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Observations on shocked quartz in Cretaceous-Tertiary (K-T) boundary sediments 
compellingly tied to Chicxulub crater raise three problems. First, in North America 
shocked quartz occurs above the main K-T ejecta layer. Second, shocked quartz is 
more abundant west than east of Chicxulub. Third, shocked quartz reached distances 
requiring initial velocities up to 8 kilometers per second, corresponding to shock 
pressures that would produce melt, not the moderate-pressure shock lamellae ob- 
served. Shock devolatilization and the expansion of carbon dioxide and water from 
impacted wet carbonate, producing a warm, accelerating fireball after the initial hot 
fireball of silicate vapor, may explain all three problems. 

I n  wells and outcrclns of ul-iinternlt-rted ma- 
rine sedimentary rocks clutside of North  
Amcrica, the  K-T h(nll-idarv is marked by a 
single 1- tcl 10-mm clay layer clften contain- 
ing al-iomalous iridium and altered impact 
spherules, widely il-iterpreteii as evidence for 
the  impact clf a large cclmet or asteroid (1)  
at the  time of the  K-T mass extinction clf 
organisms 65 millicln years ago (Ma) .  A 
more con~plicated K-T boundary stratigra- 
phy occurs in ncmmarine sedilllel-its frclm 
New Mexico. United States, tcl Alberta. 
Canada, where the  boundary interval be- 
gins \vith a bed clf kaolinitic clay, xvhich 
so~netillles containes goyazite spherules anii 
is tvnicallv about 1 cm thick, clverlain by a , 

layer 1 nlrn ti> a few nlillilneters thick that is 
rich in shocked nlineral grains, particularly 
q u a r t z ( 2 ,  3). T h e  kaolinitic clay and 
goyazite sphenlles are probably alteration 
products of glassy ejecta (4-6)  like that still 
preserved in a few sites arounii the  Gulf of 
Mexico (5 ,  7, 8). Shclckeii quartz is fc>rmed 
under dynamic pressures of a few tens of 
gigapascals, depending o n  the target com- 
position. A1-i iridium anclmaly is founii in 
s a m ~ l e s  taken from the  shocked ouartz laver 
(9)  anii is attributed to the  vaporization of 
the im~actil-ig meteorite because of nres- 
sures of many hul-idreds of gigapascals 
causeii hy a high-velocity impact. Sonle 
authors refer tcl the  lower and upper layers, 
respectively, as the  "melt-ejecta" anii "fire- 
hall" layers ( I  0 ) .  

Recognition of the  Chicxuluh structure 
(1 1)  in the Yucat6n subs~~rface  as a giant 
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impact crater (1 2) iiatil-ig precisely from the  
K-T boundary at 65.0 Ma (13) anii sur- 
rcnlnded out to -4000-krn radius hy proxi- 
nlal ejecta a t  the biostratigraphic K-T 
boundary ( 5 ,  7, 8 )  has strclngly cclnfirmed 
the general validity clf the  inlpact theory for 
the  K-T mass extinction. Problems of detail 
remain, hoxvever, incluiiing three prclhlems 
concerl-iing the shocked quart: grains: ( i )  
their vertical distribution in the iiouble K-T 
layer of North  America and their aiirnixture 
with the  iridium, (i i)  the asymmetry of their 
geographic iiistrib~ltiol-i about the Chicxu- 
1~1h crater, and (iii) their clccurrence a t  great 
distances fro111 the  crater. 

In North  America, shocked quartz grains 
are virtually absent from the kaolinitic clay 
layer, except where apparently carried 
iio\vn\vard hy biclgenic disturbance. T h e  
clay layer anii the  quartz-hearing layer are 
sharply separate'], and carbonized renll-iants 
of vegetaticl~~ in the  loxver layer seem not  to  
he present in the overlying quart: layer. 
This observation ~-rreviclusly led to the  no- 
tion that the  layers were proiiuced by twcl 
impact events at least one grcnving season 
apart; the vegetation traces in the  lower 
layer were interpreteii as roots of plants that 
grew hefclre the overlying layer of ejecta was 
iiepclsited (14).  T h e  lower layer \vas attrih- 
uted to the Chicxuluh impact and the  upper 
layer to Manson crater in Iowa (14) until 
the  fclllowing isotopic and age evidence 
eliminateii Ma1-isol-i as a K-T candidate cra- 
ter: ( i )  Sr, 0, anii N d  isotopic measure- 
ments showeii the  K-T impact glass to he 
indistinguishable from Chicxulub nlelt 
rocks but very iiifferent frclm Manson melt 
rocks (15).  ( i i)  T h e  Manson impact was 
dateii as being earlier than the  K-T hcnlnd- 
ary, at 73.8 + 0.3 Ma (16) .  (iii) Shocked 
zircons fr(lm the  shocked quartz layer have 
crystallization ages much younger than the 
base~l-ient rock at Manson hut cclmpatihle 
\vith the  granitic Pan African basement - 
thought to characterize the  Chicxul~lh tar- 

get rock and with the crystallization age clf 
zircons fr(lm Chicxuluh melt rock (1 7) .  It , , 

no\v seems clear that hoth layers were pro- 
duced by the  Chicxul~lh i m ~ a c t  and that 
the shocked quartz and cltherLminerals orig- 
inateii fr(lm the hasernent granite. Iridium 
and quart: are believeii tcl come from dif- 
ferent sclurces: vaporizeii l-ileteorite and un- 
melted basement rock, respectively. Proh- 
leln 1 is thus, ho\v did the shocked quartz 
and the iridium end up together in a sepa- 
rate layer, above the  layer of kaclli~litic clay? 

T h e  geographic distributiol-i of K-T 
shocked quartz is not fully known, but it 
annears to be much lllore abundant and 
slightly coarser graineii at longituiies west of 
Chicxuluh. Many sites in the western inte- 
rior of North ~ m e r i c a  are rich in coarse 
shocked quart: grains (~11-r to 0.64 111111) (2- 
5 ) .  In addition, shocked quartz grains are 
abundant and fairly coarse in all seven drill 
holes on the Pacific plate in which the K-T 
boul-idary has heel-i found (1 8 ,  19).  This 
nresents a sharo contrast with sites in ELI- 
rope, Africa, anii Asia, xvhere shockeii quart: 
has heen difficult to find ( 3 ,  4 .  5. 20). 
Prohleln 2 is thus, why is there an  asymmetry 
in the abundance clf shocked auartz? 

K-T shockeii quartz grains are found as 
far as 10,000 km from Chicxuluh crater, at 
Ocean Drilling Project site 596 in the 
south\vest Pacific (1 8 ,  19).  Ballistic trans- 
port fr(lm Chicx~ l l~ lh  tcl sites in the south- 
\vest Pacific requires a launch velocity of 7 
to 8 krn/s, cclrresponding tcl shock pressures 
that \vould anneal or melt the  quartz, de- 
stroying the deformaticln lamellae that pro- 
vide the  evidence for shock (2  1 ). Probleln 3 
is thus, holy did these shocked auartz grains 
achieve the  velocities l-ieedeii to reach dis- 
tal sites without melting? 

As shown beloxv, the first two problems 
can he resolved if the shockeii quartz trav- 
eleii (111 steep, high-velocity ballistic trajec- 
tories. However, this requir&mk~%t canl-iot be 
easily satisfied xvithin the  known constraints 
of ilkpact cratering in dr\* slficate rocks: 
shockeii quartz features are proiiuced at pres- 
sures of a fe\v tens clf gigapascals, and the 
t-rarticle velocities obtained are less than 4 
kn-i/s (111 release from these pressures. Particle 
veloc~ties clf 7 to 8 km/s correspond tcl shock 
pressures of 50 to 100 GPa, and the product 
is melt, not mclderately shocked quartz 
grains. T o  explain this contradiction, we 
propose that expansion of C 0 2  and H20 
vauor released from vcllatile target rocks 

u 

\t cluld accelerate the quartz grams from suh- 
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jacent moderately shocked granite t c ~  high 
velocity. This process proviiies a mechanism 
t c ~  address all three prohle~ns described. 

T h e  present study is relevant not clnly t c ~  
the  svecific case of the K-T boul-idarv but 
also to the uniierstanding of impact prclcess- 
es in general. Large impact craters are com- 
mon o n  rocky boiiies in the solar system 
\vith the excention of Earth, where craters 
are relat~vely rare hecause they are elaseii hy 
rapld geolog~c,ll processes. Compar~son  of 
lunar, martian, anii venusian crater mor- 
phologies, as well as field and theoretical 
studies of terrestrial craters (22) suggest that 
volatiles in the  target hoiiy may significant- 
ly influence the  impact prclcesses anii prclii- 
ucts. T h e  Chicxulub crater is buried, so it is 
inaccessible hut uncommonly well pre- 
serveii. Stuiiy of this large, young terrestrial 
crater \vill help clarify the  processes in- 
vcllved in comet and asteroiii impact. More- 
over, this \vas an  umlsual irnuact because ( ~ f  
the  combined carbonate and granite target 
lithologies, which \vould have generate'] 
large amounts of C 0 2  and H 2 0 .  Kieffer and 
Si~nonds (22) anii O'Keefe anii Ahrens (23) 
have given general consideratic~n to the role 
of C02 and H 2 0  vapor in impact anii the  
impact cratering prclcess; \ve now apply 
these cc~nsiderations to the  specific case of 
the Chicxuluh crater. 

Global-Scale Ballistics 
of the Ejecta 

W e  suggest that both the distribution of the  
shocked auartz anii its occurrence in a sen- 
arate layer can he explained hy transport of 
the auartz erains (In ballistic traiectories 
different fr(11n those c ~ f  the  glassy ejecta 
\vhich altered to form the kac~linitic clay 
layer. W e  have calculated the  reilnpact loci 
c ~ f  hallistic ejecta from Chicxulub as a func- 
tion c ~ f  the  velocity and elevation angle ( ~ f  
launch, taken around a 360" range ( ~ f  
launch azimuths (24) .  Excet-rt when inter- , , 

acting with the  atmc~sphere during launch 
and re-el-itrv, ballistic eiecta t-rarticles fol- , , 
l o ~ v  elliptical c~rbits \vith one  fi>cus a t  
Earth's center.  when t-rlotted in inertial 
coordinates, until they reimpact Earth's 
surface. W e  ignore a t m o s ~ h e r i c  interac- 
tions during re-entry, consiiiering them to  
have only a minor effect ( ~ n  the  deposition 
point c ~ f  sand-sized grains. Holyever, set- 
t l ~ n g  times through the  atnlosphere may 
comnlicate our c o n c h ~ s ~ o n k  and neeii fur- 
ther consideratiol-i \vhen Inore iiata o n  
narticle size anii atmosnheric conditions 
after inlpact are available. Interactions 
iiuring launch are important al-iii are dis- 
cusseii belo\v, hut the  size c ~ f  t he  expaniiing 
hall of gas arounii t he  i ~ n p a c t  site is small 
compared with long-range trajectories, sc~ 
t h e  particles can he treateii as if launched 
in tc~  ballistic trajectories fro111 the  inlpact 

site once they leave the  atmosphere. 
Earth's rcltatio1-i has two interesting ef- 

fects o n  these orbits. T h e  first effect is that 
the  semimajor axis of the elliptical orbit 
depends only o n  the  launch velocity in the  
inertial reference frame (25); to fil-iii this 
velocity, the  east\i.ard rotational velocity of 
Earth (0.463 km/s a t  the  equator) is added 
to the  target-frame launch velocity of east- 
hounii particles, but subtracted from that of 
westbound particles. This has little effect (In 
the sernimajor axis ( ~ f  slow particles, but at 
launch velocities from about 8 or 9 km/s up 
ti> escape velocity (11.2 km/s), eastbound 
particles gc~ higher and stay up longer than 
the  cc~rresponding westbound ones. T h e  
secc~nd effect is that,  because Earth rotates 
heneath in-flight ejecta, the  reilnpact site is 
at the  same latituiie hut displaced to the  
\vest, as cc~mpared \vith a nonrotating Earth. 
This effect is small for slow ejecta, but 
impc~rtant for fast ejecta. 

Because of these effects, there is a for- 
biiiden zone east c ~ f  t he  impact site that  
cannot  he reached hy eastbound ejecta 
unless the  launch velocity is high and the  
elevatic~n angle low (Fig. 1 ) .  All  of Europe 
and Africa is in  the  forhiiiden zone for 
ejecta launched a t  70°, al-iii all except the  
extreme western margin is forhidden at 
60'. A t  50°, the  forbiiiden zone is reduced 
to  a small area aroul-id India and eastern 
Africa. T h e  known distribution ( ~ f  K-T 
shocked quartz w o ~ ~ l d  be \veil explained if 
most shockeii quartz grains were launcheii 

from Chicxu l~ lh  o n  trajectories steeper 
than  about 65". 

Developing this cclncept, we prclpclse 
that  the  iiouble layer of ejecta in  the  
\vestern interior of Nor th  America reflects 
two iiifferent launch mechanisms during 
the  cratering event.  It has heen prclposed 
that the  clay in  the  lo\ver layer \vas fi>rmed 
by the  alteration of glassy ejecta launcheii 
as part of the  ejecta curtain (4 -6 ) .  T h e  
ejecta curtain observed in hypervelocity 
impact experiments is a n  outward-expanii- 
ing, downward-pointing cone inclineii 
-45' t o  the  horizontal (26)  and repre- 
sents the  coherent front of soliii and melt 
ejecta particles o n  iniiepeniient trajecto- 
ries, launched a t  elevation angles 5 4 5 "  
[figure 17 in  (27) ;  figure 6.4 in (28)l .  
Because a 45' elevation angle yieliis the  
longest ballistic range for a given launch 
velocity, this material \vill be the  first t c ~  
arrive at a given site (Fig. 2 ) .  For example, 
to  reach the  K-T site a t  Clear Creek, 
Colorado, hallistic ejecta launched from 
Chicxulub at a n  angle ( ~ f  45' above the  
horizon requires a n  initial velocity of 4.4 
km/s anii has a travel time c ~ f  14 min. In  
contrast, if the  shocked quartz at Clear 
Creek was launched at a n  elevation angle c ~ f  
70°, as suggested by the glohal distrihutic~n, 
its initial velocity \vas 5.7 kmls and its 
travel time \vas 28 min. ~ jec ta -c l r t a in  par- 
ticles launched a t  30' t ( ~  45' have travel 
times to Clear Creek of about 10 t c ~  15 min, 
whereas steeper ejecta particles, launched a t  

- - 
-180 -150 2 0  -90 -60 -30 0 30 60 90 1 h  (1'150 180 

Longitude (degrees) 
I 0  

Fig. 1. Rempact patterns of bals t~c ejecta launched at Chicxulub shown on a m&p of contnental 
postons at K-T boundary time (the dashed Ine bounds pre-K-T Pacflc plate that has not subsequently 
been subducted) (35). These patterns ignore atmospheric effects, whch odcur only at the times of launch 
and re-entry. For a launch angle of 70" above the horlzon, thn lines show relmpact loci for launch 
velocites at I -km/s Increments. Heavy lines show the m t  of the forbidden zone at 70" as well a s  for 60" 
and 50" launch angles; In the latter two cases reimpact loci are omtted to avod clutter (36). Solld squares 
mark sites with coarse shocked quartz (grans >250 pm in diameter); clrcles mark sites with abundant 
flne shocked quartz; diamonds mark sites with rare, fine shocked quartz; and crosses mark sites where 
shocked quartz has been reported, but information is insufficient to determine its abundance. Schultz has 
suggested that the abundance of shocked quartz in the U.S, western interior K-T sites reflects a 
low-angle oblique impact toward the northwest (37). Alternatively. we propose that the asymmetrical 
distribution of shocked quartz grains, heavily concentrated west of the impact site, can be explained if 
most grains were launched at an angle steeper than -65". 
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65" ti> 80°, have travel times of 23 to 63 
min. Thus, all the ejecta-curtain material 
would have arrived at Clear Creek hefore 
any of the  steep ejecta hegan to  fall (Fig. 2).  
For a more northern site, like Broxvnie 
Butte, Montana, the corresponding travel 
times are 13 ti> 18 min for eiecta curtain 
particles and >33 min for steep ejecta. 

This travel time sorting may explain the  
double layer of the  \vestern interior, hut not 
if the  organic traces in  the  lower layer rep- 
resent the  roots of plants that grew hetween 
t ~ v o  falls, which ~vould thus be separated hy 
at least one gro\ving season. W e  suggest 
insteaii that the  organic traces may mark 
the  stems of plants that burned during the 
arrival of the particles of the  lo\ver layer, 
heated by their atmclspheric re-entry (25,  
29),  anii that had fully burned (30) and 
collapsed before the fall of the  second layer. 

Model of the Cratering Event 

A cratering model is required that explains 
the high velocities, near-vertical trajecto- 
ries, and relatively cool temperatures need- 
ed for the  shocked quartz to be carried far to  
the  west and not  annealed. T o  examine the  
cratering process, we used the  semianalytic 
model of Kieffer and Simonds (22),  in 
which the  processes that occur during a n  
impact event are subdivided into seven suc- 
cessive, sometimes overlapping, stages: 
stage 1, initial contact; stage 2, co~npression 
and release of the  meteorite: stage 3 ,  rar- 

u 

efaction and attenuation in the target; stage 
4, excavation and flow within the  crater; 
stage 5, ejecta launch and fallback; stage 6 ,  
mechanical modification; and stage 7,  hy- 
drothermal and chemical alteration. 

In  this article, we consider primarily 
stages 2 through 5. For each stage, the  
appropriate conservation laws and thermo- 
dynamic properties (or approximations) 
were solved to yield properties such as 
denth of ~ e n e t r a t i o n ,  duration of each 
stage, peak shock pressure in the  meteorite 
and ground, and attenuation of peak pres- 
sure as a function of distance from the  
meteorite a t  its point of maximum penetra- 
tion. Although this model is simplistic 
when compared with computer simulations 
such as those of O'Keefe and Ahrens (23) 
and Roddy et al. and Vickery and Melosh 
(30),  it has the  advantage of providing a 
relatively intuitive overview of the  whole 
cratering process. T h e  results (31) are in 
reasonable semiquantitative agreement with 
these earlier models and are in particularly 
good agreement with the  model of Pope et 
al. (32) who did a similar calculation based 
o n  anhvdrite thermodvnamics in order to 
estimate climate effects. T h e  sensitivity of 
the  model to i~nuact  velocitv and to  mete- 
orite and target composition is discussed in 
detail by Kieffer and Simonds (22). 

W e  assume that a stony meteorite 10 km 
in diameter traveling a t  24.6 km/s strikes a 
region \vith a 3-km-thick laver of \vet car- - 
bonate overlying a granitic basement (33).  
During stage 2 and the  early parts of stages 
3 and 4 ,  the  shyck Hugoniots and high- 
nressure narts of the release adiabats are 
relatively indepeniient of rock type, and for 
these stages the shock eiruation-of-state 
properties used are those of diabase for the  
stony meteorite anii those of granite for the  
target rock. T h e  properties of volatile rocks 
become important later in the  cratering 
event and are cclnsiiiered separately heloxv. 
T h e  meteorite is assumed tcl have a density 
of 3000 kg/m3, with a corresponding mass of 
1.6 x 10" kg anii kinetic energy of 4.8 x 

ioules 1114 X lo6 Mtcln). 
O n  contact (stage I ) ,  a shock wave is 

propagated into the target a t  nearly 20 km/s, 
shocking both the meteorite and the target 
up to a pressure of 660 GPa (Fig. 3A).  For 
the first 0.5 s (stage 2) ,  while the  shock wave 
travels to the back of the meteorite, the  
meteorite penetrates through the carbonate 
and into the  granite. T h e  shock wave that is 
simultaneously traveling into the ground ac- 
celerates material do~vnlvard or radially away 
from the meteorite, but not yet upward. 

W h e n  the  shock wave reflects from the  
back of the  meteorite, it becomes a rarefac- 

Ballistics 

tion \vave that releases the shocked mete- 
orite, and eventually the  shocked target 
rock, back tcnvarii ambient pressure (stage 
2h and Fig. 3, B and C ) .  By the  time the  
rarefaction reaches the  meteorite-target in- - 
terface, the meteorite has reached the enii 
of its nenetration uath at 13 km. T h e  me- 
teorite' anii a close\y aiijacent mass of rock 
of roughly equivalent mass are vaporized 
and hegin ascending in a hot fireball. 

Although some energy is released along 
the \vhole penetration path, and although 
free-surface effects o n  the  meteorite and 
target rock are important in detail (23,  32),  
tcl first order the  process can he modeled by 
examining the  decay of the  peak-pressure 
isobars raiiially from a maximum value of 
660 GPa  centereii in  a mass of material a t  
t he  depth  of penetration (Fig. 3,  B and C ) .  
Because the  depth  of penetration is only 
about one  meteorite diameter, t he  shock 
waves penetrating downward have a dif- 
ferent decay pattern t h a n  those moving 
toward, and  reflecting from, the  surface 
(22 ,  23 ,  3 0 ,  32) .  This causes radial differ- 
ences in  peak pressure which, combined 
with t h e  different lithologies along differ- 
en t  paths, influences the  state of shocked 
material eiected. 

In  dry silicate rocks, the  products of 
shock decompression vary with pressure in  

Stratigraphy 

Launch angle (degrees above horizontal) (e~ecta from Chcxuub with launch engles steeper 
than 81" cannot reach Clear Creek, CO) 

Fig. 2. Calculated history of ejecta arrival at Clear Creek, Colorado (37" 05.26' N,,-10,4" 31.33' W), 
compared with the fine-scale stratigraphy of the K-T boundary at the Clear Creek North site of Izett (3), 
ignoring atmospheric effects during launch and re-entry. The boundary clay layer is made largely of 
kaol~n~t~c clay, probably resutng from alteraton of glassy ejecta (4-6). If launched In an ejecta curtan k e  
that observed n experments many orders of magn~tude smaller, these partcles would have had launch 
angles of 30" to 45" and would have reached this site in 10 to 15 min, with launch and reimpact velocities 
close to 4.5 kmis. The overlying layer is r ch  n shocked quartz, If these grans traveled on trajectories 
steeper than -65", as inferred from the geographc dstrlbut~on of shocked quartz (Fig. I ) ,  they would 
have had ~ n ~ t ~ a l  velocties >5.2 kmis and would have arr~ved >23 mln after the Impact. Launch velocties 
th~s h~gh would Imply energes suffc~ent to melt these obviously unmelted gralns (211, so we inferthat they 
were accelerated in an expandng "warm f~ reba"  of CO, and H,O vapor. Wspy carbon~zed remalns 
w t h ~ n  the boundary claystone, prev~ously Interpreted as the roots of plants that grew n an Interval of 2 1  
year between deposition of the two layers, may instead represent the stems of plants gn~ted by Infrared 
heat from re-entry of the early ejecta and covered a few minutes later by the shocked quartz. 



the following sequence: vaporized meteorite 
and vaporized rock (shocked to pressures 
over 100 GPa), melted rock (shocked to 
pressures >50 GPa roughly), highly and 
moderately shocked rock (including 
shocked quartz grains and shocked feldspars 
at pressures of a few tens of gigapascals), 
weaklv shocked, and then fractured rock. 
These are the products that we would ex- 
pect to form sequentially and temporally as 
the shock wave decays down and out into 
the granite. For example, in this model, the 
peak pressure of 660 GPa is attained at 13 
km depth, and 15 GPa at a depth of 30 km. 
Thus, we expect shocked quartz to be pro- 
duced under the meteorite site at depth. 

A hot fireball is formed from va~orized 
material surrounding the penetration cavity 
(Fig. 3, B and C). The rise of this vapor from 
the impact site may be coupled with other 
atmospheric phenomena such as atmospher- 
ic preheating during entry of the meteorite 
and explosions if the meteorite had partly 
disintegrated within the atmosphere (34). 
Complicated shock waves travel in the air, 
both from the initial meteorite entrv and 
from the rising and decompressing fireball. 
This hot vaporized material is rich in mete- 
oritic components and in vaporized compo- 
nents from near the penetration cavity, car- 
bonate and silicate in this case. 

The strongly, moderately, and some of 
the weaklv shocked material surrounding 
the impac; site and lining the walls of t h i  
expanding transient cavity is turned upward 
and outward by rarefaction waves. This flow 
develops into the ejecta curtain formed by 
the coherent front of melt and solid ejecta 

launched at an angle of 545" and at veloc- 
ities of a few kilometers per second. It would 
be expected that the shocked quartz pro- 
duced deep under the impact point proxi- 
mal to the melt zone would largely be en- 
trained in the eiecta curtain (22). However. . . 
if 4.5 km/s is the maximum launch velocity 
that will not anneal or melt shock features 
(21), then shocked grains will travel no 
farther than the Gulf Coast of the United 
States (24); this agrees with the presence of 
rare shocked quartz in ejecta-curtain (lower 
layer) deposits in the Gulf of Mexico K-T 
sections (8) and the absence of shocked 
quartz in the lower K-T layer in the western 
United States (3-5) (Fig. 1). 

In the granite above the depth of pen- 
etration we would expect the same se- 
quence of shocked products as produced 
below the meteorite. The relative abun- 
dances will be different than below the 
meteorite because they are influenced not 
only by radial pressure decay but by free- 
surface and entrv ~ a t h  effects. We esti- 
mate that at a radial distance of -10 km 
from the center of i m ~ a c t ,  shock Dressures . . 
are a few tens of gigapascals, and lamellae 
and other deformation features should be 
produced in the granite. 

The wet carbonate cover, however, has a 
vastly different behavior in these pressure 
ranges. Wet carbonate can produce C02 
and H,O vapor at relatively low pressure; 
devolatilization of incorporated anhydrite 
would also contribute volatiles over approx- 
imately the same pressure range. Although 
data are sparse and somewhat inconsistent, 
in general it is agreed that carbonates par- 

tially break down into CaO and C02 on 
decompression from -45 GPa and com- 
pletely break down if shocked to over -70 
GPa. The pressure range for anhydrite 
breakdown is similar, although the degree of 
equilibrium attained in any of these devola- 
tilization reactions is a subject of much 
controversy. In our simple model, 70 GPa is 
reached at a radius of - 11 km (surface) and 
45 GPa at about 12 km. Water in pores and 
cracks will vaporize if shocked to over 10 
GPa, reached at a surface radius of 18 km in 
this model. 

Material in the carbonate layer out to a 
radius of at least 18 km will partially or even 
totally vaporize, releasing a mixture of 
steam, CO,, oxides, and fragments of the 
carbonate. This is a very large amount of 
vapor. If we consider only an annulus of 
carbonate between 11- and 18-km radius, 
shocked to between 70 and 10 GPa, the 
volume of material is 2000 km3. At  a den- 
sity of 2500 kg/m3 (purposely reduced from 
the density used for average shock wave 
properties of the target to allow for some 
porosity and water content), the mass 
would be 5 x 1015 kg, approximately three 
times the mass of the impacting meteorite. 
A typical energy for vaporizing this material 
is about 1013 ergs/kg. If only 10% of the 
material vaporized, this would require input 
of 3 x ergs, or about lo5 Mton. This 
energy would be deposited in the vapor on 
a time scale of a few seconds. 

We suggest that the CO, and H,O vapor 
from this devolatilized carbonate zone be- 
tween -10 and 20 km (rounded off) as- 
cended as a "warm fireball" which dragged 
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\v1tl1 lt not onlr- \llc>ckeLl tiagment. from the  
c a r h o l ~ ~ ~ t e  tr1.um \vhlcli 1t or l j i~nate~l  hut also 
moiieratelr- .liockeJ l'1.auments fro111 the 
iul~iacent granite near rlle cc>ntact. \Y'e itid 
not a t t e m ~ t  to e i t im,~te  the  \.elocitv of this 
tlrellall ~v i th  our rnoLiel l ~ e c a ~ ~ s c .  l ~ y  tlie time 
it t;jrmeLi, the ~~trnc~spllere \Ira.; highly <11- 

tereJ br- pre\.ic>~~s sh(>cl<., ,111i1 iletalli of 
iraterllle get>metri- and tl-ee s~lrt;ices liar-e 
hecome ~ m y o r t , ~ n t .  Experlrnental data o n  
dry ,lnd \vet. nonporous aliLl porous, meLlla 
sh(nv that the masimum 1,iuncli 1-elocit\- 
ol?ta~nal?le from \liocl< pressures o t  32 GPa 
ii i k111/.;. s ~ ~ i ~ e \ v h < ~ t  ~111~iel- our JeslreJ value 
o t  S kmis ( 2 1  ). 

B~~ovancy  etfects aliil atmoqd~erlc-scale 
preqiure raci ie~l ts  may 11e equally impor- 
tant.  Jones ,111i1 KoJls ( 3 1 )  h,l\-e suggesteil 
that lt' tlie energy depaslted iudilenlr- 111 a 
cilmllre.;seLi ?as esceeLlq - 11.170L7 Lltoil, a 
tlrehall. uncontineil 1.y the ,~tmosphere,  \v111 
r l v ,  paqiing the p i i~n t  o t  neutral h ~ ~ i > ~ a i i c ) -  
\vhere pressurc and ilensity l?ecorne equal tc  
~trnospherlc pressure anL1 iiens~t)-, l ~ e h r e  it 
clecomyre~ses completely. For compari.;oii 
\ve eqtimated ,~l?o\.e tliat tlie \\-arm iirehall 
h,1d -19' I l t o n  o t  energy, nmre than suf- 
t~c len t  fi>r this ~ ~ n c o n t ~ n e ~ l  buoyant rise. 111 
t l i~s  c a v ,  tlie tirehall cc>ntinues acceler, i t in~ 
~lp\vard al(>ng the iiecreasing atmosplierlc 
prrssure graiiient. \X:e hj l~othesl re  that the 
\.L)lume of shockeLl c a r l w n ~ ~ t e  aiiLl aqueolls 
gases proiillced 111 the :(>lie periplieral t c  the 
hot t~rehall  a sce~ ide~ i  ri~plillr- [vlth tirel~all- 
like l?uov,~ncr- ilynamlcs and that t l i i  \v,lrm 
firel~all ,~cceler,ite;l the shockeil granlte 
ii.aynents to r-e1nc1tlt.s o t  d to 11 ltmis ,1nLl 
illto nearly r-vrtlcal llatllh (Fig. 7D). As tlie 
\v,irm ilrel?,~ll es~?andeil ,  the solid ~wrticles 
iiccouyleL1 from the q ~ s  ,111ii tollij~veil ballis- 
t ~ c  trajectoriei to t l l e~r  bites of depnsltlon. 

I11 summary, i1~1rlng the release p1121\2, \ve 
prop,>se that tliree relatll-ely i i~stinct flo\\, 
fielils iie\.elo~le~l: a hot t ~ r e l ~ a l l ,  ail eiecta 
curtain of lilelt plua itronglv anii moderately 
shockeil >i>liil eiccta, anil a separate 1-apnr- 
particle mlsture nh lch  11-e have termeL1 a 
"~vdrrn tlrehall." T h e  Ivarm t~rebal l  1s at 
least ci>nceptu,ill\- Astinct from the iilltial 
tlreh:~ll l irod~~ceil  by 1 apor~:ation of tlie me- 
tec>rlte anii o i  the c;~rbonate ,111i1 silicate 
tarvet roclc illrectlv hene,~tll  the  1m1?act 
p n ~ n t .  Tlle tlnie ot orig~n.  pressure-temper- 
ature h ~ s t ~ x i e a ,  cliemical c ~ l l t e n t ,  anit as- 
cent ilyn,~mic> of these t\vo liilli1': cjf gaseous 
materl,il 'ire ilifierent. K.'e refer to tlie dou-  
I71e easeous reglrne as "flrehall iioul3let'' 
(Flg. 7D).  \&'e cannot say whether the Jou- 
[>let nlerrres i)r separate.; 11-ltll t i~l le  l>ecau?e 
CILlS l l I L > L I r 2 1  Lkleq 11Ot <111(>\\, calc~llatli>ll of the 
iletaileil time li~rtory of tirehall-doul~let he- 
liavit>r. Dct;illeLl studies I j i  the  \.ertical ill.;- 

t r l l-~lt~on I)f iridium a i d  otlier meteoritic 
com~lonents c o ~ i i ~ a r e i i  \vith tliat ot tlie 
shockeil qu,lrtr n;a)- allo~v testing ot tlhic 
iilea, as clt.sct.ilyeJ lielon-. 

Prediction of a Third Layer 

Tlie K-T 1rntTact I?eil in the n.eitern UnlteLl 
States con ta~n .  t\i'a clearlv recogil~rable lay- 
ers. W'e interpret tlie ln\ver 1,iyer CIS repre- 
s e n t l l l  the e1ect.a curtain anLi tlie upper 
lar-er as ilerlr.ed trom tile n.drrn tireball. Tlie 

lias never I.een reco:n~reii 111 an\  K-T sites, 
anLi lt rrc>babl\- occur. 111 e s t r e m e l ~ ~  tlnc 

melted l?,isement, respect~velv. T h e  ~riillum 
1. liltc.1y to 11a1.e heen +l~oslted as a separate 
veneer on the top ot tlliz upper 1,lver be- 
cause o t  the  ilon, 'ettliilg of tilie prirticles. 
Irlillum Joe> OCCIII- ill tlie filiest materi,~l at 
tlie top o t  the m;~r ine  K-T I~ounJar\-  Ixils in 
the Lleep Gulf ot Ldesico (8).  \\i7e tlieretore 
preillct (Fig. 1) tli'it even hlgher resc>lutlon 
1rii1i~unstratlgr~1l~11v shoulil re\.eal a trlple 
l?ounLi,iry l,ir-er at s l t e  111 the n-eqtern Unit-  
ed States, \v~t l l  the three laverc relateil ti) 
three illstiilct mecli,inlsms tor launclilng 
ejecta i l u r l n ~  the imp,lct event: ( i )  .%11 ex- 
trenlely hot t ~ r e l ~ a l l  co~ l s i i t~ l i z  id vapor~zeil 
mete~>ri te  anil target-rL>ck carlionare a i d  sil- 
icate is l , ~ ~ ~ n c h e ~ l  f l r t ,  l ~ u t  l~ecause o t  the 
t l ~ i e  ?r,lin s i x  ot the material 1t carrles, thl. 
is the last portlo11 t ~ >  settle. ( i i)  .A -45" 
eject,+ curt,uii carries melteil anL! slincl\eil 
sol~il  rock f r a ~ m e n t s  that are em~?laceil first 
becauw ( > f  their lo~ver. more direct trajec- 
torles. ( i l l)  A ~iu l t e  ilistinct xa rm firellall ot 
CO: and ste,lm accelerate.; moiier:~tely 
shL>clied nranlte fr,~nments into iallistic tra- 
jectorieq steeper than a l ~ a u t  hS0, and they 
arr11-e atter the electa curtain material but 
lx+c>re the hot-f~rel~,il l  lriiil~lrn. 

Conclusion and Applicability 

during planetary-scale ~ m p , ~ c t s ,  thiq stuilv 
lias ii1\.ol\-eLl t ~ e l ~ l ,  lal~oratcjrv. ,lni1 theoret- 
ical aipects. Beca~lse o t  the  shter scale o t  
the proce.i, 110 s111gle techniijue iz lll<ely to 
be suii'lclent. .AT sophiztlcateii as ilumerical 
moJelinp of the theoretical concetlts has 
i~ecome,  the  coml?lesitles o i  the  m,~terial 
prc>pertles o t  geologic, p lane t~~ry .  ,ind mete- 
orltic collipc>siti~lis and processes caniiat 1-2 
adJressei1. Lalioratory esperiments ;ire in- 
herently limiteii iii x a l e  anil i l ~ ~ r ~ ~ t i i > ~ l ,  hut 
they provlile valualile inslpliti ahout prcJ- 
cesscs, r~lte;, alli1 m<lter~:ll projlertles. Flrl(l 
ol.ser\.ations are limlteil hy espo\ure anLl 
~nterpretatioil, h11t they clre global 11-1 acale. 
I11 tliis study, \ \ e  l i~1.e  l~royoseLi ,I 1iioiii.1 
I.asei1 011 all three techi i~i~ues  ot yeoloq~c 
a11<11vs1s :+11Li 11>1ve pr<>plieLl st1111e te5ts to 
g111de tl~rtller \r-ork. \Tie have praposeii tliat 
a thin 1.e11et.r (7 ltm) ot \-ol,~tlle seiliments 
strongly in i l~~encei l  glolyal ejecta illstri11~1- 
tlon. It true, tlicn Cliics~11uI-i lvill liro\.iJe ;I 

vah~alhlr analog for 1111~,1ct stuLlies oil I-0th 
ilrv plailets (mnnn. Xlercury) anL1 volatile- 
containiny planetz (Mars. Venus). 
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Resonance Light Scattering: 
A New Technique for Studying 

Chromophore Aggregation 
Robert F. Pasternack and Peter J. Collings 

Light scattering experiments are usually performed at wavelengths away from absorp- 
tion bands, but for species that aggregate, enhancements in light scattering of several 
orders of magnitude can be observed at wavelengths characteristic of these species. 
Resonance light scattering is shown to be a sensitive and selective method for studying 
electronically coupled chromophore arrays. The approach is illustrated with several 
examples drawn from porphyrin and chlorin chemistry. The physical principles under- 
lying resonance light scattering are discussed, and the advantages and limitations of 
the technique are reviewed. 

W e  have recently reported (1 )  on a new 
resonance technique called resonance light 
scattering (RLS) rhat is both extremely sen- 
sitive and selective in probing chromophore 
aggregation in a number of different sys- 
tems. The theory behind this technique is 
not new, and in fact RLS has been tried in 
the past for purposes other than studying 
aggregation. In those cases, the technique 
was only marginally successful. However, 
we have found that in aggregation experi- 
ments, RLS not only meets sensitivity and 
selectivity criteria but offers the additional 
benefits of simplicity and versatility. In this 
article, we describe the basic physics behind 
RLS, survey some ongoing research on its 
refinement and application to different sys- 
tems, and discuss a number of areas in 
which RLS may make important contribu- 
tions in the near future. 

Experimental Approaches to 
Studying Aggregation 

The recent flurry of research activity on 
supramolecular assemblies and their applica- 
tion in the construction of nanodevices has 
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encouraged the development of experimen- 
tal techniques capable of detecting and 
characterizing these assemblies. Under- 
standing the chemical, biological, and phar- 
macological activity of a complex system 
requires knowledge of the state of molecular 
aggregation of the system's components. Re- 
search issues that involve relations between 
the properties of complex systems and the 
formation of large aggregates include (i) the 
organization of chlorophyll and other pig- 
ments in chlorosomes, in which a narticular 
nlolecular assembly is required for efficient 
photosynthesis (2 ) ;  (ii) the relarion of pho- 
tosensitization efficiency to the extent of 
aggregation of the active component at can- 
cer cells, which must be resolved to enable 
rational design of alternative reagents in 
photodynamic cancer therapy (3); and (iii) 
the state of aggregation of lipids and drugs in 
linosomes, which has been shown in certain 
cases to be a crucial factor in their effective- 
ness in treating disease (4). Although light 
scattering experiments are frequently used to 
study such problems. In these three exam- 
ples conventional light scattering would 
likelv not vield useful data because of the 
background signals provided by the medium; 
not only the existence but the identity of 
the scatterer must be determined. 

Even though light scattering experiments 
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