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Laboratory hypervelocity impact experiments in which quartz was shock-loaded from 42
to 56 gigapascals imply that type A pseudotachylites form by strain heating and contribute
to the loss of strength of rocks in the central uplift of large impact structures. Shock
impedance-matched aluminum sample containers, in contrast to steel containers, pro-
duced nearly single-wave pressure loading, and enhanced deformation, of silicate sam-
ples. Strain heating may act with shock heating to devolatilize planetary materials and
destroy extraterrestrial organic material in an impact.

Meteorite impact is the most cataclysmic
planetary geologic process operating in our
solar system. During the formation of an
impact crater, rocks are subjected to enor-
mous transient pressure and deformation
causing phase transitions, melting, and va-
porization. Large impacts produce a tran-
sient cavity in the crust that immediately
rebounds, forming a flat-floored crater with
a central peak, or in the case of the largest
impacts, a multi-ring basin.

Some impact-induced features that oc-
cur in rocks from both large and small cra-
ters have been synthesized in laboratory
shock experiments (I). Other features
found in abundance only in larger impact
structures, such as shatter cones and
pseudotachylites (a fine-grained, dark gray
or black rock that resembles tachylite, a
volcanic glass) (2), are difficult to repro-
duce in laboratory shock experiments, sug-
gesting a significant dependence on scale.
Although the pressures experienced by
rocks in small and large impacts are com-
parable, the principal difference is in the
amount of strain to which the rocks are
subjected. Laboratory experiments have
simulated the pressure but not the strain
produced by impact. To investigate the or-
igin of strain heating and the production of
pseudotachylites, we have conducted a se-
ries of experiments using shock recovery
systems that enable us to vary the strain
experienced by the sample during shock
loading. We produced glassy veins of black
material in quartz that are analogous to
pseudotachylites found in the central por-
tion of large impact craters.

Pseudotachylites are bodies of melted
and pulverized rock formed in situ by fric-
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tional melting and are found in large impact
structures (3) and along some tectonic
faults (4). Workers have identified two va-
rieties of impact pseudotachylites that differ
in size and timing of formation (5). Type B
pseudotachylites are large dike- or sill-like
masses (centimeters to several hundred
meters in width and up to kilometers in
length) and commonly occur along discrete
faults. They are analogous to, though usu-
ally larger than, tectonic pseudotachylites
and are formed by frictional heating as a
result of large amounts of slip along a fault
surface. Type B pseudotachylites have been
produced experimentally with the use of
friction-welding devices (6), demonstrating
that friction melts in rock can be produced
by high-speed slip along a fault surface. At
the Sudbury impact structure, type B
pseudotachylites (known as Sudbury Brec-
cia) define the basin-bounding rings of the
structure (7).

Type A pseudotachylites are smaller
(<1 mm to several millimeters in width)
and are found mainly in bedrock expased in
the central parts of large impact structures.
They form a distinctive network of veins
throughout the rock rather than occurring
along discrete fault surfaces. In some cases,
type A pseudotachylites are found along the
surface of shatter cones (8). Martini report-
ed that small type A pseudotachylites in
quartzite from the Vredefort impact struc-
ture in South Africa contain coesite and
stishovite (9). Disrupted clasts of rock con-
taining type A pseudotachylite have also
been observed in dikes of type B pseudo-
tachylite (5). These features suggest that
type A pseudotachylites form before type B
pseudotachylites during the initial compres-
sion and excavation of the crater (7), but
their exact mechanism of formation, and
the implications for impact cratering, have
not been well understood.

To achieve production of pseudotachy-
lites, we used a sample capsule similar in
geometry to those used in earlier studies
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(10) but made of aluminum instead of steel.
The sample and capsule were contained by
a large fixture made of a strong titanium
alloy (11). Aluminum, with a density of 2.7
g/em?, has a shock impedance much closer
to that of silicates (in this case quartz, den-
sity 2.65 g/cm?) than to that of steel. The
shock impedance match produces nearly a
single loading pulse in the sample, rather
than a reverberation or “ring-up” to high
pressure, as for steel capsules. This single-
wave loading produces a greater rise in tem-
perature than the quasi-isentropic loading
of a ring-up experiment and we believe
more realistically approximates the single-
shock pressure rise during meteorite impact.
Lateral deformation of the sample takes
place on release from high pressure, analo-
gous to the deformation that occurs during
the excavation stage of crater development.
Despite being held in the strong Ti-alloy
fixture, samples held in Al capsules undergo
more than three times the radial strain of
samples held in steel (12) and shocked to
the same pressure.

We enclosed disks of synthetic high-pu-
rity cross-cut single crystal quartz [used in
previous studies including (10)] in Al and
steel capsules and shock-loaded the samples
to 42 to 56 GPa (13) using the 6.5-m two-
stage light gas gun at Lawrence Livermore
National Laboratory. Samples recovered
from Al capsules consisted of transparent
amorphous SiO, cut by radial and concen-
tric veins filled with a black glassy material
(Fig. 1, A and B). The transparent regions of
the sample show variable low birefringence
under cross-polarized light indicating signif-
icant residual strain in the amorphous ma-
terial. The regions with the highest birefrin-
gence have the densest spacing of veins.
Overall, the density of veins increased with
pressure. In contrast, a sample shock-loaded
to 56 GPa in steel capsules was transparent
throughout, showed no birefringence under
cross-polarized light, and had only a few
small, irregular fractures localized in the
central portion of the sample (Fig. 1C). The
total radial strain (13) of the 56-GPa sample
held in Al was 60%, whereas it was only
20% for the sample held in steel and shock-
loaded to the same pressure.

Analyses of the samples by x-ray diffrac-
tion and Raman spectroscopy showed that
the black glass consists of a mixture of
nanocrystalline Al (derived from the cap-
sule) and Si and amorphous SiO,. The
amount of Si and Al increased with pres-
sure, and the highest pressure sample con-
tained 1 to 2% Si by weight (14). Trans-
mission electron microscopy (TEM) images
and electron diffraction patterns confirmed
the presence of Si and Al crystallites, along
with some crystalline Al,O;, and showed
that the Si and Al occur as round clasts 10
to 400 nm in size in a matrix of amorphous
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SiO, (Fig. 2) (15). Raman spectra showed
that the clear parts of the sample consist of
diaplectic glass similar to that observed in
studies of shocked quartz (16). The paucity
of ALO; in the black glass and the absence
of any detectable molecular oxygen indi-
cates that much of the oxygen liberated by
the dissociation of SiO, is unaccounted for.
The melting of SiO, provides a lower limit
on the temperature of the pseudotachylite
in our experiments (2000 K at 1 bar), and
these temperatures are similar to those re-
quired to reduce SiO, in soils struck by
lightning (17).

The black glass veins made in our exper-
iments are analogous to type A pseudo-
tachylites found in large impact structures.
Compression and development of a hemi-
spherical transient crater cavity during me-
teorite impact involves bulk plastic defor-
mation comparable to that created in these
experiments but for much longer times
(1073 to 10° s as compared with 107° s in
these experiments). The rocks closest to
ground zero undergo the largest amount of
strain, which may explain why type A
pseudotachylites are found principally in
and around the central uplifts of large cra-
ters. Rebound of the crater floor and forma-
tion of the central peak or multiple rings

Fig. 1. Transmitted light images of portions of
three disks of shock-loaded x-cut quartz viewed
in the direction of shock wave propagation. Imag-
es are 7 by 2 mm. The center of each disk is in the
upper left corner, and the edge is in the lower right
comner. (A) Shock-loaded to 42 GPa in Al. The
sample consists of clear regions of amorphous
SiO, cut by radial and concentric veins filled with
black glass. (B) Shock-loaded to 56 GPain Al. The
density of veins and the amount of crystalline Si
increase with pressure. This sample contains 1 to
2% Si by weight. (C) Shock-loaded to 56 GPa in
steel. Sample is optically clear with a few irregular
fractures in the center of the disk. No Si was de-
tected in this sample.
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involves significant displacement along
faults rather than bulk plastic flow, explain-
ing the production of type B pseudotachy-
lites in discrete zones which postdate type
A pseudotachylites (7).

Plastic deformation and the production of
pseudotachylites may be an important process
in meteorite impacts. Our highest pressure
sample contained 1 to 2% crystalline Si by
weight. TEM images suggest that the Si rep-
resents roughly 10 to 20% of the volume of
black glass produced. Thus, 5 to 20% of the
total sample consisted of pseudotachylite melt
at a minimum temperature of 2000 K. This
would substantially elevate the residual tem-
perature of the entire sample. The formation
of dense networks of type A pseudotachylites
in the central portions of impact structures
may similarly leave the rocks substantially
hotter than predicted from Hugoniot data or
postshock temperature measurements of bulk
materials (18). If strain heating is important,
as these experiments imply, the central por-
tions of large impact structures may have a
substantial static thermal metamorphic over-
print. Such a feature has been reported in the
rocks from the Vredefort impact structure in
South Africa but has been attributed to en-
dogenic processes (19). Friction-induced
melting may also add to the total volume of
impact melt in larger craters and may explain
the reported increase in the proportion of
impact melt with crater size (20).

Shock wave profile measurements show
that when quartz is shock-loaded above the
Hugoniot elastic limit (12 GPa), it is virtu-
ally strengthless on release from high pres-
sure (21). The formation and persistence of
melt veins may be a principal contributor to
the loss of strength on pressure release (21).
If so, the formation of type A pseudotachy-
lites during compression and crater excava-
tion may substantially weaken the base-
ment rock in the center of the crater.

Fig. 2. Transmission electron microscope image
of the black glass formed in quartz shock-loaded
to 46 GPa in Al. The black glass consists of
spheres of crystalline Si and Al (which appear
darker) in a matrix of SiO, glass. Crystallites ob-
served by TEM range in size from 20 to 400 nm.
SCIENCE
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Finally, plastic flow and the formation of
pseudotachylites might affect estimates of
shock devolatilization of planetary materi-
als on the basis of shock experiments. Ex-
periments using steel capsules (22) may
have prevented significant strain of the
sample, thus producing lower temperatures
and an underestimation of the amount of
shock devolatilization with pressure. Simi-
larly, numerical modeling of cometary im-
pacts (23) may underestimate the role of
strain heating in the projectile and thus
may overestimate the potential for delivery
of organic material by impact.
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Role of Transcriptional Activation of IkBax
in Mediation of Immunosuppression
by Glucocorticoids

Robert I. Scheinman,* Patricia C. Cogswell, Alan K. Lofquist,T
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Glucocorticoids are potent immunosuppressive drugs, but their mechanism is poorly
understood. Nuclear factor kappa B (NF-«B), a regulator of immune system and inflam-
mation genes, may be a target for glucocorticoid-mediated immunosuppression. The
activation of NF-kB involves the targeted degradation of its cytoplasmic inhibitor, IkBa,
and the translocation of NF-kB to the nucleus. Here it is shown that the synthetic
glucocorticoid dexamethasone induces the transcription of the IkBa gene, which results
in an increased rate of IkBa protein synthesis. Stimulation by tumor necrosis factor causes
the release of NF-«B from IkBa. However, in the presence of dexamethasone this newly
released NF-kB quickly reassociates with newly synthesized IkBea, thus markedly reduc-
ing the amount of NF-kB that translocates to the nucleus. This decrease in nuclear NF-xB
is predicted to markedly decrease cytokine secretion and thus effectively block the

activation of the immune system.

Gilucocorticoids (GCs) have been used for
decades as clinical tools to suppress both
the immune response and the processes of
inflammation (1), yet the immunosuppres-
sive mechanism by which these drugs act is
poorly understood. GCs bind to a cytoplas-
mic glucocorticoid receptor (GR), a mem-
ber of the steroid hormone receptor super-
family, which then translocates to the nu-
cleus as a transcription factor (2). Tran-
scriptional activation of cytokine and cell
adhesion genes is critical in the activation
of the immune and inflammation systems
and is repressed by GCs (3). GC repressive
elements, however, have not been found in
cytokine promoters. In addition, the GR is
able to repress the transcription factor AP-1
through a cross-coupling mechanism (4),
yet AP-1 regulates only a small number of
GC-sensitive cytokine promoters. GCs can
also repress members of the NF-kB-Rel
transcription factor family (5, 6). NF-kB-
responsive elements are required for the
function of many cytokine promoters (7),
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and NF-kB-responsive elements in the in-
terleukin-6 (IL-6) and IL-8 promoters have
been implicated in GC-mediated suppres-
sion (5). A major form of NF-kB is com-
posed of a dimer of p50 and p65 (RelA)
subunits, and this complex is retained in the
cytoplasm by repressor molecules that con-
tain ankyrin repeat motifs (7). These inhib-
itory molecules include the IkB family:
IkBa, B, and v, as well as the NF-«B pre-
cursor molecules p105 (NF-kB1) and p100
(NF-kB2) (7-9). Although a cross-coupling
mechanism of inhibition exists between
NF-kB and the GR (5, 6), it cannot fully
explain the ability of GCs to inhibit NF-«B.
Here it is shown that GCs induce the tran-
scription of the gene encoding IkBa. The
increase in IkBa mRNA results in in-
creased [kBa protein synthesis, which effec-
tively inhibits NF-kB activation.

We initiated this study by extending our
analysis of the ability of the synthetic GC
dexamethasone (DEX) to block the induc-
tion of NF-kB-like DNA binding activities
in several cell types and by several different
inducers. As shown previously (6), DEX
blocks the induction of NF-kB by tumor
necrosis factor o (TNF-a) in HeLa cells
(Fig. 1A, left panel) as well as induction by
IL-1 (10). The identity of this complex as
NF-kB was determined by supershift exper-
iments (10). DEX inhibited the induction
of NF-kB in the monocytic cell line THP-1,
mediated by TNF-a (Fig. 1A, middle panel)
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and by lipopolysaccharide (LPS) (10). DEX
also inhibited the TNF-a—mediated induc-
tion of NF-kB in the murine T cell hybrid-
oma 2B4 (Fig. 1A, right panel). In addition,
thymocytes and lymph nodes derived from
mice treated with monoclonal antibody
(mAb) to CD3 in combination with DEX
no longer express NF-kB activity as com-
pared with mice treated with CD3 mAb
alone (I1). This effect of DEX requires
protein synthesis, as it is blocked by cyclo-
heximide (CHX) (Fig. 1A, right panel).
DEX treatment results in a reduction in
NF-kB-mediated gene expression as mea-
sured by transfected reporter constructs (5,
6, 11). Previous work indicated that the
inhibition of NF-«kB was the result in part of
a decrease in nuclear translocation after
stimulation with TNF-a.

We wanted to determine if the DEX-
mediated reduction of nuclear p65 translo-
cation, after TNF-a stimulation, correlated
with an increase in IkBa. IkBa is rapidly
degraded after TNF-a addition (7, 12) (Fig.
1B, top left panel) and this loss correlates
with the appearance of nuclear p65 (Fig.
1B, bottom left panel). After 1 hour in the
presence of TNF-a, IkBa protein begins to
reappear as a result of the induction of gene
transcription by NF-«kB (Fig. 1B, top panel,
lane 5). After pretreating Hela cultures
with DEX, we observed a small but measur-
able increase in IkBa protein (Fig. 1B, top
panels; compare lanes 1 and 6). The aver-
age increase in [kBa protein was measured
as 1.5-fold (n = 10). DEX pretreatment had
no effect on cytoplasmic p65 amounts (10).
In addition, DEX pretreatment slowed the
disappearance of IkBa mediated by TNF-c.
After 1 hour of TNF-a treatment, the
amount of translocated nuclear p65 was
reduced approximately 50% in DEX-treated
cultures as compared with untreated cul-
tures (Fig. 1B, bottom panels; compare
lanes 5 and 10). THP-1 cultures induced
with TNF or LPS gave similar results (10).
We then considered whether DEX might
induce other NF-kB-sequestering mole-
cules such as the recently cloned IkBf (13).
HeLa cells cultured with DEX for 5 hours
were compared with untreated Hela cul-
tures, and no differences were found in
amounts of IkBB (10). Whereas kBB is
insensitive to TNF treatment, LPS induc-
tion for 2 hours is sufficient to induce re-
lease of NF-kB and IkBp degradation (13).
Pretreatment with DEX had no effect on
either IkBB amounts or LPS-induced IkB
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