Small-Scale Convective Instability and Upper
Mantle Viscosity Under California
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Thermal calculations and convection analysis, constrained by seismic tomography results,
suggest that a small-scale convective instability developed in the upper 200 kilometers of
the mantle under California after the upwelling and cooling of asthenosphere into the slab
window associated with the formation of the San Andreas transform boundary. The upper
bound for the upper mantle viscosity in the slab window, 5 x 10'® pascal seconds, is similar
to independent estimates for the asthenosphere beneath young oceanic and tectonically
active continental regions. These model calculations suggest that many tectonically active
continental regions characterized by low upper mantle seismic velocities may be affected
by time-dependent small-scale convection that can generate localized areas of uplift and

subsidence.

The possible presence and influence of
small-scale upper mantle convection in
oceanic and tectonically active continental
regions is uncertain (I1-3). Seismic tomog-
raphy is providing direct evidence on global
patterns of mantle convection (4, 5), but
high-resolution images are required for the
investigation of small-scale convection in
the upper mantle. We used tomographic
results from central California and tectonic
data on the slab window that developed
after formation of the San Andreas fault
system to characterize the cooling of the
new mantle. Along with an analytical mod-
el of the instability of the cooling mantle,
these observations and constraints provide
an estimate for the upper mantle viscosity
under California.

Until about 30 million years ago (Ma),
the entire western coastline of California
was the site of subduction of the oceanic
Farallon plate. At this time, a section of the
Pacific-Farallon spreading center began to
be consumed under the North American
plate as the San Andreas fault, a new
transform boundary, formed (Fig. 1) (6, 7).
Adjacent to the new transform boundary, a
slab window (upper mantle space that was
previously occupied by a subducting plate)
opened under southern California and
lengthened northward during the past 25 to
30 million years (8). In the slab window,
upwelling asthenosphere replaced the sink-
ing remnants of the Farallon plate and
influenced the tectonics of coastal Califor-
nia (9).

Recent seismic tomography results ob-
tained by several independent groups using
different techniques (linearized inversion
and back-projection) provide coverage of
the upper mantle P-wave velocity varia-
tions under California to depths of ~250
km; the average spatial resolution is ~50
km (10-13). The results (Fig. 2) show the
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presence of a deep high-velocity (>3%)
anomaly north of Cape Mendocino, con-
sistent with subduction of the Gorda plate
under the North American plate there
(11). A second, enigmatic deep region of
high velocity underlies the southern Great
Valley (SGV) to a depth of 230 km
(12-16). This anomaly is separate from
but similar to another high-velocity anom-
aly under the Transverse Ranges, which
was interpreted as downwelling of con-
verging subcrustal lithosphere (15, 17).
The local convergence was related to the
major westward step in the San Andreas
fault at the big bend. Such a model cannot
be used to explain the SGV anomaly,
however, because it is not located in a
region of convergence.

The opening of the slab window under
California provides a natural convection
experiment. Hot upper mantle material was
suddenly emplaced at the base of a relative-
ly cold, thin lithosphere. We assume that
the new mantle cools conductively until
the thermal boundary layer between the
chilled lithosphere and asthenosphere
reaches a critical thickness; then the cool,
dense mantle becomes unstable, detaches,
and sinks (Fig. 3). The sinking mantle
induces an upward counterflow of warm
mantle. This interpretation differs from

that of the Transverse Range anomaly (15,
17) because the high-velocity cool body is
interpreted as dripping off the base of the
lithosphere (16) instead of a being driven
downward by the subduction of subcrustal
lithosphere. We evaluate this model using
reasonable values for upper mantle proper-
ties beneath California and boundary con-
ditions provided by the tectonic history.
The time constraints are the opening of the
slab window at the latitude of the Great
Valley and the time required for the cool
mantle to sink to the depth observed from
tomography. The diameter of the mantle
blob provides a constraint on the estimated
maximum thickness of the thermal bound-
ary layer before it became unstable.

As the thermal boundary layer forms,
the increasing thickness of higher density
mantle will destabilize the lower portion of
the layer. The local Rayleigh number (I8,
19) is

(Ra)* = agATS’p/kp. (1)

where a is the coefficient of thermal expan-
sion (2 X 107° K71), g is the gravitational
acceleration (10 m s™2), p is density (3700
kg m™3), «k is thermal diffusivity (1.5 X
107 m? s7 1), AT is the temperature drop
across a boundary layer of thickness 8, and
p is the dynamic viscosity. When (Ra)*
reaches a critical value of about 1000, the
layer of thickness & becomes unstable and
sinks as a blob in a time period small
compared with the time for the develop-
ment of the instability (Fig. 3) (I8). The
calculation of the thickness and tempera-
ture difference across the boundary layer
requires some assumptions about the tem-
perature-dependent rheology of the mantle.
We follow Parsons and McKenzie (1) and
pick an isotherm of 975°C to represent the
transition from rigid to viscous behavior.
Then AT is measured from the 975°C iso-
therm to another isotherm of yT, where T
is the uniform temperature of the interior
mantle and vy is a constant near 1. We
assume T = 1300°C and vy = 0.97, which
makes AT = 286°C.

To examine the growth of the boundary

Fig. 1. Plate recon-
structions showing the
relative plate motions of
the North American
(NA), Farallon (FA), and
Pacific (PA) plates over
the past 20 million
years. After 10 Ma, the
Farallon plate broke
into the smaller Juan de
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Fuca (JdF) and Gorda

(G) plates. The Mendocino (M) and Rivera (R) triple junctions and the Medocine fault zone (MFZ) are
shown. The shallow, subhorizontal portion of the subducting plate is outlined with horizontal lines,
and the shallow slab window is outlined with stippling. Heavy solid lines are oceanic ridges; heavy
line with barbs is subduction zone; solid lines are faults [including San Andreas (SAF)]; and dashed
lines show state boundaries and indicate internal deformation of NA plate. [Adapted from (7)]
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layer, we solved the one-dimensional heat
conduction equation (20) with initial con-
ditions for an isothermal asthenosphere
(1300°C) emplaced at the base of a 50-km-
thick conductive lithosphere with an initial
12°C km™! geothermal gradient appropri-
ate for a subduction zone (Fig. 4). The
growth of the thermal boundary layer fol-
lows the relation,

8 = (k)2 Q)

where the constant ¢ = 1.5 for our bound-
ary conditions.

The most uncertain parameter in Eq. 1
is the viscosity. Therefore, we used Egs. 1
and 2 to calculate the viscosity required to
produce an instability in a given time (Ta-
ble 1). The results show a range of viscos-
ities between 3 X 10'® and 3 x 10'° Pa s for
times between 5 and 25 My.

The uncertainty of the instability criteri-
on raises the question of the precise meaning
of the critical time for the development of
the instability—is it the initiation time or
does it include some partial development of
the blob—and the sensitivity of the results
to variations in boundary conditions. Some
of these issues were addressed in a numerical
study of two-dimensional transient convec-
tion for the oceanic lithosphere (21). Our
problem is similar to the cooling of oceanic
lithosphere except we start with a litho-
sphere of finite thickness. In the numerical
study (21), the onset time (t,) was defined as
when the amplitude of convection had
grown by an order of magnitude and cold
thermals had formed. To take advantage of
the numerical simulations, we calibrated our
problem to the oceanic one using our calcu-
lated temperature profiles (Fig. 4). After 5
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Fig. 2. Seismic P-wave velocity anomalies in upper mantle beneath California. (A) In map view, dark
solid lines outline major geologic provinces. The stippled area in the southern Great Valley (SGV)
represents the location and size of the SGV anomaly over the depth range of 150 to 190 km. Dashed
line extending from Cape Mendocino to Lake Tahoe (on the California-Nevada border) marks
southernmost extent of the subducting Gorda (GOR) plate. (B) Depth extent of high-velocity
anomalies GOR and SGV in the cross section aa’ from (A). Gray scale represents velocity variations
from —3% (white) to +3% (black). Thus, black areas have velocities >3% higher than the

background velocity [based on results from (712)].
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million years, the temperature profile of the
slab window takes on the shape of the
temperature profile for a 60-km-thick, 30-
million-year-old oceanic lithosphere (this
calibration is dependent on the thickness
and initial temperatures of the overlying
conductive layer). The thermal evolution in
both problems is nearly identical after this
time. Using this equivalency (22), we cal-
culated the critical thickness and corre-
sponding viscosity (for both free and no-slip
boundary conditions) for a range of onset
times (Table 1). The range of viscosity
values (1 X 108 to 5 x 10' Pa s) brackets
the range obtained with the approximate
local Rayleigh number criterion.

If the SGV anomaly is a growing ther-
mal instability, the half width of the feature
corresponds to the boundary layer thickness
(Fig. 3). The diameter is approximately 100
to 150 km, which gives a critical & of
approximately 50 to 75 km. The predicted
thicknesses are marginally too small for the
shorter onset times of 5 and 10 million
years. The results for 15 to 25 million years
give values for 3_ of 45 to 60 km, which are
in better agreement with the seismic results
and are within the geologic time con-
straints. The temperature contrast estimat-
ed from the seismic anomaly is consistent
with a cold thermal drip, within the range
of the laboratory-measured temperature de-
pendence of seismic velocities (23). Con-
sidering both boundary conditions, our
analysis places an upper bound of 5 X 10'°
Pa s and a less certain lower bound of about
1 X 10'8 Pa s for the upper mantle viscosity
in the slab window under California.

Our calculated range of viscosities based
on the local Rayleigh number is similar to
estimates for an upper mantle low-viscosity
layer (24-26) based on constant viscosity
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Fig. 4. Vertical temperature profiles from a
conductive cooling model fortimes ¢t =0, 5, 10,
and 15 million years show the evolution of the
temperatures in the mantle. The intersections of
the temperature profiles with the 975° and
1265°C isotherms defines the growth of the
thermal boundary layer.
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models for the rebound of the Pleistocene
Lake Bonneville shorelines in Utah (25)
and changes in lake levels in Iceland asso-
ciated with load changes from a nearby ice
cap (26), but the range is significantly less
than the estimated average whole mantle
viscosity of 10%! Pa s (27). Observations of
linear topography and gravity anomalies
under young oceanic lithosphere are consis-
tent with convective instability in a mantle
with an average viscosity of 10'8 Pa s devel-
oping within 5 to 10 million years of the
start of plate cooling (28, 29). Therefore,
small-scale convection cannot explain the
70- to 80-million-years flattening of the oce-
anic subsidence rate (29), but other mecha-
nisms can account for this effect (30).

Mantle viscosity is most likely tempera-
ture- and pressure-dependent (29, 31, 32).
Studies of small-scale convection with vari-
able or temperature- and pressure-depen-
dent viscosity (2, 29, 31-33) all agree that
convective instability is possible if the up-
per mantle viscosity is sufficiently low
(about 1 X 108 Pa s). In particular, Buck
and Parmentier (29) predict instability in 5
to 10 million years for an oceanic mantle
with a temperature- and pressure-dependent
viscosity profile with a minimum of 1 X 10'®
Pa s in the shallow asthenosphere. This
result is within the range of viscosity we
calculated using the simple local Rayleigh
number criterion. Previous studies (28, 33)
have noted that for order-of-magnitude esti-
mates of onset time, the local Rayleigh
number criterion is robust, even in compar-
ison with variable viscosity calculations.

In a global upper mantle tomography
study (5), shear velocity variations of £4%
were mapped at depths of 100 to 200 km,
which implies that the upper mantle is
characterized by large domains of high tem-
peratures and the asthenosphere is not ho-
mogeneous. The regions with evidence for
low upper mantle viscosity—California,
Utah, Iceland, east-central Pacific Ocean,
and southern Indian Ocean—are character-
ized by slow upper mantle velocities. From

Table 1. Calculated critical thickness & and
dynamic viscosity of the boundary layer for a
prescribed instability onset time . The calculat-
ed viscosities are based on the local Rayleigh
number criterion (from Eq. 1) and on the equiv-
alency to numerical models with no-slip and free
boundary conditions (bc). My, million years.

Viscosity (10'® Pa s)

t d
My)  (km) Eqg. 1 Not;shp Free bc
c
5 28.5 3.3 1.3 4.0
10 38.7 8.2 3.8 12
15 455 13 7.0 22
20 52.0 20 il 34
25 57.5 27 15 48
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this correlation, we infer that other regions
characterized by slow upper mantle veloci-
ties—such as the western United States,
central America, southwest Pacific, south-
east Asia, northeastern Africa, western Eu-
rope, and Siberia-Alaska—are potential
sites of unstable boundary layers and small-
scale convection in the upper mantle. If
small-scale convection is ubiquitous over
large domains of the Earth, the process will
have important implications for estimates
of global heat loss (34).

We must also consider the effect, if any,
that shallow mantle flow has on the over-
lying crust. The flow’s dynamical stresses on
the elastic layer will generate topography
variations as large as 1 km with lows cen-
tered on the downwelling sites (20, 31). If
the overlying plate is strong and intact, a
downward flexure will form, creating a sed-
imentary basin on the surface (Fig. 5A).
On the other hand, if the plate is weak or
broken along a weak fault and horizontal
compressional forces exist, a localized uplift
can result (Fig. 5B). In either case, when
the blob eventually breaks free from the
boundary layer, abruptly thinning the over-
lying plate, the subcrustal forces will be
relieved, and some form of uplift will occur
(32). The convective instability under the
southern Great Valley may be partially
responsible for the increase in tectonic sub-
sidence of the southern San Joaquin Valley
basin that began about 16 Ma and contin-
ues to the present (35). The downward
forces and flanking counterflows may have
contributed to the westward tilt and uplift
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Fig. 5. Schematic drawings of the geologic
consequences of the interaction of an upper
mantle downwelling current with an overlying
plate. (A) In the case of a strong plate, the
dynamic forces induced by the convection
causes a downward flexure with a depositional
basin at the surface. (B) In the case of a weak
or broken plate, compressional forces can pro-
duce a localized uplift.

SCIENCE *

VOL. 261 * 23 JULY 1993

of the adjacent southern Sierra Nevada
mountains (Fig. 5A). Farther south, per-
haps another mantle downwelling occurs
beneath the San Andreas fault, and the
surface manifestation is the compressional
Transverse Ranges astride the big bend in
the San Andreas fault. Kinematic modeling
cannot distinguish whether downwelling
caused the big bend in the San Andreas or
if the big bend induced the local subduction
in the mantle (15). In the case of the
southern Great Valley anomaly, it is diffi-
cult to envision a mechanism by which the
200-km-deep mantle blob is a consequence
of crustal convergence. On the other hand,
if the mantle flows are primary (once initi-
ated by the opening of the slab window),
both the SGV and Transverse Range anom-
alies and their disparate surface manifesta-
tions can be explained.
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Transcription Factor TFIIB Sites Important for
Interaction with Promoter-Bound TFIID

Shinya Yamashita,* Koji Hisatake, Tetsuro Kokubo, Katsumi Doi,}
Robert G. Roeder, Masami Horikoshi, Yoshihiro Nakatani::

Transcription initiation factor TFIIB recruits RNA polymerase Il to the promoter subsequent
to interaction with a preformed TFIlID-promoter complex. The domains of TFIIB required
for binding to the TFIID-promoter complex and for transcription initiation have been de-
termined. The carboxyl-terminal two-thirds of TFIIB, which contains two direct repeats and
two basic residue repeats, is sufficient for interaction with the TFIID-promoter complex. An
extra 84-residue amino-terminal region, with no obvious known structural motifs, is required
for basal transcription activity. Basic residues within the second basic repeat of TFIIB are
necessary for stable interaction with the TFIID-promoter complex, whereas the basic
character of the first basic repeat is not. Functional roles of other potential structural motifs

are discussed in light of the present study.

Transcription of eukaryotic protein-encod-
ing genes requires at least five general tran-
scription initiation factors (TFIIB, TFIID,
TEIE, TFIF, and TFIH) in addition to
RNA polymerase II (I). The first step in
preinitiation complex formation involves
TFIID binding to the TATA box in the
promoter region, a process that may be facil-
itated by TFIIA. Subsequently, TFIIB binds
to the TFIID-promoter complex and acts as a
bridging factor to incorporate RNA polymer-
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ase II into the complex and to specify the
transcription initiation site (2). It has been
proposed that TFIIB (3), as well as TFIID (1),
are targets for the acidic activation domain on
the transcriptional activator VP16. There-
fore, exploring the mechanism by which
TFIIB interacts with the TFIID-promoter
complex is necessary for understanding tran-
scription initiation and regulation.

The isolation and characterization of
cDNAs encoding TFIIB from human (4),
Xenopus (5), yeast (2), and Drosophila (6,
7) showed that TFIIB contains a Zn(Il)-
finger, imperfect direct repeats, bacterial
o-factor sequence similarities, and basic
repeats. To understand the functional sig-
nificance of these structural motifs, we con-
structed a series of TFIIB mutants and
tested each mutant for basal transcription
activity and the ability to interact with the
TFIID-promoter complex.

A series of NH,-terminal deletions were
constructed (Fig. 1A) (8) and the ability of
the mutant proteins (Fig. 1D) (9) to support
basal transcription was tested in a TFIIB-
dependent reconstituted transcription sys-
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