrane sandstones exposed directly below the 
Coast Range fault zone at Del Puerto Canyon 
(Fig. 6) . They argued that an anastomosing SMT 
cleavage present in the sandstone was analogous 
to S-C fabrics typically found in high-tempera­
ture metamorphic rocks (Berthe et al. 1979) . The 
direction and sense of shear inferred from this 
fabric were variable (fig. 3 in Harms et al. 1992): 
out of a total of 22 measurements, 13 were top­
east, seven top-west, and two top-north. The 
predominance of top-east indicators was taken 
as evidence for a normal sense of shear within 
the easternmost Franciscan Complex and, by 
inference, across the Coast Range fault zone as 
well. This interpretation predicts strong non­
coaxial ductile deformation within the eastern­
most Franciscan Complex. 

We were not able to directly sample the S-C 
fabrics of Harms et al. (1992) because of private 
property restrictions. None the less, some of our 
samples are from Del Puerto Canyon (Fig. 6) 
and at least one is adjacent to or within the pro­
posed ductile shear zone. We did not see any 
mylonitic rocks in the field, and low strain mag­
nitudes indicate that none of our samples from 
Del Puerto Canyon and adjacent areas have a 
mylonitic fabric (see Nos 41-56 in Table 3). The 
strain results do indicate large local variations in 
X in the Del Puerto area (Fig. 6). Internal rota­
tion axes are also variable in orientation, but 
ductile deformation appears to have been 
approximately coaxial (W*m < 0.35). Linear 
fabrics are present at the local scale, but our 
tensor-averaged results indicate that there was 
little to no extension associated with regional­
scale ductile deformation (see Yolla Bolly 

terrane, Mount Hamilton area, in Table 5) .  
Deformation measurements for rocks contain­
ing the S-C fabrics of Harms et al. ( 1992) are 
needed before this problem can be fully 
resolved. However, at present, our deformation 
measurements are difficult to reconcile with the 
interpretation of a normal-sense ductile shear 
zone within the easternmost Franciscan 
Complex. 

Viscous versus Coulomb wedges 

Our results do not provide a definitive test of 
Platt's ( 1986) viscous wedge model but they do 
help to characterize the nature and magnitude of 
ductile flow within the Franciscan wedge. We 
have shown that strain magnitudes were low, 
despite the relatively deep accretion and long 
residence time of the Eastern Belt rocks. The 
largest strains are in the Z direction and indicate 
an average of c. 30% shortening. Assuming a 
coaxial deformation and residence times of 
60-30 Ma, these shortening strains would 
require average strain rates of (2 to 4) X 10-16 s-1, 
which is 2-25 times slower than the 10-14 s-1 
strain rates anticipated by Platt (1986). This 
comparison is crude, and ignores the fact that 
strain rates are clearly not uniform throughout 
the wedge. None the less, the point we want to 
emphasize is that the magnitudes of SMT strains 
in the Franciscan wedge are fairly small. From 
this we infer that the stability of the Franciscan 
wedge is probably better represented by the 
Coulomb wedge criterion than by a viscous 
wedge criterion as advocated by Platt (1986). 
We infer that the SMT mechanism operated as a 
background deformation process. Ductile 
strains were fast enough and residence times 
long enough for the rocks to develop a fabric, 
but they were probably too slow to significantly 
influence the stability of the wedge. 

Platt ( 1986) argued that underplating could 
drive the upper part of a viscous Franciscan 
wedge into extensional failure which would allow 
syn-convergent tectonic exhumation. This inter­
pretation, however, is probably only tenable for a 
viscous wedge. Dahlen (1984) showed that accre­
tion alone was not capable of driving a 
convergent Coulomb wedge from a thrust­
dominated taper (Region I in the taper stability 
plot of Dahlen (1984)) to a taper where normal 
faults are active (Regions II and III of Dahlen 
(1984)). Such a transition would require a signifi­
cant decrease in dip and/or strength of the 
decollement. Krueger & Jones (1989) and Harms 
et al. (1992) have argued that the transition to a 
shallowly subducting slab during the Laramide 
orogeny might have triggered extensional failure 
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of the Franciscan wedge. The decollement dip for 
modern accretionary wedges is generally <8° 
(Davis et al. 1983). Thus, the amount of rotation 
of the wedge caused by shallowing of the 
Laramide slab was probably <8°. This amount of 
rotation would not be sufficient to cause exten­
sional failure in a Coulomb wedge unless the 
decollement was very weak (Dahlen 1984). A 
weak decollement might result from high pore 
fluids at the base of the wedge or rheological 
changes, such as the thermal activation of dislo­
cation-controlled ductile flow (Pavlis & Bruhn 
1983). 

Exhumation by ductile thinning 

Ductile deformation may not have been an 
important factor in controlling the stability of 
the Franciscan wedge, but ductile thinning did 
contribute to exhumation. Feehan & Brandon 
(1999) introduced a one-dimensional steady­
state model to estimate the contribution of 
ductile deformation to exhumation of a generic 
accretionary wedge (Fig. 9). The model tracks 
the vertical progress of a material point through 
a steady-state wedge from its site of initial accre­
tion at depth Zb to its exhumation at the surface 
of the wedge at z = 0. Ductile thinning is defined 
as the change in thickness of the overburden 
above a material point because of ductile defor­
mation within the overburden. To estimate the 
contribution of ductile thinning to exhumation, 
it is necessary to specify L(z), which is the veloc­
ity-gradient tensor as a function of depth. 
Ductile SMT deformation is considered to be 

the primary deformation mechanism that oper­
ated within the Franciscan wedge. Based on the 
simple coaxial fabrics observed in our samples, 
we infer that the principal strain rates for SMT 
deformation remained constant in direction and 
polarity throughout the wedge. To mimic this 
condition, L(z) is scaled so that its components 
increase linearly with depth. As discussed by 
Feehan & Brandon (1999), a rheologically based 
rate law would be preferable but one is not avail­
able. A depth-proportional relationship pro­
vides a reasonable first-order approximation 
given that silica solubility, mean effective stress, 
and deviatoric stress are all expected to increase 
with depth. 

The kinematic model assumes a steady-state 
wedge, where the rates of basal accretion a, 
ductile deformation L(z) ,  and near-surface 
exhumation caused by erosion e and shallow 
normal faulting 'i} all remain constant with time 
(Fig. 9). If the steady-state assumption were 
correct, then all material points within the over­
burden would have experienced the same defor­
mation history as the material point being 
tracked. We can solve for specific values for L(z) 
given the fact that integration of L(z) along the 
material path through the wedge should give the 
finite strain and internal rotation measured in 
exhumed rocks. The EXHUME program (Feehan 
& Brandon 1 999) was used to calculate results 
reported here. 

It is difficult to evaluate if and when the Fran­
ciscan wedge achieved a steady-state configura­
tion, defined by an accretionary flux into the 
wedge equal to the erosional flux out of the 

e erosion normal 
velocity gradient exhumation rate 

tensor with depth for material point 

orogenic 
axes 

<J I 11 faulting 
L(z) 0'..--+---+ 

Fig. 9. Exhumation model of Feehan & Brandon (1999) illustrating the relationship between basal accretion, 
ductile flow, and exhumation in a steady-state wedge. A particle enters the base of the wedge at Zb, where it 
starts to deform in a ductile manner as it moves upward through the wedge. The rate of basal accretion is 
indicated by a, and the deformation rate along the exhumation path is represented by the velocity gradient 
tensor L(z), which is assumed to increase linearly with z. The rate of exhumation, which changes along the 
exhumation path, is equal to the sum of the rate of ductile thinning of the overlying cover 3 (z), and rate of 
thinning by shallow normal faulting T) ,  and the erosion rate 8. The model assumes a steady-state wedge, where 
accretion, ductile flow, erosion and normal faulting remain constant with time. Orogenic axes T and V indicate 
the across-strike and vertical directions, respectively. 
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forearc high. The general inference is that an 
accretionary wedge will gradually approach a 
steady-state configuration as long as the rate of 
accretion and the internal state of the wedge 
remain fairly constant with time. As an example, 
Brandon et al. (1998) estimated that about 
20-50 Ma are needed to achieve a steady-state 
configuration at the Cascadia accretionary 
wedge. 

Our strain results indicate that the horizontal 
strain rate through the Franciscan wedge was 
probably contractional throughout the entire 
wedge. In this case, the only way that the wedge 
could have reached a steady state would have 
been by emergence and erosion of the forearc 
high. Sedimentological data indicate strong 
uplift on the west side of the Great Valley basin 
starting at 84-75 Ma (Moxon & Graham 1987; 
Moxon 1988) . We have already summarized evi­
dence that uplift and exhumation in the Francis­
can forearc high had brought the Eastern Belt to 
the surface by Paleocene time (66-55 Ma) (e.g. 
Berkland 1973). Therefore, we infer that the 
Franciscan forearc high became emergent some­
time in latest Cretaceous time, but no earlier 
than c. 84 Ma. By then, the accretionary wedge 
had been growing for some 75 Ma. If the wedge 
was exhumed mainly by erosion, then it seems 
likely that it reached a steady state during latest 
Cretaceous and early Tertiary time. To be con­
sistent with our steady-state assumption, we 
limit our analysis here to the Yolla Bolly terrane, 
which was accreted and exhumed during this 
period of time. 

To solve for the best-fit parameters, the 
EXHUME program iterates through a series of 
guesses to find parameters that give the 
observed amount of exhumation and finite strain 
(see Feehan & Brandon (1999) for details of 
best-fit calculation). Residence time and depth 
of accretion are taken from Table 1 .  The tensor 

averages in Table 5 are used to represent the 
ductile deformation. The results of the calcu­
lation (Table 6; Fig. 10) indicate that ductile 
strain contributed about 8-13% to the overall 
exhumation. This low value reflects the fact that 
ductile strains are fastest at depth as prescribed 
by the depth-proportional relationship for L(z). 
The contribution would be even less if L(z) 
increased nonlinearly with depth. Conversely, a 
constant L(z) would give the largest contri­
bution, about 12-19%,  but such a constant 
deformation rate with depth seems unlikely. 

Thus, we conclude that ductile thinning 
accounts for only about c. 3 km of the exhuma­
tion of the Eastern Belt. The remaining c. 24 km 
must have been accommodated by some other 
process such as normal faulting or erosion. We 
have already noted that there is no direct evi­
dence for normal faulting in the Franciscan 
Complex. Thus, we suggest that erosion might 
have been the dominant exhumation process. 
The predicted rates, c. 0.4-0.8 km Ma-1 , are not 
unusual for erosion of an emergent forearc high. 
For instance, Brandon & Vance ( 1992) and 
Brandon et al. (1998) estimated that the long­
term erosion rate for the Olympic Mountains 
segment of the Cascadia forearc high ranged 
from 0.3 to 0.75 km Ma-1. By analogy to the 
Olympic Mountains, we envision that most of 
the sediments eroded from the Franciscan 
forearc high were transported to the west and 
redeposited in trench-slope basins and in the 
trench itself (Ring & Brandon 1994) . This would 
account for why there is so little evidence in the 
Great Valley basin for deep erosion of the 
forearc high (Wakabayashi & Unruh 1995). 

The model calculation also provides vertically 
averaged ductile strain rates parallel to the prin­
cipal directions of the Franciscan wedge (T, P, 
and V in Table 7). We can use these values to 
make a rough estimate of how much plate 

Table 6. Results of exhumation calculations for the Yolla Bolly terrane using a depth-dependent rate for ductile 
deformation 

Rates (km Ma-l) Integrated values 

Study areas a o (zb) e + 'Yi  B e + T] 0 
(km) (km) (%)  

(o  + e + TJ) 

Yolla Bolly Mountains 0.54 0.12 0.42 2.2 23 .8 8 
Leech Lake Mountain 0.59 0.20 0.39 3 .5 22.5 13 
Diablo Range 1 .10 0.33 0.73 3.3 24.7 12 

a, basal accretion rate; S(zb), vertical ductile thinning rate for a point at depth Zb, the base of the wedge; e + 'Yi, 
combined exhumtion rates for erosion e and normal faulting 'fi; o, amount of exhumation caused by 
vertical ductile thinning; e + TJ, amount of exhumation caused by erosion e and shallow normal faulting T]; 
o + e + TJ,  total exhumation; o/(o + e + TJ), relative contribution of ductile thinning to exhumation. 
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Voi la Bolly terrane 
(northern California) 

'E 1 o t---+---+---��---+-----+-<llll.d o. 7 
:.. 
= 1 5  1=---_l-----,.�rJ�-_j_�Z--� 0 .8 
Q. 
-8 20 �------:olll�---+---+----+------+---4 0. 9 

3o ���������� 
0 1 0 20 30 40 50 

5 

1 0  

1 5  

20 

Voi la Bolly terrane 
(central California) 

3o ���������� 
0 1 0  20 30 

time since accretion [m.y.] 
Fig. lO. Strain and exhumation paths estimated for the Yolla Bolly terrane. For this calculation, the rate of 
ductile deformation was assumed to increase linearly with depth. See Tables 6 and 7 for numerical results. 

Table 7. Strains and vertically averaged strains rates for SMT deformation in the Yolla Bolly terrane 

Unit and study area Across-strike ( T) Parallel-to-strike (P) Vertical (V) 

Yolla Bolly terrane, +0% -6% -23% 
Yolla Bolly Mtns +4 X 10-18 s-1 -4 X 10-17 s-1 -2 X 10-16 s-1 

Yolla Bolly terrane, -6% +2% -34% 
Leech Lake Mtn -4 x l o-17 s-1 +2 X 10-17 s-1 -2 X 10-16 s-1 

Yolla Bolly terrane, -8% -15% -31 % 
Diablo Range -8 X 10-17 s-1 -2 X to-16 s-1 -4 X to-16 s-1 

Strains and strain rates were calculated using averages from Table 5 for 'unfolded' data and assuming a depth­
dependent deformation rate. Maximum strain rates would be twice the vertically averaged rates given 
here. Average strike of Franciscan wedge is about 155°. 

convergence was accommodated by ductile 
deformation within the Franciscan wedge. The 
average across-strike strain rate indicates a hori­
zontal shortening rate <0.25% Ma-1 (T in Table 
7) . This upper bound probably holds for the 
more outboard part of the wedge, which was 
thinner and cooler, and therefore should have 
had even lower rates of ductile shortening. The 
width of the actively deforming accretionary 
wedge was probably <200 km. Thus, the rate of 
convergence accommodated by within-wedge 
ductile flow was probably <0.5 km Ma-1 . Con­
vergence rates at the Franciscan margin were 
about 100 km Ma-1 (Engebretson et a/. 1985), 
which means that c .  6000 km of oceanic crust 
would have been subducted in 60 Ma. Our esti­
mates suggest that <30 km of this convergence 
was accommodated by within-wedge ductile 
deformation. From this we infer that the wedge 

remained largely decoupled from the subducting 
plate. The fact that rocks within the wedge were 
able to form significant ductile fabrics is due to 
their long residence time in the wedge. 

Conclusions 
This paper presents the first comprehensive 
study of ductile deformation in the Franciscan 
wedge. The Franciscan Complex is often con­
sidered to be the prototypical sediment-rich 
accretionary wedge and therefore our results 
should have broad implications for other sub­
duction-related wedges. Our major conclusions 
are as follows: 

(1) Ductile deformation was slow within the 
Franciscan wedge, probably because of the low 
thermal gradients that typify this setting. SMT 
was the most active ductile mechanism and 
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appears to have remained so to depths of 25 and 
30 km. Even so, the slow rates for SMT defor­
mation indicate that it operated as a background 
deformation process and probably had little 
influence on the stability of the wedge. 

(2) At the regional scale, SMT deformation 
was characterized by uniaxial vertical shortening 
with little to no strain in the horizontal. Vertical 
shortening was accommodated by a pervasive 
mass-loss volume strain, averaging about 38%. 
There is no evidence of where the dissolved 
mass went, so we are forced to consider large­
scale transport by an advecting fluid. Unlike 
many other strain studies, our methods have 
allowed us to measure absolute strains associ­
ated with SMT deformation. As a result, our 
estimates of mass-loss volume strains are based 
on direct measurements and cannot be easily 
dismissed. The reliability of our results are sup­
ported by their consistency over such a large 
region of the Eastern Belt, and by the fact that 
tensor averages for each study area indicate a 
deformation that is consistent with plane strain 
across the Franciscan wedge. 

(3) Within-wedge ductile deformation was 
nearly coaxial at the regional scale. This result 
poses a serious challenge for geodynamic 
models that postulate strongly shearing flows 
within the wedge or for tectonic models that 
advocate normal-sense ductile shear zones along 
the eastern side of the Franciscan wedge. 

(4) Ductile thinning can account for about 
10% of the exhumation of the Eastern Belt 
rocks. The remaining c. 24 km of exhumation is 
attributed to erosion of an emergent forearc 
high. We show that the inferred rates of erosion, 
between 0.4 and 0.8 km/ Ma-1, are reasonable 
when compared with modern erosion rates for 
the Cascadia forearc high. 
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