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Abstract� Shock metam orphism resu lting from hyperve loc ity collisions between p lan�
etary bodies, is a fundam ental processes in the so la r system. The te rm � shockm eta�
morphism is used to describe a ll changes in rocks and m inera ls resulting from the

passage o f shock waves. M ost m eteor ites have exper ienced co llisions and have a re�
cord of shock m etam orph ism, w hich inc ludes brecc ia tion, deform ation, phase trans�
form ation, loca lm elting and crystallization. The key to read ing th is record is to use

the shock features to estmi ate the p ressure and dura tion of shock even .t In this paper,

the h isto ry of the study of shockm etam orph ism is rev iewed; basic know ledge of shock

physics is d iscussed; recent 10 years! stud ies of shock�induced m elt ve ins a re sum�
mar ized; and fina lly a short no te to the shockm etamorph ism in general is g iven.
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1� Background of shock m etamorphism

S tud ies of im pact cra ter ing, laboratory shock experim ents and space exp lora tion have

con tr ibu ted to our know ledge of shock m etamorph ism [ 1] . Lunar and terrestria l cratering
stud ies suggest that the circular cra ters on the lunar surface and some terrestr ia l craters or ig�
ina ted from impact[ 2, 3] . The natura l occurrence of coesite and stishovite con firmed the im�
pact orig in ofM eter Crater, A rizona[ 4�6 ] . Laboratory shockw ave exper iments produced d is�
tinctive deform ational effec ts in samples wh ich are d irectly comparable to e ffects produced

in rocks affected by natural impacts[ 7�13] . It becam e possib le to calibra te shock pressures by
comparison of natural and experim ental shock effects. Planetary geology and space exp lora�
tion, particu larly after theApollo program of 1970! s, have shown that the im pact cratering
and the resulting shockm etam orph ism is one of the most fundam en ta l processes in the solar

system
[ 14]

. M eteorites, wh ich have experienced collisions and have a record of shockm eta�
morph ism, provide the on ly record of the shock h istory of the early so lar system.

Shock metamorph ism w as stud ied in terrestr ialm inerals such as coesite and stishovite

found inM eteor Crater
[ 4�6, 8 ]

. Shock deform ation features in m eteor ites were studied in ten�
sively by optica lm icroscopy and X�ray d iffraction techn iques in late 1960! s[ 10, 15�22] . S ince
the late 1970! s, shock�induced deform ation m icrostructu res, such as p lanar deformation
features ( PDF ), tw inn ing and plastic deformation, have been stud ied intensively using
transm ission electron m icroscopy ( TEM ) [ 23�30 ] . The main goal o f these stud ies has been to
constrain shock cond itions ( pressure, temperature, and duration).



The w idely used shock�classification schem e and pressure calibra tion for chondr ites[ 31 ]

is based on the com par ison of deform ation and transformation effects betw een natura l and
experim en ta lly shocked samp les. Based on shock effects in oliv ine and plagioclase as recog�
nized in th in section, six stages of shock ( S1 to S6) are defined by S t�ffler et al. ( 1991).
The shock pressure calibra tion defines the S1 /S2, S2 /S3, S3 /S4, S4 /S5, S5 /S6 and
whole rock melting, tran sitions at < 5, 5∀ 10, 15∀ 20, 30∀ 35, 45∀ 55, 75∀ 90 GPa,

respective ly[ 31 ] . Shock stage S6 ( ~ 50 to ~ 85 GPa) the h ighest shock stage below whole
rockm elting and comm on ly shows evidence of h igh�pressure m inera ls, such as ringwood ite.
This shock classification system is easy to app ly and correctly represents the progressive
shock�pressure sequence from weak to strong. H ow ever, pressure calib ration based on
shock recovery experim ents is prob lem atic for som e features, such as phase transformations
that depend on reaction k inetics. For exam ple, ringwood ite, the h igh�pressure polym orph of
o liv ine and comm on indicator o f S6 is stab le betw een 18 to 22 GPa in sta tic h igh�pressure
experim en ts[ 32�35] . It has never been recovered from a shock experim en .t Based on th is lack
of shock�produced ringwood ite, S t�ffler et al. ( 1991) inferred that P> 50 GPa is required
to form ringwood ite by shock. The transform ation of oliv ine to ringwood ite during shock is
both time and temperature dependen;t therefore the duration of a shock experim entm ay not
be sufficient for observab le transformation.

Phase transformations that occu r dur ing shock are genera lly reconstructive and are
strong ly dependan t on duration and temperature. The durations of shock experim en ts are
short ( nano�to m icroseconds) compared to large natural impacts ( up to severa l seconds and
even longer) . Shock duration is cr it ica l for k inetic processes such as phase transform ations,
m ak ing d irect comparison of natural and experim enta l shock transform ation pressu res inap�
propr iate. Shock tem perature and internal energy inpu t in shock exper iments usingm ultip le�
reflec tion load ing path are considerab ly lower than those in single shock events ( natural ca�
ses) [ 36�39] . Shock effec ts on porous, mu ltiphase materia ls are extrem ely heterogeneous and

the amount of heat inpu t ismuch larger than in nonporous materia ls[ 12, 40] . Pre�shock tem�
perature also affects onset pressure for d ifferen t shock features[ 41] . In h igh�tem perature
shock exper imen ts, the transformation of o ligoclase to glass, the onset o fm osaicism in or�
thopyroxene, the recrysta llization ormelting of oliv ine, and the onset o f shock�induced lo�
calizedm elting start at lower shock pressures in comparison to low�tem perature shock exper�
im ents. A ll these k inetic factors lim it the use of pressu re calibra tions based on shock exper�
im ents.

A n alternative m eans of investigating shock pressure in natu ral samp les is to use the
m inera logy ofmelt ve ins to estimate crysta llization pressure based on phase equ ilib rium data

from sta tic h igh�pressure experim en ts[ 38, 42�50] . The assemb lage of m ajor ite +
m agnesiow�stite in the m elt vein of S ix iangkou L6 chondr ite w as recogn ized as the stab le
liqu idus assemb lage at approx imately 23 to 27 GPa and 2000 # [ 38, 42�50] . Th is assem blage,
comm on ly observed in heavily shockedm eteor ites, is the sam e liqu idus assemb lage syn the�
sized between 23 and 27 GPa and 2000 # in h igh�pressure experim ents on the carbona�
ceous chondrite A llende[ 51 ] , and the sam e assemb lages syn thesized in h igh�pressure melting
experim en ts on KLB�1 peridotite[ 52 ] . C lose sim ilarities in m inera logy, gra in size, com posi�
tion andm icrostructures between the experim enta l sam ples andm elt�veinm ateria l in m ete�
orites suggest that the results of static h igh�pressu re experim ents can be used to estimate the
conditions ofm elt�vein crysta llization.

The h igh�pressure m inera ls in the shock�inducedm elt ve ins ofmeteorites not only pro�
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vide pressure ind icators for shock events, but a lso provide natural samp les of deep Earth
m ateria ls. Shock�induced melt ve ins comm on ly conta in two lithologies. One consists o f
polycrysta lline gra ins that transform ed from host rock fragm en ts by solid�statem echan ism s.
The other consists o f quenched silicate gra ins and metal�su lfide gra ins that crystallized from
the m elts. Both lithologies in h igh ly shocked ( S6) m eteorites common ly contain h igh�pres�
surem inerals, wh ich are the same as those expected in Earth! s transition zone ( 410 to 660
km dep th) and lowermantle. Thesem inera ls, includ ingwadsleyite, ringwood ite, m ajorite,
ak im oto ite, sil ica te perovskite, holland ite�structured plagioclase, post�stishovite S iO2 poly�
morphs, and Fe

2
S iO

4
�sp ine,l are not found in ord inary crustal rocks, but occur naturally in

close associa tionw ithm elt ve ins in shockedm eteorites[ 45, 46, 53�61] . H ollandite�structured pla�
gioclase[ 62, 63] has recently been d iscovered in association w ith a large impact crater. O ther
occurrences of thesem an tle m inerals in unusual settings are construed as evidence either o f
impact orm antle orig in. Them elt ve ins ofmeteorites provide a un ique natura l h igh�pressure
laboratory for Earth�mantle m inera ls.

2� Shock physics

� � An understand ing of basic shock physics is essen tia l for interpreting shock effects in
m eteor ites. The fundamen ta l physics o f shock wave propagation have been described in a

number of artic les and textbooks[ 13, 18, 44, 64�67] H ere I in troduce the basic concepts and princi�
ples of shock waves in solids.

A shockwave is defined as the propagation of a d iscontinu ity o f the therm odynam ic and

m echan ical properties of them ed ium: pressure, density, energy, temperatu re, and materi�
al velocity[ 67] . A stress wave propagating w ith supersonic velocity is form ed when the sur�
face of a so lid body is rapidly accelera ted, for examp le, by the impact o f a pro jectile or by

a chem ical or nuclear explosion[ 18] . S ince the compressib ility of a so lid genera lly decreases

w ith increasing pressure, the stress wave w ill imm ed iate ly steepen to a shock wave, wh ich
represen ts a discon tinu ity in pressure ( P), density ( �) or specific volum e ( V ) whereV=

1 /�, and internal energy ( E ). Themateria l beh ind the shock fron t is compressed to a h igh�
er density ( �) and its constituen t particles are accelera ted to h igh velocity ( Up ) ( F ig. 1).

Fig. 1� Schem atic of quantities describing the shocked sta te of them ed ium, such as partic le ve loc ityUP, density

�, pressure P, and interna l energy E ( per un it m ass), jum ping discon tinuously across a shock fron t

( mod ified a fterM elosh, 1989) . The shock front propagates a t veloc ity ( U ).

� � Shock pressures are re lieved by release waves ( a lso called rare faction w aves). Rare�
faction waves are acoustic and propagate at a velocity inverse ly proportional tom ateria l com�
pressib ility. S ince the compressib ility increases as the pressure decrease, one generally re�
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fers to a � rarefaction fan wh ich cause p ressure release to bem ore gradualw ith increasing
propagation d istance. The release w ave orig inates from a free surface such as the rear side

of a pro jectile, and gradually overtakes the shock wave causing a decrease of peak pressure

and shock wave velocity. The site near the impact in terface has a longer high�shock�pres�
sure duration and a steeper re lease, wh ile the site far away from the impact in terface has a

shorter h igh�pressure�shock duration ( Fig. 2), and a broader re lease.

Fig. 2� Smi p lified schem atics illustrating the production o f shock and rarefaction w aves in a p lanar pro jec tile and

target. a) A t the tmi e of mi pac,t shock waves are generated smi ultaneously in the pro jectile and targe,t

and travel at the ve loc ity of the shock wave ( Us), in opposite directions. b) When the shock w ave in

the pro jectile reaches the back free surface, it is reflected back into the pro jec tile as a rare faction w ave.

The do tted area represents com pressedm ate ria.l c) The release w ave ( UR ) travels faster than shock

w ave through com pressed m ate ria.l W hen the re lease wave ( UR ) catches the shock fron,t the peak

pressure starts to decrease. Location ( A) is c lose to the shock interface and has a flat�topped and long

shock pu lse. B) Further away from the interface, the flat�topped portion is shorter. C) Far from the in�
terface, the re leasew ave has caught up to the shock w ave and there is no flat�topped portion.

� � P. H. H ugonio t ( 1887, 1889) [ 68, 69] der ived the fundam ental equations of the conserva�
tion of m ass, mom entum, and energy to re late the quantit ies on either side of the shock
fron.t A ssum ing a plane w ave geom etry and hydrodynam ic cond itions ( absence of materia l

strength), the pressure P, specific volume V, particle velocity UP, shock wave velocity U
and in ternal energy E in the shock state are rela ted to the correspond ing parameters P

0
, V

0
,

E0 in the un�shocked mater ial by theHugon iot equations.

�( U - UP ) = �0U� ( 1. Conservation ofM ass)
P- P

0
= �

0
U

P
U � ( 2. Conservation ofM om en tum )

E- E0 = ( P+ P0 ) ( V0 - V ) /2� ( 3. Conservation of Energy)
The th ird equation is called R ankine�H ugon io t re lation. Th is re lation describes the lo�

cus of all shock sta tes ( P1, V1, E1 ) ach ievab le by shock waves of various intensities in a

particu lar so lid from the initia l state ( P0, V0, E0 ) . The graph ical represen ta tion of th is lo�
cus in the pressure– volum e profile is term ed theH ugon io t curve ( F ig. 3).
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Fig. 3� Hugon io t curve and expansion ad iabat line for shock state A ( P1, V 1 ) for idea l hydrodynam ic cond i�
tions, mod ified after St�ffler ( 1972) [ 18] . The gray area betw een the re lease ad iabatic curve and the

Ray leigh line represents irreversible hea t ( a lso called w aste heat) produced by a shock w avew ith peak

pressure P1.

� � The R ank ine�Hugon iot equation determ ines the internal energy change in the com�
pressed mater ia,l wh ich can be shown graph ically in the pressure�volum e p lane ( F ig. 3).
The m ater ial shocked to state A ( P

1
, V

1
) is compressed along the Rale igh line ( line

V0A ), and decompresses along a re lease ad iabat ( cu rveAB). Thework done by the shock
compression equals the area of the triangle V1 - V0 - A in F ig. 3. The energy converted by
decompression equals the area between the re lease adiabatic curve and lines AV

1
, V

1
B in

F ig. 3. The d ifference between these two areas is equal to the am oun t o f irreversib le work
done by the shock. The irreversible work resu lts in post�shock heat ( waste heat) , wh ich
increases w ith increasing peak shock pressure. Consequently, mater ial can bem elted or e�
ven vapor ized after shock release if the shock pressure is h igh enough[ 64] . Thew aste heat is
easy to estim ate if the re lease ad iabat is known or can be approxim ated by the H ugon io t
curve. In genera,l the re lease ad iabatic curve close ly approx imates theH ugon io t curve, ex�
cept that it decom presses to a slightly larger specific volume than the in itial vo lume. Th is
d ifference is due to therm al expansion of the hot decompressedm ateria l[ 13 ] . The shock and
post�shock tem peratures can be calcu la ted w ith the aid of equation�of state data for comm on
m inerals and rocks.

In order to understand naturally produced shockm etamorph ic effects, it is necessary to
reproduce them under known cond itions ( P, T, t) in laboratory shock exper iments. Among
the 3 thermodynam ic var iab les ( P, V, E ) and the 2 k inem atic variab les ( U

P
, U ) wh ich

are in the conservation law equations, on ly the k inem atic variables U and U
p
can be ob�

ta ined from reliable measuremen ts. The pressure ( P) and specific volume ( V ) can be cal�
cu lated via the Hugon iot equations from measured velocity ( UP and US ). Th is procedure
leads to the determ ination of theH ugonio t curve and finally to the equation of sta te ( e. g. ,
en tropy, shock temperature). The data ofH ugonio t equation of sta te for rocks andm inera ls

have been collected sinceW orldW ar II[ 70 ] . Shock load ing experim en ts have beenw ell de�
veloped afterW orld W ar II[ 1] . The most comm on shock loading techn iques include laser
and electron�beam load ing, exp lod ing fo il techn iques, gun techn iques and h igh exp losive
system s. G un techn iques arem ost popu lar in recen t literature. They produce a plane shock
and easily are applied in shock recovery exper iments for the study of residual shock effects.
The rela tion between shock effects and peak shock pressure has been exp lored exper imental�
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ly, resu lting in a pressure calibration for natura l shock effects. For m ore detail and deep
d iscussion, please check reference of Sharp and Decarli 2007.

3� Shock�inducedm elt vein

� � M elt veins inm eteor ites have been known form any years, but the shock�induced orig in
w as unknown un til Fredricksson et al. ( 1963) [ 11] f irst syn thesized black veins in shock ex�
per iments. M elt veins have been descr ibed as � polym ict breccias [ 71 ] , � shock�induced
veins [ 11 ] , � shock b lacken ing vein , � polym inera licm ixedmelts , � shock�induced local�
ized m elting and � S�type pesudotachylite . These veins are actually sheets, ranging in

th ickness from ~ 1 �m to severa lmm, wh ich appear vein�l ike in th in section. These veins
represen t materia l thatwas locallym elted and quenched by conduction to surround ing cooler

m ateria.l

S tud ies of them ineralogy of shock�inducedm elt ve ins p rovide evidence relevan t to the
shock h istory of a m eteor ite. The crystalliza tion pressure and temperature of the m elt ve ins

are constrained by the observed m inera l assemblages together w ith phase re lations obta ined

from sta tic h igh�pressure exper imen ts. The shock pulse duration can be constra ined by cal�
cu lations of quench time of a melt ve in. The key to using crysta lliza tion pressure of themelt

ve in m inera ls to infer the shock pressure is to understand when the m elt ve in crystall ized.

The key question is: does crystalliza tion pressure correspond to peak shock pressure or to
som e pressures along the adiabatic re lease path.

3. 1 � The forma tion and crysta lliza tion m odel of melt vein

The exactm echan ism ofmelt ve in form ation is unknown, bu t severa lm echan ism s are

possib le. Shock�wave interactions between d ifferent shock impedance materia ls may cause
localized melting, wh ich ism ost pronounced at the interface ofm eta l�tro ilite and silicates,
and the interface ofm inera ls and pore space[ 12, 31, 41] . Fric tion by shock shear ing along the

con tacts o fm aterials o f vastly con trasting shock impedance and along fracturesmay produce
localm elting[ 40, 72�75] . Ad iabatic shear can produce h igh temperatures that are thousands of

degrees hotter in shear regions than in immediate ly ad jacent materia l[ 73] . In the h igh�tem�
perature regions, transform ation to high�pressure phases or to a liqu id form of the h igh�den�
sity phase is possible, even on a sub�m icrosecond time scale, by a conven tional therm ally
activa ted nucleation and grow th process[ 73 ] .

W e treat them eteor ite as if itweremade up of two components: matr ix and veins. The

peak temperature of the melting vein must have been above the liq idus at a certa in pres�
sure. The quenched h igh�pressu re phases present in the narrow veins can provide inform a�
tion on the peak pressure. W ith know ledge of the peak pressu re, theHugon iot o f them ete�
orite, and the heat capacity, we can calcu la te the shock tem perature for the whole rock.
S ince the veins are on ly a small frac tion of the total vo lum e, we assum e that the calcu la ted

whole rock temperature is equal to the matr ix shock temperature. The hot veinsm ust cool

by conduction to the surround ing cooler matr ix. Typ ical tim e�temperature�pressure profiles
are shown in F ig. 4.
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Fig. 4� Schem atic pressure and temperature vs. tmi e profile illustrates a heterogeneous tem pera ture and a ho�
mogenous pressure scenar io. The ad iabatic temperature drop due to pressu re re lease is re latively smal.l

� � A lthough the pressure d istr ibu tion in a mu lti�phase samp le is heterogeneous on the

scale of the gra in size as the shock wave passes, pressure d ifferences qu ick ly dam pen out to
an equilibrium shock pressure. Th is heterogeneity is caused by d ifferences in shock imped�
ance am ong d ifferentm ineral gra ins. H ow ever, these pressu re variations are dampened by

shock�wave reverberations between the gra ins of vary ing shock im pedance. A ssum ing a
shock wave velocity o f ~ 10 km /s, reverberations between 100 �m grains or veins occur on

a ( 10- 4 m /104 m / s) 10- 8 s ( 10 ns) time scale, resu lting in pressure equ ilibration after

severa l reverberations. H owever, the duration of shock pu lse is proportional to the size of
the projectile[ 13] , t∃ d /v, t is shock duration, v is impact velocity, d is diam eter o f shock

projectile. For a one�km projectile body and a impact velocity of 10 km /s, shock pu lse du�
ration is ~ 100 m illisecond ( 10

- 1
s) near the im pact site. The in itia l pressure fluctuations

on the scale of the gra in size are genera lly neglected.

The temperature d ifference between the m elt ve in and host rock determ ines the rate a t
wh ich the m elt ve in quenches[ 43, 5 0, 76] . The large temperature d ifferences betw een the m elt�
vein and host�rock results in conduction of heat from the melt ve in to the host rock. The

m elt vein quenches by thermal conductionw ith surrounding re latively cooler host rock, ra th�
er than by pressure re lease. Quench ing beg ins as soon as the vein form s, independent of the

pressu re pu lse duration. The temperature drop due to ad iabatic pressu re release is almost

neglig ib le com pared to the temperature drop due to thermal conduction. For am odest pres�
sure of 25 GPa, the ad iabatic cooling of a chondr ite such as Tenham is less than 100# ,

and does not drive the quench of the mel.t C rysta llization of the melt ve in starts a fter the

m elt�vein temperature drops below the liqu idus, wh ich for a chondrite is around 2000# at
25 GPa[ 51 ] . The solid ification of them elt vein starts from the vein edge and ends in the vein

cen ter. The time requ ired to quench a wholem elt�vein can be estim ated w ith thermalmod�
eling. W e use a finite e lement heat transfer ( FEHT ) program to calcu late tem perature–
tim e profiles from vein center to vein edge[ 77] .

W e can th ink of crystallization in term s of th ree scenarios ( F ig. 5): ( 1) If the shock
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pressu re pulse duration is longer than quench tim e, the melt ve inm ay crysta llize at constan t
equ ilibr ium shock pressure; ( 2) If the pressure pulse duration is sim ilar to or som ewhat

shorter than quench tim e, the m elt vein crysta llization m ay occur du ring pressu re release;

( 3) If the shock pressure pu lse ism uch shorter than quench tim e, themelt ve in crystall iza�
tion can occur after pressure re lease. These scenarios shou ld be re flected in the m elt�vein
m inera logy. If crysta lliza tion occurs at constan t pressure, w e should see the sam e assem�
blage throughout a given m elt�vein. If crysta llization occurs dur ing pressure re lease, we
should see an assemb lage change from the vein edge to vein center, w ith a lower pressure

assemb lage in the vein cen ter. Therefore, if we see the sam e h igh�pressure assemb lage

throughout the vein, we can conclude that the crysta llization pressure represents the equ ilib�
r ium shock pressure. Ifwe see the sam e low�pressure assemb lage throughout the vein, we

can conclude that crysta llization occurred after pressure release. If we see a lower�pressure
assemb lage in vein center and h igher�pressure assemb lage in the vein edge, w e can con�
clude that crysta llization occurred du ring pressure release.

Fig. 5� Pressure and temperature vs. tmi e pro files a re shown in three quench scenar ios: ( 1 ) Quench at h igh

shock pressure; ( 2) Quench invo lv ing pressure re lease; ( 3) Quench after pressure re lease.

3. 2 � Host rock fragm en ts in m elt veins

The m elt ve ins are analogous to pseudotachylites in that they comprise sheets of locally

shock�induced m elted mater ial in wh ich unmelted host�rock fragm ents are common ly en�
trained ( F ig. 6). Themelt ve ins generally conta in two d istinct parageneses. One consists o f

a matr ix o f silicates, meta ls and su lfides that crysta llized from imm iscib le silicate and su l�
fide m elts. The other high�pressure paragenesis in the m elt vein consists o f polycrysta lline
gra ins, produced by solid�sta te transform ations of host�rock fragm ents thatwere entra ined in

the m elt ve ins. F igure 8 and F igure 9 show the r ingwoodite polycrystalline and hollandite
polycrysta lline wh ich transform ed by solid�state transform ation from host�rock fragm en ts in

the shock�induced m elt ve in.
� � H igh�pressure m inera ls are comm on in and around m elt ve ins in h ighly shockedm ete�
orites. They can form either by crystalliza tion of sil ica tem elt or by solid�state transformation
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Fig. 6� Schem atic cartoon o f a shock�inducedm elt ve in w ith host�rock fragm ents em bedded in themelt ve inm a�
tr ix. W idths o fm elt ve ins range from severa l�m to onemm. The ve inm atr ix ( dark) comm on ly contains

sub�m icrometer silicates and solid ifiedm eta l�su lfide b lebs.

F ig. 7� B right�fie ld TEM mi age of a ringwoodite crysta l in a la rge po lycrystalline aggregate from S ix iangkou. The

mi age w as ob tained using g= 220, w hich h ighlights the d istinctive stack ing faults on ( 110) . Re ferred

from ( Chen et al. 1996)
[ 42]

.

F ig. 8� Br ight�fie ld TEM mi age of nano�crysta lline ho lland ite from Tenham. The individual crystallites range in

size from 20 to 100 nm. The se lec ted�area e lectron diffrac tion pa ttern contains d iffraction r ings that con�
firm the ho lland ite structure and indicate random orientations of the gra ins.

of host�rock fragm en ts en trained in the m elt ve in during shock. H owever, most ear ly stud�
ied high�pressure m inera ls are host�rock fragm ents because they are b igger and easy to be
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observed. M ore recent work concern ing h igh�pressure m inera ls in meteorites[ 28, 38, 45, 48, 78�80 ]

have focused on the host rock fragm en ts too. The focuses are back to interpreting shock con�
ditions and durations using the grow th k inetics o f the h igh�pressure polycrystall ine.

3. 3 � Constrain ts on shock pressure from m elt�vein crystallization

Using melt�vein crysta llization to estim ate shock pressure is con troversial in the fie ld of
shockm etam orph ism because it uses phase equ ilibrium data obta ined in sta tic h igh�pressure
experim en ts ( F ig. 9). H owever, there are several reasons why h igh�pressure melting rela�
tions can be app lied to the in terpre tation ofm elt�vein crystalliza tion. F irs,t the m ost com�
mon melt�vein assemb lage seen in S6 chondrites, m ajorite plusmagnesiow�stite ( F ig. 10),
is a lso produced in static high pressurem elting experim en ts on bothA llende[ 51] and onK il�
burn�hole�1 peridotite[ 52 ] . The textures and crysta l sizes in the centers o f large chondritic
m elt ve ins, such as those inT enham, S ix iangkou andA cfer 040[ 42, 81, 82 ] , are very sim ilar to

the textures and crystal sizes produced in the static experim ents[ 51 ] . S im ilarly, the chem ical

compositions of the crysta llized major it ic garnets are very sim ilar to the com positions of gar�
nets in the exper iments. Compared to solid�sta te reconstructive phase transitions, m elt�vein
crysta llization involvesmuch sm aller k inetic barriers.

Fig. 9� The crysta llization�pressure reg ions illustrated on a smi p lified version of the A llende phase diag ram
[ 51]

.

rw = r ingw ood ite, ma j= m ajo rite, mw = magnesiow�stite, pv = perovskite.

� � M elt�vein crysta llization has a great advan tage over so lid�state transform ation for con�
stra in ing shock pressure h istories. Because the cooling produced by ad iabatic pressu re re�
lease is rela tively sm al,l shock melt cools predom inantly by conduction to the surround ing,

rela tive ly coo,l hostm eteor ite. Th is resu lts in crysta llization that starts at the vein m arg ins

andm oves inward to themelt�vein core as crysta llization proceeds. The resu lting crystall iza�
tion sequence provides a record of shock pressure through tim e. Th is record can be severa l

hundred m illiseconds long. If the recorded pressu re�tem perature�tim e h istory exceeds the

per iod of e levated pressure, crysta llization assem blages shou ld record the pressure release.

The crysta llization assem blages in a given melt ve in w ill depend on the time required

for melt vein quench versus the duration of high shock pressures ( F ig. 5). If the shock du�
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ration were longer than the crysta llization time of them elt ve in, thenwe would expect crys�
ta llization to have occurred during the per iod of h igh shock pressure and therefore record the

con tinuum shock pressure. Th is appears to be the case for S6 samp les such as Tenham

( F ig. 10) [ 50] , RC106[ 81] and S ix iangkou[ 42] . If the shock duration was the sam e duration
asm elt�vein crysta llization, then it is likely thatm elt�vein crysta lliza tion wou ld record both

the con tinuum shock pressure and a lower pressure of partia l re lease such that the core of

the vein m ight conta in an assemb lage that crysta llized at a lower pressure than that of the
rest o f the vein. Th is is not common. If the shock pulse w ere shorter than the m elt�vein
quench time, onewou ld expect crysta llization of low�pressure assemb lages in the core of the

m elt ve in. Th is appears to be the case for S4 samp lesKunashak and La Lande, wh ich con�
ta in p lagioclase�bear ing crysta llization assem blages[ 83 ] . F inally, w e note that some veins

m ay form at low pressure dur ing pressure re lease. The m inera logy of these veins would be

unrelated to either the m agnitude or duration of peak shock pressure.

Fig. 10� F ie ld�em ission SEM mi ages of a m elt ve in in Tenham. The melt�ve inm arg in on the left con tains r ing�
w oodite ( rw ), akmi o to ite ( ak) and v itr ified silica te perovskite ( pv ) a long w ith so lidified drop le ts o f

Fe�sulfidem el.t The ve in core on the right conta ins the comm on assemb lage o f majorititic garnet and

m agnesiow�stite a long w ith blebs o f so lidifiedm etal�sulfide m el.t

4� Shockm etamorphism in general

� � The review of the study of shockm etam orph ism and the basic shock physics is one gen�
era l top ic for a ll shock features. The shock�induced melt vein ofm eteor ites on ly represen ts
the shock features at re la tively h igher shock degree and one special top ic of shockm etam or�
ph ism in recent years. A ctually there are m any in terested shock features worth to study in
deta i,l such as p lanar deform ation feature, and shock�induced breccia at low er shock de�
gree, or shock�induced whole rock molten, shock�indu ced vaporization and condensation at
much higher degree.

In addition, there arem any interesting top ics re lating to shockm etam orph ism were not
covered here, such as the im pactmode,l impact cra tingm echan ism, shock effec ts on d iffer�
en tm inorm inera ls ( like tro ilite, iron�nickelmeta,l etc. ) , shock effec ts on d ifferentm ete�
orites, shock effec ts on p lanetary bod ies ( such asM ars, theM oon, etc), shock effects on

terrestr ia l rocks, terrestria l impact effec ts on the evolution of the life and geology h istory, e�
vaporation and condensation by shock wave in the beginn ing nebu lar stage, and so on. In
genera ,l shock wave and shock metamorph ism play an important role in our so lar system.
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