discussion for a single geometry. The behav-
ior reported here is quite universal in
boundary lubrication by simple fluids. We
have also studied different values of €ys, Twr,
and normal load; different crystal faces and
shear directions; solid walls with much
higher density than the fluid; amorphous
walls generated by the rapid quenching of a
fluid state; and even the effect of introduc-
ing vacancies in the film. In each case,
similar stick-slip behavior occurs. What
changes are the values of f, fm, and v, and
the plate separation k. at which stick-slip
behavior starts. For example, we find that
increasing the degree of corrugation in the
wall-fluid potential increases fm, vc, and he.

When the walls are amorphous, the order
induced in the fluid is no longer crystalline.
Instead, a glassy structure that minimizes
the wall-fluid interaction is observed. This
leads to larger fluctuations in f;, but the
qualitative behavior is similar. Glassy states
may also be formed by long-chain molecules
between ordered plates because the relax-
ation of these molecules is slow (8). The
interplay between molecular structure and
ordering during stick-slip motion is an im-
portant issue for future work.

Another open question is whether stick-
slip motion is caused by analogous mecha-
nisms in other systems. The ordered static
and disordered sliding states need not corre-
spond to solid and fluid structure in an
intermediate film. Instead, in the case of
solid-on-solid sliding, they may correspond
to states with and without chemical bonds
or elastic deformations that increase the
coupling between plates. For example, stick-
slip motion of a weak solid over a hard solid
leaves behind patches of the weak material
(1), suggesting periodic welding of the sur-
faces followed by cracking. These and other
possibilities remain to be explored.
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Pressure Dependence of Elastic Wave Velocity for 3-
Mg,SiO, and the Composition of the Earth’s Mantle

GABRIEL D. GWANMESIA, SALLY RIGDEN, IAN JACKSON,

RoOBERT C. LIEBERMANN

The pressure dependence of the elastic wave velocities for hot-pressed, elastically
isotropic polycrystals of the B (modified spinel) phase of magnesium orthosilicate
(Mg,SiO,) has been determined at room temperature to 3 gigapascals (GPa) by
ultrasonic pulse interferometry. Pressure derivatives of the bulk (dK/dP = 4.8) and
shear (dG/dP = 1.7) moduli derived from the travel times of the compressional (P) and
shear (S) waves clearly demonstrate that the velocity contrast between the olivine and 8
phases of Mg,SiO, decreases with increasing pressure. When combined with plausible
values for the (as yet unmeasured) temperature derivatives, these new data can be used
to calculate the contrast in P and S wave velocities across an olivine—f3 phase
transformation occurring at pressure-temperature conditions corresponding to about
400 kilometers depth in the earth. The seismologically observed contrasts AV in both
P and S wave velocities constrain the percentage of orthosilicate in a model mantle of
uniform chemical composition for appropriate relative magnitudes of the temperature
(T) derivatives of the bulk and shear moduli for the § phase. Allowed combinations of
orthosilicate content (percent), dK/dT, and dG/dT (both in gigapascals per Kelvin) for
a pair of recent seismological models with AV = AVg = 4.6% include (65, —0.018,
—-0.020), (55, —0.015, —0.018), and (45, —0.012, —0.016).

CONTINUING CHALLENGE FOR
Earth scientists has been to deter-
mine the relative contributions of
isochemical phase transformation and chem-
ical stratification to the discontinuous in-
creases of seismic wave velocity with depth
that characterize the transition zone (400 to
670 km depth) of the earth’s mantde. A
detailed knowledge of the chemical compo-
sition of the earth’s mantle is vital in placing
constraints on the early formation of the
carth and on its thermal and chemical evolu-
tion.
Pioneering studies (1) suggested that
phase transformations might play an impor-

G. D. Gwanmesia and R. C. Liebermann, Mineral
Physics Institute and Department of Earth and Space
Sciences, State University of New York at Stony Brook,
Stony Brook, NY 11794.

S. Rigden and I. Jackson, Research School of Earth
Sciences, Australlan National University, Canberra,
A.C.T., 2601, Australia.

tant role in explaining the velocity and den-
sity structure of the transition zone. Subse-
quently it was demonstrated that the domi-
nant minerals of the upper mantle (olivine
and pyroxene) transform to more close-
packed crystal structures under the pressure-
temperature conditions of the transition
zone (2) and that these transformations are
likely to produce relatively sharp seismic
discontinuities (3). In particular, the discon-
tinuous increase in seismic wave velocity
near 400 km depth has been attributed at
least in part to the transformation of
(Mg,Fe),S10, olivine to the B phase (4).
More quantitative assessment of the na-
ture of the 400-km discontinuity has been
facilitated by measurements under ambient
conditions of the elastic properties of single-
crystal B-Mg,SiOy; these studies revealed
that there is a ~13% contrast in elastic wave
velocities between the olivine and B phases
(5, 6). However, the conclusions of recent
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analyses (7) of the composition of the transi-
tion zone, which involve extrapolation of
these measurements to high pressure and
temperature, are sensitive to the values as-
sumed for the pressure and temperature
derivatives of the elastic moduli. In this
report we present measurements of the pres-
sure dependence of the elastic wave veloci-
ties for B-Mg,SiO4 and use these results,
along with plausible estimates of the corre-
sponding temperature derivatives, to con-
strain the proportion of orthosilicate in the
vicinity of the 400-km seismic discontinuity
for an isochemical model mantle.

Samples of the high-pressure phases of
Mg,SiO,4 of moderate size can now be syn-
thesized because of the development of
large-volume high-pressure systems in Japa-
nese laboratories. These systems are capable
of simulating the conditions throughout the
transition zone and into the uppermost part
of the lower mantle while providing a uni-
form thermodynamic environment for the
sample being synthesised. Dense isotropic
polycrystals of the B phase of Mg,SiO4 have
recently been successtully hot-pressed in a
2000-ton uniaxial split-sphere apparatus
(USSA-2000) at pressures of 15 GPa and
temperatures of 1000°C (8). Specimens
were characterized by x-ray diffraction and
by optical and electron microscopy.

Two cylindrical specimens (#786 and
#897) (8) were chosen for ultrasonic char-
acterization at high pressures. Elastic wave
travel times were measured for P and S wave
propagation along the cylindrical axis for
cach specimen and also normal to the cylin-
drical axis for sample #897 as a check on
possible elastic anisotropy.

Elastic wave travel times were measured
with the phase comparison method of ultra-
sonic pulse interferometry (9) at pressure in
a liquid-medium piston-cylinder apparatus
(10, 11). Access to a wide frequency range is
a major advantage of this method for the
characterization of relatively small speci-
mens. Earlier studies of sintered polycrystals
of standard materials have indicated that
these methods yield pressure derivatives
consistently within 10% of those calculated
from the results of single-crystal studies
(11).

The variation with pressure of the travel
times for P and S waves was used to correct
the velocities and associated elastic moduli
for pressure-induced dimensional changes
(12) (Fig. 1). For pressures greater than
~1.4 GPa (13), linear velocity-pressure
trends are observed that extrapolate to ve-
locities marginally higher than those mea-
sured at atmospheric pressure. These extrap-
olated velocities are depressed by 1.8% for P
waves and 0.5% for S waves below the mean
of the Hashin-Shtrikman bounds calculated
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Fig. 1. Variation of elastic wave velocity with
pressure for B-Mg,SiO, specimen B786; squares
are high-pressure data; circles indicate measure-
ments at ambient pressure. For both compres-
sional (A) and shear (B) waves, the high-pressure
data extrapolate to values slightly greater than
those measured at 1 atm. Rectangles show Ha-
shin-Shtrikman bounds calculated from single-
crystal elastic moduli (5) for an ideal, isotropic
polycrystalline aggregate; error bars are +1%.

from single-crystal elasticity data (5). How-
ever, within the mutual uncertainties associ-
ated with the ultrasonic (+0.25%) and Bril-
louin spectroscopic  (+1%) techniques,
these atmospheric pressure data are in good
agreement.

In order to facilitate the consistent extrap-
olation of these results to the much higher
pressures of the transition zone, the shear
(G) and compressional (Mp = K + 4G/3,
where K is the bulk modulus) moduli have
been fitted to functions of the Eulerian
strain e(e = [1 — (p/po)*”]/2, where p is the
density) as follows:

G = (1 — 2&)"*(M, + Mae)
Mp = (1 = 2&)*(L, + Lae)

)
)

The coefficients of these polynomials are
related to the bulk and shear moduli and
their pressure derivatives at zero pressure
(dK/dP and dG/dP) (14).

Values of dK/dP and dG/dP obtained for
the B phase in this way are given in Table 1.
The preferred values of dK/dP = 4.8 and
dG/dT = 1.7 are those from specimen
B786. Those from specimen 3897 demon-
strate that the experiments are reproducible,
even though the travel time—dispersion
curves are more complicated for this speci-
men as a consequence of its smaller size and
less regular shape. Moreover, the data from
897 in the z and x directions are identical,
which clearly shows that these hot-pressed
polycrystalline specimens are elastically iso-
tropic, not only at atmospheric pressure (8),
but also in the pressure dependence of their
wave velocities. Also included in Table 1 are
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= ) S waves :{)O—kntl‘ it
= 12 ] iscontinuity
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Fig. 2. Percentage change in velocity across the
olivine (a) to B spinel phase transition in
Mg,SiOy for both P and S waves as a function of
pressure at ambient temperature. In both cases
pressure reduces the contrast, but the effect is
more dramatic for P waves. At the pressure of the
400-km seismic discontinuity (dashed line), the
contrast is ~9% for P waves and ~11% for S
waves.

Table 1. Pressure derivatives of elastic moduli for
the B and olivine phases of Mg,SiO4. Numbers in
parentheses are estimated errors in last significant
digit and include allowances for possible system-
atic errors in the experiments. The z direction
(dir) is parallel to the cylindrical axis of the
specimen; the x direction is perpendicular to the
cylindrical axis.

Sample dK/dP dG/dP

B-Mg,Si0,

B786 4.8(2) 1.7(1)

B897, = dir 4.7(2) 1.9(1)

B897, x dir 4.7(2) 1.9(1)

D&A* 4.9 1.8
Mg,S10; olivinet 5.4 1.8
*Estimate from (16). TFrom (6).

the predictions based on empirical systemat-
ics among the so-called {DLA} parameters
(15, 16). In view of the scatter of the data
about these trends, the pressure derivatives
for the B phase were surprisingly well pre-
dicted.

The new data for the pressure dependence
of the elastic moduli for the B phase provide
a firmer basis for the discussion of the
magnitude of the 400-km seismic disconti-
nuity and the composition of the transition
zone than has hitherto (4-6, 15-18) been
possible. A number of recent upper mantle
body wave studies indicate that the velocity
contrast across the discontinuity near 400
km depth is 3.8 to 4.9% for P waves and 4
to 5% for S waves (19). There is thus no
clear requirement that the velocity contrasts
tor P and S waves be different. Therefore we
use the results from two recent models (20)
with velocity contrasts of 4.6% for both P
and S waves in our analysis. At ambient
conditions, the olivine to B phase transfor-
mation results in an increase of ~13% in
velocity for both P and S waves (Fig. 2). If
the magnitude of this contrast were pre-
served at high pressure and temperature,
then matching the size of the 400-km dis-
continuity would require ~35% orthosili-
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cate in the mantle.

However, our experimental data demon-
strate that the velocities of both P and S
waves increase less rapidly with increasing
pressure at ambient temperature for the
phase than for the olivine phase of
Mg,Si0;. This results in a marked decrease
in the velocity contrast between the two
polymorphs at pressures corresponding to
400 km depth (Fig. 2) and a higher inferred
orthosilicate content (42% for S waves,
51% for P waves) for the model mantle with
AVp = AVs = 4.6%.

For more complete analysis of this prob-
lem, the temperature derivatives of the elas-
tic moduli are also required. Because these
are yet to be measured and can probably not
be estimated with sufficient precision, the
approach we adopt is to determine plausible
combinations of dK/dT, dG/dT, and ortho-
silicate content of the model mantle that
provide a quantitative explanation of the
magnitude of the observed discontinuity in
seismic wave velocities near 400 km, under
the assumption that this discontinuity is due
solely to an isochemical transformation from
olivine to the B phase.

In order to extrapolate to the conditions
in the deep earth, we first correct densities
and elastic moduli for composition and tem-
perature at atmospheric pressure following
the approach taken by Duffy and Anderson
(16). The relevant temperature is the poten-
tial temperature [1300°C (21)] at the zero-
pressure intercept of the appropriate mantle
adiabat. Third-order Eulerian finite-strain
adiabats are then constructed to project den-
sities and elastic moduli, and hence wave
velocities, to the pressures at depth.

The sparse measurements of dG/dT and
dK/dT for mantle minerals and relevant
close-packed oxides fall between the follow-

Fig. 3. Tradec-off between

ing bounds (in gigapascals per Kelvin):
—0.014 > dK/dT > -0.021; —-0.010 >
dG/dT > —0.024 (22). The values of dK/dT
and dG/dT required, along with the newly
measured pressure derivatives, to yield a
velocity contrast of 4.6% for both P and S
waves across the 400-km discontinuity are
indicated by the bold curve of Fig. 3. As the
temperature derivatives increase in magni-
tude along this curve, the inferred orthosili-
cate content of the model mantle increases
from ~40% to ~70% as indicated. Allowed
combinations of orthosilicate content (in per-
cent, dK/dT, dG/dT (in gigapascals per Kel-
vin) for AVp = AVs = 4.6% thus include
(65%, —0.018, —0.020), (55%, —0.015,
—0.018), and (45%, —0.012, —0.016).

The relatively minor displacements of this
curve induced by changes of +100°C in the
potential temperature are shown by the ver-
tical bars. However, the effect of perturbing
the seismologically inferred relative velocity
contrast (so that AlVp # AVs) is far more
dramatic. The filled circles on the bold curve
are displaced along the broken lines by
changes of +0.5% in AVp (that is, to 5.1
and 4.1%, respectively) at constant AV,
and vice versa, at fixed orthosilicate content.
In all cases a strong trade-off between the
two temperature derivatives and implied
orthosilicate content is evident.

It is interesting to compare our inferred
values of dK/dT and dG/dT, required of the
B phase for consistency with the isochemical
model mantle (Fig. 3), with those measured
in the laboratory for other minerals (22); in
general, data for silicates, oxides, and ionic
solids imply that 1dG/T! is less than
IdK/dT1, whereas our soluticns all require
that 1dG/dT| is greater than |dK/dT. Alter-
natively, we have also plotted in Fig. 3 the
measured values of the parameters for man-

0.024
1dK/dT| and 1dG/dT| and
the inferred composition 0.022
(orthosilicate content) of a ’
model mantle as discussed
in the text. The heavy solid oo
line represents calculations %
at a potential temperature % 0.018
of 1300°C with a seismic _ =
velocity contrast for both
P andt}é waves of 4.6% at S|§ oo
the 400 km discontinuity. 7
Vertical bars show the ef- 0.014 @ paa BWwan
fect of changing tempera- x1
ture by =100°C. The out- 0.012 - . : ;
lying solid lines represent 0.010 0.012 0.014 0.016 0.018 0.020
the effect of a *0.5% %-} (GPa/K)

change in AVp or AV as

indicated in the inset. Tie lines labeled with orthosilicate content (in percent) correspond to (3AVp) =
*+0.5% at constant AV (lines with short dashes of slope ~0) and to (3AV5) = +0.5% at constant Alp
(lines with long dashes of slope ~—3/4). Also shown are the measured values of these parameters for
mantle minerals given in table 1 of Duffy and Anderson (16): 1, (Mg,Fe),SiO, olivine; 2, MgO; 3,
Al O35 4, Cas(AlLFc),S1;0,, garnet. Recent estimates of temperature derivatives are also shown on this
figure: B&W, Bina and Wood (17); DLA, Anderson (15); D&A, Duffy and Anderson (16), W&,

Weidner and Ito (18).
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tle minerals given in table 1 of Duffy and
Anderson [D&A (16)]. Although 1dG/dT!
for olivine and garnet falls below the range
of our inferred values, the data for the close-
packed oxides of MgO and Al,Os fall within
or above this range. Thus, we conclude that
the values of 1dG/dT| and |dK/dT! inferred
for an isochemical model mantle are not
unreasonable in view of the available experi-
mental data.

The results of earlier attempts to estimate
these temperature derivatives (15-18) are
also shown on Fig. 3. The values of Weidner
and Ito (18) are not strictly comparable with
the present calculations because their esti-
mated pressure derivatives are not the same
as the values we measured. The values esti-
mated by Dufty and Anderson (16) and by
Bina and Wood [B&W (17)], however, are
most directly comparable because their esti-
mated pressure derivatives agree within ex-
perimental error with those measured in this
study. The analysis described above shows
that the temperature derivatives estimated
by these workers, applied to an isochemical
model mantle, lead to calculated velocity
contrasts with a ratio AVp/A Vs substantially
different from unity (~0.8 for the values of
D&A and ~1.3 for those of B&W), for
which there is no compelling seismological
evidence.

The value of the newly measured pressure
derivatives has been illustrated by these cal-
culations. However, definitive testing of the
hypothesis whereby the 400-km discontinu-
ity is the result of the olivine—f phase trans-
formation in a model mantle of uniform
composition must await the measurement of
the temperature derivatives of the elastic
moduli. For the same reason, no attempt has
been made at this stage to model the velocity
gradients within the transition zone.
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Methylation of an Immediate-Early Inducible
Gene as a Mechanism for B Cell Tolerance Induction
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Stage-specific gene regulation is important in determining cell function during
development. Immature B cells expressing membrane-bound immunoglobulin M
(mIgM) are sensitive to antigen-induced tolerance, whereas mature B cells are
activated by antigen. Previous studies have established an association between Egr-1
gene induction and antigen receptor (mIgM)—mediated activation of mature B cells.
Here it is shown that the immature B cell line WEHI-231 and tolerance-sensitive bone
marrow—derived B cells do not express Egr-1. It is further shown that lack of inducible
expression in these cells is due to specific methylation of the Egr-1 gene. Thus, covalent
inactivation of an activation-associated gene may explain tolerance sensitivity at

specific stages of B cell development.

HE DEVELOPMENTAL PROGRAM LEAD-
ing to mature murine B cells can be
divided into windows defined by
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antigen receptor and phenotypic marker
expression on the cell surface and by cellular
responses of the B cells. Immature murine B
cells express mIgM only, whereas mature
murine B cells express both mIgM and mem-
brane-bound immunoglobulin D (mIgD) (1).
Recognition and binding of antigen to
mIgM on mature murine B cells results in
activation as defined by entry into the cell
cycle (2) or competence for subsequent T
cell-derived progression signals (3). In con-
trast, signaling through mIgM on immature

murine B cells results in a negative response
manifested by a state of induced unrespon-
siveness or tolerance (4). This phenomenon
is believed to be responsible for the deletion
or functional inactivation of those cells that
recognize self-antigens.

Differential expression of growth-related
genes may account, at least in part, for the
different growth responses observed in im-
mature versus mature B cells. This hypothe-
sis is supported by studies of the expression
of Egr-1, an immediate-early gene that en-
codes a transcriptional regulatory factor (5,
6). Egr-1 is inducible in mature murine B
cells (7) and in the phenotypically mature
murine B cell line, BAL-17 (8-10), after
mlIgM is cross-linked with antibodies to
IgM (anti-p) or after stimulation with TPA
(12-O-tetradecanoyl phorbol-13-acetate) (7).
Induction by these signals is associated with
a positive growth response (7). In contrast,
Egr-1 induction does not accompany anti-p.
or TPA stimulation of the murine B cell line,
WEHI-231 (7, 10), which possesses a stable
immature B cell phenotype (10-14). Fur-
thermore, this lack of Egr-1 expression is
associated with a negative growth response
in these cells to mIgM-generated signals,
which is manifested by an inhibition of
proliferation leading to eventual cell death
(7, 13). These results demonstrate an associ-
ation between Egr-1 gene expression and the
transduction of mIgM signals into positive
B cell growth responses.

To determine if a nontransformed popu-
lation of cells analogous to WEHI-231 cells
exists in vivo, we examined Egr-1 expression
in mIgM-positive (mIgM ™) cells from adult
mouse bone marrow. Because these cells
were of the immature phenotype (mIgM™,
mlIgD™) and did not manifest a positive
activation response to signaling through
mlgM (15), we reasoned that they belonged
to the tolerance-sensitive B cell population
previously defined (4). We observed no
detectable induction of Egr-1 expression in
mIgM™ cells in response to TPA stimulation
(16) (Fig. 1, A and B). This result contrasts
with that observed in mature splenic B cells
(Fig. 1, C and D). Identical results were
obtained after stimulation with anti-p (17).
Thus, a population of cells analogous to
WEHI-231 cells exists in adult mouse bone
marrow. Further molecular studies aimed at
defining the causative factors responsible for
the lack of inducible Egr-1 expression in
immature B cells were hindered by difficul-
ties in maintaining the cells in culture and
the heterogeneity inherent in primary cell
populations. Thus, we used the WEHI-231
cell line as a model system for studying this
stage of B cell development.

We considered the following as explana-
tions for the inability of anti-w or TPA to
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