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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. 

Meteor i t e  impact is the most cataclysmic 
planetary geologic process operating in our 
solar system. Lluring the formation of a n  
impact crater, rocks are subjected to enor- 
mous transient pressure and deformation 
causing phase transitions, melting, and va- 
porization. Large impacts produce a tran- 
slent cavity in the  crust that illltnediately 
rebounds, forming a flat-floored crater with 
a central peak, or in the  case of the  largest 
impacts, a m~~l t i - r ing  basin. 

Some i m p a c t - ~ n d ~ ~ c e d  features that oc- 
cur in rocks from both large and slllall cra- 
ters have been synthesized 111 laboratory 
shock experiments (1) .  Other  features 
found in abundance only in larger impact 
structures, s ~ l c h  as shatter cones and 
pseudotachylites (a  fine-grained, dark gray 
or black rock that resembles tachylite, a 
volcanic glass) (2 ) ,  are diffic~llt to repro- 
d ~ l c e  in laboratory shock experiments, sug- 
gesting a significant dependence o n  scale. 
Although the  pressures experienced by 
rocks in small and large impacts are com- 
parable, the  princ~pal difference is in the  
amount of strain to which the  rocks are 
sul~jected. Laboratory experiments have 
simulated the  pressure but not the  strain 
prod~lced by impact. T o  investigate the  or- 
igin of strain heating and the  production of 
pseudotachylites, we have c o n d ~ ~ c t e d  a se- 
ries of experitnents using shock recovery 
systems that enable us to vary the strain 
experienced by the salllple during shock 
loading. W e  produced glassy veins of black 
material in  quartz that are analogous to  
pse~ldotachylites found in the central por- 
tion of large ilupact craters. 

Pse~~dotachylites are bodies of melted 
and pulverized rock formed in situ by fric- 

tional melting and are found in large impact 
structures (3)  and along some tectonic 
faults (4). Workers have identified two va- 
rieties of impact pse~~dotachylites that differ 
III size and tlming of formation (5). Type B 
cseuciotachvlites are large dlke- or sill-l~ke 

u 

tnasses (centimeters to  several hundred 
meters in width and up to  kilometers in 
length) and cotnlllonly occur along dlscrete 
faults. They are analogous to, t h o ~ ~ g h  LISLI- 
allv lareer than,  tectonic nseudotachylites 
anh are' formed by frictio~ial heating'as a 
result of large ~Imounts of slip along a fault 
surface. Type B pseudotachylites have been 
prod~lced experimentally with the  use of 
fr~ctlon-welding devices (6), denlollstrating 
that friction melts in rock can be ~ r o d u c e d  
by high-speed s11p along a fault surface. A t  
the  Sudbury impact structure, type B 
pseudotachyl~tes (known as Suclbury Brec- 
cia) define the  basin-bounding rings of the  
structure (7). 

Type A pseudotachylites are slnaller 
( < I  tnm to several millimeters in width) 
and are fo~lnd mainly in bedrock exposed in 
the central parts of large impact structures. 
They form a distinctive network of veins 
throughout the  rock rather than occurring 
alone discrete fault surfaces. In  some cases. 
type A pseudotachylites are fo~lnd along the  
surface of shatter cones 18). Martini rerort- 
ed that small type A pseudotachylites in 
quartzite from the  Vredefort impact struc- 
ture in South Africa contain coesite and 
stishovite (9) .  Disrupteci 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 pse~~dotachylites form before type B 
pseudotachylites during the  initial compres- 
sion and excavation of the  crater (71, but 
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(1 0) but made of alurnlnum ~nstead of steel. 
T h e  sample and capsule were contamed b7 
a large fixture made of a strong titanium 
alloy ( I  I ) .  Aluminum, with a density of 2.7 
g/cm3, has a shock impedance much closer 
to  that of silicates ( in  this case quartz, den- 
sitv 2.65 e/cm3) than to  that of steel. T h e  - ,  

shhck 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 tetn- 
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  samnle takes 
place o n  release from h ~ g h  pressure, analo- 
gous to the  deformation that occurs during 
the  excavation stage of crater development. 
Despite being held in the  strong Ti-alloy 
fixture, salllples held in A1 caps~lles undergo 
more than three tllnes the  radial strain of 
samples held in steel (12) and shocked to 
the  same pressure. 

LVe enclosed disks of synthetic high-pu- 
rity cross-cut single crystal quartz [used in 
previous studies including ( l o ) ]  in A1 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 
Natlonal Laboratory. Samples recovered 
from A1 capsules consisted of transparent 
amorphous SiOL cut by radlal and concen- 
tric veins filled with a black glassy tnaterial 
(Fig. 1,  A and B). T h e  transparent regions of 
the sample show variable low birefringence 
~lniler cross-polarized light indicating signif- 
icant residual strain in the amorphous ma- 
terial. T h e  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) .  T h e  
total radial strain (13) of the 56-GPa sample 
held in A1 was 6096, whereas it was only 
20% for the sample held in steel and shock- 
loailed to the  same pressure. 

Analyses of the  samoles by x-rav diffrac- 
tion and  Raman s p e c t k s c o p  showed that 
the black glass consists of a mixture of 
nanocrystalline A1 (der~ved frotn the  cap- 
sule) and Si and amorphous SiOT T h e  
amount of S i  and A1 increased with pres- 
sure, and the  highest pressure sample con- 
tained 1 to 2% Si  by weight (14) .  Trans- 
lnlssion electron microscopy (TEM) images 
and electron diffraction patterns confirmed 
the  presence of Si  and A1 crystallites, along 
w ~ t h  some crystalline A1,0,, and showed 
that the Si and A1 occur as round clasts 10 
to 400 n m  in size In a nlatrix of a tnorpho~~s  
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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 A1,0, 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 (1 7). 

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 com~arable to that created in these 
experiments but for much longer times 

to 10' s as compared with 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 
comer. (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 
blackglass. (6) Shock-loaded to 56 GPa in 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. 

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 temDerature 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 slze from 20 to 400 nm. 

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 I K B ~  
in Mediation of lmmunosuppression 

by Glucocorticoids 
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Glucocorticoids are potent immunosuppressive drugs, but their mechanism is poorly 
understood. Nuclear factor kappa B (NF-KB), 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, I K B ~ ,  
and the translocation of NF-KB to the nucleus. Here it is shown that the synthetic 
glucocorticoid dexamethasone induces the transcription of the l ~ B a  gene, which results 
in an increased rate of IKBU protein synthesis. Stimulation by tumor necrosis factor causes 
the release of NF-KB from IKBu. However, in the presence of dexamethasone this newly 
released NF-KB quickly reassociates with newly synthesized I K B ~ ,  thus markedly reduc- 
ing the amount of NF-KB that translocates to the nucleus. This decrease in nuclear NF-KB 
is predicted to markedly decrease cytokine secretion and thus effectively block the 
activation of the immune system. 

Glucocorticoids (GCs)  have been used for 
decades as clinlcal tools to suppress hot11 
the  immune response and the  processes of 
inflalnlnation (1 ), yet the  immunosuppres- 
sive ~ l l e c h a n ~ s ~ n  hv which these drues act is 
poorly understood: GCs bind to a citoplas- 
lnlc glucocorticoid receptor (GR) ,  a mem- 
ber of the  steroid hor~notle receptor super- 
family, \vhich then tratlslocates to the nu- 
cleus as a transcrintion factor (2 ) .  Tran- ~, 

scrLptiona1 activation of cytokine and cell 
adhesion genes is cr i t~cal  in the activation 
of the  immune and inflammation systems 
and is repressed 1'y GCs  (3) .  GC repressive 
elements, howe\'er, have not heen found in 
cytokine promoters. In addition, the  G R  is 
ahle to repress the transcriptio~l factor AP-1 
through a cross-coupling ~nechanism (4), 
yet AP-1 regulates only a small number of 
GC-sensitive cvtokine nromoters. GCs  call 
also repress nlanbers 'of the  NF-KB-Re1 
transcription factor family (5 ,  6 ) .  NF-KB- 
resnollsive elements are reauired for the  
function of many cytokine promoters (7 ) ,  
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and NF-KB-respot~sive elements in the  in- 
terleuk~n-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 d i n e r  of p50 and p65 (RelA) 
s ~ ~ b u n i t s ,  and this colnplex is retained in the  
cytoplasm by repressor lnolecules that cotl- 
tain ankyrin repeat ~notifs (7) .  These inhib- 
itory lnolecules itlclude the  IKB family: 
I K B ~ ,  P, and y, as well as the  NF-KB pre- 
cursor molecules p105 ( N F - K B ~  ) and p l Q 0  
( N F - K B ~ )  (7-9). Although a cross-coupling 
~necha~ l i sm of inhibitio~l exists hetween 
NF-KB and the G R  (5, 6), it cannot fully 
explain the ahility of GCs  to inhihit NF-KB. 
Here it 1s shown that GCs  induce the  tran- 
scription of the  gene encodi~lg I K B ~ .  T h e  
increase in I K B ~  I ~ R N A  results in in- 
creased I K B ~  protein synthesis, which effec- 
tively inhibits NF-KB activation. 

W e  initiated this study by extelld~ng our 
analysis of the  ahility of the  synthetic GC 
dexa~nethasone (DEX) to  block the  induc- 
tion of NF-KB-like D N A  bi~lding activities 
in several cell types and by several different 
i~lducers. As sho\vn previously ( 6 ) ,  DEX 
blocks the  itlductioll of NF-KB by tumor 
necrosis factor a (TNF-a )  in HeLa cells 
(Fiu. lA,  left panel) as well as induction hy 
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and by l~popolysaccharLde (LPS) (1 0 ) .  DEX 
also inhihiteil the  TNF-a-mediated induc- 
tlon of NF-KB In the murine T cell hyhrid- 
oma 2B4 (Fig. lA,  right panel). In addition, 
thymocytes and lymph nodes derived from 
lnlce treated w ~ t h  ~nolloclonal antibody 
(mAb)  to C D 3  Ln combination with LIEX 
no longer express NF-KB actlvity as corn- 
pared w ~ t h  Inice treated with C D 3  m A b  
alone (1 1 ) .  T h ~ s  effect of LIEX requires 
proteln synthesis, as it 1s blockeil by cyclo- 
hexilnide (CHX)  (Fig. lA,  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 ~ndicated that the  
~nhthi t ion of NF-KB m7as the  result in part of 
a decrease in nuclear translocation after 
stimulation with TNF-a .  

W e  wanted to determine ~f the  DEX- 
lnediated reduc t~on  of ~luclear p65 translo- 
cation, after TNF-a  s t i n ~ u l a t i o ~ ~ ,  correlated 
with a n  increase in I K B ~ .  I K B ~  is r a p ~ ~ l l y  
degraded after TNF-a  addition (7, 12) (Fig. 
lB ,  top left panel) and t h ~ s  loss correlates 
\171th the  appearance of nuclear p 6 i  (Fig. 
lB ,  bottom left panel). After 1 hour in the  
presence of TNF-a ,  I K B ~  protein hegins to 
reappear as a result of the inductLon of gene 
trallscriptio~l by NF-KB (Fig. lB ,  top panel, 
lane 5) .  After pretreating HeLa cultures 
with DEX, we ohserved a small hut measur- 
able increase in I K B ~  protein (Fig. lB ,  top 
panels; compare lanes 1 and 6 ) .  T h e  aver- 
age increase in I K B ~  protein was lneasured 
as 1.5-fold (n = 10).  DEX pretreatment had 
110 effect o n  cytoplasmic p65 amounts (10).  
In addition, DEX pretreatlnent slo\ved the 
disappearance of I K B ~  ~nediated hy TNF-a.  
After 1 hour of T N F - a  treatment, the 
amount of translocated nuclear p65 m7as 
reduced approximately 50% in LIEX-treated 
cultures as compared with untreated cul- 
tures (Fig. lB ,  hotto111 panels; compare 
lanes 5 and 10).  THP-1 cultures induced 
with T N F  or LPS gave similar results (10) .  
W e  then co~lsidered \~ ,hether  LIEX might 
induce other NF-KB-sequestering mole- 
cules such as the  recently cloned IKBP (1 3 ) .  
HeLa cells cultured with LIEX for i hours 
were co~npared with untreated HeLa cul- 
tures, and no  differe~lces \\,ere found in 
amounts of IKBP (10).  Whereas IKBP is 
insensitive to  T N F  treatment, LPS induc- 
t ion for 2 hours is sufficient to induce re- 
lease of NF-KB a ~ l d  IKBP degradation (13).  
Pretreatnlent with DEX had n o  effect o n  
either IKBP alnounts or LPS-induced IKBP 
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