Shear heating not a cause of inverted metamorphism
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accretion. Metamorphic and thermochronologic data from the Sierra Pelona mountains and
East Fork (San Gabriel River) exposures of the
Pelona Schist (Fig. 1) are used to estimate, based
on a formal inversion of the model parameters,
the influence of shear heating on the formation
of inverted metamorphism and the effects of
uncertainty regarding input parameters.

ABSTRACT
An archetypal example of inverted metamorphism purportedly resulting from shear heating is found in the Pelona Schist of southern California (United States). Recent studies demonstrate that the Pelona Schist was subducted and accreted at the onset of Laramide flat
subduction under thermal and kinematic conditions not considered in earlier numerical models. To test the shear heating hypothesis under these conditions, we constructed a thermokinematic model of flat subduction initiation involving continuous accretion of the schist. A
neighborhood algorithm inversion demonstrates that available metamorphic and thermochronologic constraints in the Sierra Pelona mountains are satisfied only if accretion rates
were 0.2–3.6 km/m.y and shear heating was minimal (shear stress 0–19 MPa). Minimal shear
heating is also consistent with an inversion of models constrained by thermochronology of
the East Fork (of the San Gabriel River) exposure of the schist. Shear heating inhibits the
formation of modeled inverted gradients during accretion and should not be considered an
important factor in their generation.
INTRODUCTION
The interpretation of inverted metamorphic
gradients is a long-standing issue in geodynamics with relevance to lithospheric stress levels
and crustal dynamics (e.g., England and Molnar, 1993; Jamieson et al., 1996). Shear heating
has long been considered a potential cause of
inverted metamorphism beneath thrusts (e.g.,
Graham and England, 1976; Le Fort, 1975)
because it provides a heat source that (1) may
generate an instantaneous inverted geotherm
(e.g., Graham and England, 1976), and (2) could
explain peak temperatures at the tops of inverted
gradients that are often higher than expected.
A commonly cited (e.g., Cooper and Norris,
2011; Nabelek et al., 2010; Pitra et al., 2010)
example of inverted metamorphism ascribed
to shear heating is the Pelona Schist in the
San Gabriel Mountains of southern California
(United States). To model the metamorphism of
the Pelona Schist, Graham and England (1976)
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and England and Molnar (1993) estimated shear
stress (τ) on the overlying subduction thrust to
be ~100 MPa, an extremely high and debatable
value (e.g., Harrison et al., 1999; Kidder and
Ducea, 2006). Peacock (1987) demonstrated
that heat conduction from a hot upper plate
during early stages of subduction could reduce
required τ to ~40 MPa. These models, however,
(1) neither incorporate accretion nor reflect the
modern consensus (e.g., Grove et al., 2003;
Saleeby, 2003) that the schist was accreted during early stages of flat and shallow subduction,
and (2) were not tested against thermochronologic data, specifically coupled detrital zircon
and Ar/Ar data limiting schist deposition, accretion, and cooling to within a time interval of
~10 m.y. (Grove et al., 2003).
We investigate the formation of inverted
metamorphism in the Pelona Schist using a twodimensional (2-D) thermokinematic model of
flat subduction initiation and continuous schist
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GEOLOGIC BACKGROUND
Two major tectonic units comprise the San
Gabriel Mountains (Fig. 1): Late Cretaceous
upper plate calc-alkaline intrusions and their
metamorphic framework, and lower plate
Pelona Schist (Ehlig, 1981). The Pelona Schist
is part of a group of Late Cretaceous, Franciscan-affinity trench and possibly forearc sediments structurally juxtaposed beneath plutonic
rocks of slightly older age across southern California (Fig. 1A). The schists are contiguous at
depth with a thickness of >10 km (Porter et al.,
2011). Schist emplacement and flat subduction
coincided with the subduction of a large igneous
province (Liu et al., 2010; Saleeby, 2003). Plate
convergence at the time was ~100 km/m.y. (e.g.,
Liu et al., 2010). Subduction was extremely
shallow, juxtaposing schist against plutonic
rocks ~300 km inboard of the trench at depths
of ~30 km (Grove et al., 2003; Saleeby, 2003).
The schists were metamorphosed at ~0.8–1 GPa
(Chapman et al., 2011; Graham and Powell, 1984; Jacobson, 1995; Kidder and Ducea,
2006). In the few places where finite strains
can be estimated, X/Z axial ratios are generally high (>8; Chapman et al., 2010). Isoclinally
refolded folds are widespread (Jacobson, 1983).
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Figure 1. A: Map of southern California (United States) and vicinity showing Pelona Schist and related schists in blue. B: Map of San Gabriel
Mountains (after Ehlig, 1981). C: Cross section of Sierra Pelona showing inverted metamorphic gradient (following Graham and England, 1976).
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FORWARD AND INVERSE MODEL
DESCRIPTION
The forward model is a 2-D modification of
the finite element program Pecube (Braun, 2003)
with flat topography. The grid size is 250 m.
Thermal diffusivity is assumed to be 25 km2/
m.y. Radiogenic heat production is based on
the geochemical analysis of Brady et al. (2006)
in the southern Californian arc (Table 1). The
model begins with separate geotherms for the
continent and material to be subducted (forearc
and oceanic crust). Subduction occurs on a fault
with ramp-flat geometry. A thin layer along the
top of the subducting slab is continuously added
to the base of the upper plate in an accretion
zone (Fig. 3). Tracers record the thermal histories of upper plate particles in the accretion
zone and the schist as it is added to the upper
plate. Accretion begins when the first particles
subducted from the surface reach the accretion

Structural depth (km)

THERMOCHRONOLOGIC AND
THERMOBAROMETRIC DATA
Exposed structural thicknesses of the Pelona
Schist in the Sierra Pelona and East Fork are
~1 and ~4 km, respectively (Ehlig, 1981). In
the Sierra Pelona, garnet-hornblende temperature estimates decrease from ~620 °C at
uppermost levels of the schist to ~480 °C at a
structural depth of 600–700 m (Fig. 2; Graham
and Powell, 1984). Inverted metamorphism
has not been detected in the (entirely) greenschist facies East Fork schist. Available thermobarometric data, Ar/Ar cooling ages (Grove
and Lovera, 1996; Jacobson, 1990; Miller and
Morton, 1980), and ages of youngest detrital
zircons (Grove et al., 2003) are plotted versus
structural depth in Figure 2.
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The schist was accreted either gradually (e.g.,
continuous accretion mechanism; Peacock,
1987) or episodically. We assume that accretion
occurred at a constant rate based on the high
strains and substantial thickness of the schist
and the absence of observed major internal
shear zones (Jacobson, 1995).
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zone. Shear heating throughout the medium is
the product of the strain rate tensor and stress
(e.g., Graham and England, 1976). The model is
purely kinematic, with strain occurring only on
fixed surfaces (Fig. 3) of thickness dictated by
the grid spacing. A single uniform stress magnitude is assumed throughout the model, hence
shear heating is a linear function of strain rate.
Thermal boundary conditions and additional
information on the model are given in the GSA
Data Repository1.
A neighborhood algorithm inversion (Sambridge, 1999) was used to find satisfactory
models and determine ranges of input parameters permitted by constraints. Nine parameters varied independently: five geometric and
kinematic variables depicted in Figure 3, the
initial geotherms of continent and subducted
crust, radiogenic heat production, and shear
stress (τ). Allowed values for the nine parameters are within plausible ranges given geologic
uncertainty (Table 1). (For further information

Figure 2. Thermochronologic (temperature,
T ) and metamorphic constraints (colored
symbols; see text for sources) and results
from best-fit models (gray) for two Pelona
Schist localities. A: Sierra Pelona mountains. B: East Fork (San Gabriel River). Gray
numbers label six constraints used to compare model results to geologic data: (1) time
taken to cool from 300 to 150 °C at point
10 km above thrust; (2) time taken to cool
from 500 to 300 °C at point 3.5 km above
thrust; (3) time between cooling through
~300 °C 1 km and 7 km above schist; (4) peak
metamorphic temperature in schist at depth
of 200 m; (5) magnitude of inverted metamorphic gradient between depths of 200 and
650 m; (6) age difference between youngest
detrital zircon in schist and Ar/Ar cooling
age of upper plate or schist (see Table 2).
Gray lines depict values of these constraints
for best-fit models; e.g., in A, there is good
match between model results (inclined gray
line) and metamorphic data (dark purple).
hbl—hornblende; ms—muscovite; kfs—potassium feldspar; bt—biotite; zrn—zircon.
Numerical values and uncertainties for each
criterion are given in Table 2.

on the geotherms and heat production parameters, see the Data Repository.) Consistency with
independent constraints was based on the least
squares misfit function ψ,
ψ=

2
1 N ( x i ,m − x i ,o )
,
∑
N i =1
σ 2i

(1)

where xi,o are the values of up to five metamorphic and thermobarometric constraints (Fig. 2),
xi,m are the corresponding model results, and σi
is the standard deviation (where available) or
estimated error of the constraints (Table 2).
Two inversions were run, one each for the two
schist localities.
RESULTS
Figure 4 demonstrates how thermochronologic data and inverted metamorphism are reproduced by depicting the thermal evolution along
particle paths predicted by a model with low
misfit. (For examples of the 2-D thermal evolution of the model, see the Data Repository.)

TABLE 1. MODEL INPUT VARIABLES AND RANGES, AND OUTPUT VALUES FROM BEST-FIT MODELS

Allowed
Sierra Pelona
East Fork
Figure 4 model

Convergence
rate
(km/m.y.)

Trench-schist
distance
(km)

Accretion rate
(km/m.y.)

Underplate
width
(km)

Subduction
depth
(km)

Ocean crust
age*
(m.y.)

Arc temp at
30 km†
(°C)

Shear stress
(MPa)

Heat
production§
(%)

80–130
118
98
126

140–250#
179
170
386

0.1–10
1.1
0.8
0.6

20–150
102
124
115

20–40
35
26
33

30–50
39
42
32

450–700
696
455
627

0–100
3
22
5

50–150
78
90
83

*Oceanic geotherm follows Turcotte and Schubert (2002).
†
Continental geotherm is an oceanic geotherm (Turcotte and Schubert, 2002) passing through these values.
§
Heat production varies 50% higher and lower than the profile estimated by Brady et al. (2006).
#
Trench-schist distances up to 400 km were allowed in the Figure 4 model.

1
GSA Data Repository item 2013247, details of initial and boundary conditions, scatter plots comparing nine input parameters, and modeled thermal structure with
time, is available online at www.geosociety.org/pubs/ft2013.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.
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Figure 3. Model geometry
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blue—accreted schist. Light blue shaded area—sediments that will become schist. Deformation (and accompanying shear heating) occurs only along thin deformation zones
(gray) and plate boundary.
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TABLE 2. MODEL CONSTRAINTS DEPICTED IN FIGURE 2
1. K-feldspar
(m.y. ± 1σ)

Sierra Pelona
East Fork

NA
13.2 ± 4.7

4. Peak
2. Hornblende– 3. ΔBiotite age
temperature
K-feldspar
(m.y. ± 1σ)
(°C ± 1σ)
(m.y. ± 1σ)
NA
15.5 ± 2.2

NA
8.4 ± 5.6

5. Inverted
6. Zircon
gradient
(m.y. ± 1σ)
(°C/km ± 1σ)

587 ± 50
460 ± 50

180 ± 25
NA

10.0* ± 2.0
13.5† ± 5.1

*Minimum age difference between youngest detrital zircon (68 ± 2 Ma) and Ar/Ar muscovite (58.2 ± 1) at depth
~0.5 km in the schist.
†
Minimum age difference between youngest detrital zircon at a depth of 3 km in the schist (69 ± 5 Ma), and
Ar/Ar K-feldspar 300 °C cooling age (55.5 ± 1 Ma) 3.5 km above contact.

DISCUSSION
No shear heating is required to successfully
model the inverted metamorphism and thermochronologic data (Fig. 5). The modeled inverted
metamorphic gradients result from cooling during continuous accretion (type 2 inverted gradient
of Peacock, 1987). Peak metamorphism of upper
levels of the schist is generally reached during
accretion (e.g., Fig. 4), thus the rate of cooling
of the accretion zone divided by the accretion
rate equals the recorded gradient. Shear heating
actually inhibits the formation of the modeled
gradients (Fig. 6) because it reduces the cooling
rate. This relationship was not observed in earlier Pelona Schist models (England and Molnar,
1993; Graham and England, 1976; Peacock,
1987) because they did not incorporate accretion.
High τ of ~100 MPa (England and Molnar,
1993; Graham and England, 1976) is not only
unnecessary to explain inverted metamorphism
in the Sierra Pelona, but prohibited (in this
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Figure 5 shows how misfit varies as a function of
τ and accretion rate. Well-fitting models (ψ < 2)
require an accretion rate of 0.1–3.6 km/m.y.
and τ < 19 and τ < 58 MPa, respectively, for the
Sierra Pelona and East Fork schists. The Sierra
Pelona model requires a minimum initial décollement temperature of ~600 °C. The remaining
six parameters are not well correlated with fit
(see the Data Repository), indicating that the
results are independent of assumptions about
heat production, convergence rate, accretion
zone geometry, and the thermal profile of the
downgoing plate. Best-fit model parameters are
given in Table 1. Results are compared to geologic constraints in Figure 2.
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Figure 5. Results of neighborhood algorithm
inversions for southern California localities.
A: Sierra Pelona mountains. B: East Fork
(San Gabriel River). Each dot corresponds
to model run; color indicates least squares
misfit ψ between observations and predictions. A ψ value of 1 is equivalent to 1σ average misfit. Models are plotted in order of decreasing ψ such that better models overlay
poorer models. Good models (blue) are limited to low τ and low accretion rates. Best-fit
models are plotted as white squares. Models
with accretion rates >5 km/m.y. are shown in
the Data Repository figures (see footnote 1;
all have high misfits).
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Figure 4. Thermal (temperature, T ) evolution
of model showing how inverted gradient is
progressively produced during continuous
accretion. Selected model shows good fit to
both East Fork and Sierra Pelona (see text)
constraints. Contours are based on thermal histories of 70 particles (some far traveled) that end up in center of accretion zone.
Numbers indicate time (m.y.) since model
initiation. Inverted gradient in upper 4 km of
schist is assembled between 3.1 and 10 m.y.
and does not coincide with thermal gradient
that existed at any one time. The ~25 °C upper plate temperature increase between 0 and
2 m.y. is due to minor shear heating (shear
stress, τ = ~5 MPa). Shear heating is superposed on overall cooling pattern and reduces
recorded inverted gradient (see Fig. 6).

kinematic family of models). Maximum allowed
τ is 19 MPa in the Sierra Pelona inversion. As
low τ is also required to reproduce inverted
metamorphism and thermochronologic data in
the Himalaya (Herman et al., 2010), we know
of no remaining inverted metamorphic gradients
associated with high rates of shear heating.
The model we hypothesize for schist emplacement is testable. At accretion rates ~1 km/m.y.,
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Figure 6. Inverted gradients (inv. grad.) as
function of τ for the best-fit models (see
Table 1). Gradients decrease with increasing
τ (others are variables are held constant at
values given in Table 1). High-τ noninverted
gradients are not plotted. No models (n =
227,000) plot within labeled void.

detrital zircons should be ~4 m.y. younger at
the bottom of the East Fork section than at the
top. Alternatively, the models of Graham and
England (1976) and England and Molnar (1993)
allow for youngest zircons at the top of the schist.
The results can also be tested against τ estimated
in rock samples using recrystallized grain size
piezometry, a tool that may be significantly more
accurate than previously recognized (Kidder et
al., 2012).
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