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Abstract Shock metan ophisn resulting fran hypewebcity collisions between p hn-
etary bodies & a fundanental processes in the sohrsystan. The tem “ shock meta
mormphisn” & used to describe all changes n rocks and m nerals resulting fran the
passage of shock waves M ostmeteories have experienced collsions and have a re
cord of shock metan orph im, which inclides brecchtbn defom ation phase trans-
fomation bcalmelting and crystallization The key © reading this record 5 b use
the shock features to estin ate the p ressure and duration of shock event In this paper
the history of the study of shock m etan orph #m is reviewed basic know ledge of sho ck
physics is dBcussed recent 10 years’ studies of shock-induced melt veins are sum-
marzed and finally a short note to the shock m etamophsm n general is given
Keywords shock metan orph &m, meteorite shock-induced melt vein mpact

1 Background of shock m etan orphism

Studies of mpact craterng laboratory shock experin ents and space exploration have
contrbuted to our knowledge of shock metanorphisn'". Lunar and terrestrial craterng
stud ies suggest that the circular craters on the lunar surface and sane terrestral craters ori-
inated fran mpact®?. The natural occurrence of coesite and stishovite confimed the -
pact orign ofM eter Crater A rizond *°'. Laboratory shock w ave experinents produced dis
tinctive defom ational effects in sanpleswhich are directly canparable to effects produced
in rocks affected by natural impacts!”™. Itbecan e possible to calbrate shock pressures by
canparison of natural and experim ental shock effects Planetary geology and space exp lora
tion, particularly after the A pollo progran of 1970 s have shown that the i pact craterng
and the resulting shock m etan orphign is one of the most fundan ental processes in the solar

systan' . M eteorites which have experienced collisions and have a record of shock m etar
morphisn, provide the only record of the shock history of the early solar system.

Shock metanorphisn was studied in terrestrialm inerals such as coesite and stishovite
found M eteor Crater ™ *'. Shock defom atbn features in m eteorites were studied nten-
sively by opticalm icroscopy and X-ray diffraction techniques n late 1960” ' ***. Since
the late 1970’ 5 shock- nduced defom ation m icrostmciures such as planar defomation
features ( PDF), twning and plastic deformation, have been studied intensively usng
trangm ission electron m icroscopy (TEM ) "1 Theman goal of these stud s has been to

constrain shock ,conditions ( pressure  temperature  and duratin).
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The w ilely used shock-classificatbn schem e and pressure calbration for chondrited "
is based on the cam parison of defom ation and transfomation effects bet een natural and
experin entally shocked sanples Based on shock effects n olivine and plagioclase as recog
nized n thn section, six stages of shock ( S1 to S6) are defned by Stoffleretal (1991).
The shock pressure calibration defmnes the S1/S2 S2/S3 S3/S4 S4/S5 S5/S6 and
whole tock melting transitions at < § 5—10Q 15—20 30—35 45—55 75—90GPg
respectively ™', Shock stage S6 ( ~ 50 to ~ 85 GPa) the highest shock stage below whole
rockm eltng and canm only shows evidence of hgh-pressure m inerals such as ringwood ite
This shock classificatbn systen is easy to apply and correctly represents the progresswe
shock-pressure sequence fran weak to strong However pressure calbratbn based on
shock recovery experm ents is problen atic for san e features such as phase transformations
that depend on reaction knetics Forexanple ringwoodite the hgh-pressure polm orph of
olivine and comm on ndicator of S6 is stable betv een 18 to 22 GPa n static h gh-pressure
experinentd > Ithas never been recovered fram a shock experinent Based on this lack
of shock-produced ringwoodite S©ffleret al (1991) nferred that P> 50 GPa is required
to forn ringwoodite by shock The transfom ation of olwine to ringwoodite during shock is
both tine and temperature dependent therefore the duration of a shock experm entm ay not
be sufficient for observable transfomation

Phase transformations that occur durng shock are generally reconstructve and are
strong v dependant on duration and tenperature The durations of shock experments are
short ( nano-to microseconds) canpared to large natural mpacts (up to several seconds and
even longer). Shock duratbn is critical for k inetic processes such as phase transfom atbns
m ak ng direct canparison of natural and experm ental shock transfom ation pressures nap
propriate  Shock tean perature and internal energy input in shock experiments usingm ultip le-
reflection load ng path are considerably lower than those n single shock events ( natural ca
(3991 Shock effects on porous multiphase materials are extrem ely heterogeneous and
the amount of heat input ismuch larger than n nonporous materiald > *'. Pre-shock tem-
perature also affects onset pressure for different shock featred *"'. In high-ten perature
shock experments the transfomation of olgoclase to glass te onset ofmosaician in or
thopyroxene, the recrystallizatbn ormelting of olving and the onset of shock- nduced lo-
calizedm eling start at lower shock pressures in canparison to low-ten perature shock exper
ments A ll these knetic factors I it the use of pressure calibrations based on shock exper
m ents

ses)

An altematwve m eans of investigating shock pressure n natural samples is to use he
m neralogy ofmeltvens to estimate crystallization pressure based on phase equilbrum data
fran static high-pressure expermentd ® ** . The assenblage of majorite +
m agnesbwistite n the melt vein of Sk iangkou L.6 chondrite w as recognized as the stable
liquilus assemblage at approx inately 23 to 27 GPa and 2000 C'**" This assen blage
canm on ly observed n heavily shocked m eteorites is the san e liquidus assemb lage synthe
sized beween 23 and 27 GPa and 2000 C in hgh-pressure experm ents on the cartbona
ceous chondrite A llendeé”"!, and the san e assenblages synthesized n high-pressure meltng
experin ents on KLB-1 peridotitd **!. C lose sin ilarities h minerabgy grain size can post
tion and m icrostructures between the experin ental san ples and m elt-ve inm aterial n m ete
orites suggest that the results of static high-pressure experm ents can be used to estmate he
conditions ofm elt-ven crystallization

The hgh-pressure m merals in the shock- nducedm elt vehs ofmeteorites not only pro-
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vile pressure indicators for shock events but also provide natural sanples of deep Earth
m aterials Shock-induced melt veins canmonly contain wo lithologies One consists of
polycrystallne grains that transform ed fran host rock fragn ents by solil-statem echanisn s
The other consists of quenched silicate grans and metatsulfide grans that aystallized fran
themelts Both lithologies m hzhly shocked ( S6) m eteorites canmonly contain h gh-pres
surem neraly which are the same as those expected n Earth’ s transition zone (410 to 660
km depth) and lowermantle Thesem neraly nchdngwadsleyite ringwoodite m aprite
akmotoite, silicate perovskite holland ite- structured plagioclase, post stishovite SO, poly-
morphs and Fe,SO,-spnel arenot found n ordinary crustal rocks but occur naturally n
d# 43 Y ollandite-structured plar
gioclasd ® ®! has recently been discovered in association with a large mpact crater O ther
occurrences of thesem antle m inerals in unusual settngs are construed as evilence either of
mpact orm antle origh. Them elt veins ofmeteorites provide aunyue natural h gh-pressure
laboratory for Earth-mantle m nerals

close assocationwithmelt vehs n shocked m eteorite

2 Shock physics

An understand ng of basic shock physics is essential for nterpreting shock effects n
m eteorites The fundamental physics of shock wave propagation have been described in a
number of articles and textbookd ™ * * %l Here I ntoduce the basic concepts and princr
ples of shock waves n solis

A shock wave is defined as the propagation of a discontnu ity of the them odynam ic and
m echanical properties of them edum: pressure density, energy, temperauure and matert
alvelocity!®. A stress wave propagating w ith supersonic velocity is fom ed when the sur
face of a solid body is rapidly accelerated for exanple by the mpact of a projectile or by

. . 18
a chan ical or nuclear explosion' "

Since the canpressibility of a solid generally decreases
w ith ncreasing pressurg the stresswave will mm ediately steepen to a shock wave which
represents a discontinuity in pressure (P), density (P) or specific volme (V) whereV =

1/@ and intemal energy (E). Thematerial behind the shock front is canpressed to a h igh-

er density (P) and its constituent particles are accelerated to high velocity (U,) (Fg I).

] AP Ey

Fig 1 Schematic of quantities describing the shocked state of them ed im, such as particle vebeity Up, density
Q pressure B and intemal energy E ( per unitmass), jmping discontinuously acmss a shock front

(mod ified afterM elosh  1989). The shock front propagates at velociy (U ).

Shock pressures are relieved by release waves ( also called rarefaction w aves). Rare
factbn waves are acoustic and propagate at a velocity nversely proportional tom aterial can-

presshility  Snce the canpressbility hereases as the pressure decrease one generally re
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fers to a “ rarefaction fan” which cause pressure release to bem ore gradualw ith ncreasng
propagation distance The release w ave orighates fran a free surface such as the rear side
ofa projectile and gradually overtakes the shock wave causing a decrease of peak pressure
and shock wave velocity. The site near the mpact nterface has a longer high-shock-pres
sure duratbn and a steeper releasg while the site far avay fran the mpact nterface has a
shorter h gh-pressure-shock duration ( Fig 2), and a broader release
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Fig 2 Smplified schen atics illustrating the production of shock and rarefaction w aves in a p hnar pwjectile and
target a) Atthe tme of mpact shock waves are generated sin ultaneously i the pwjectile and target
and travel at the vebcity of the shock wave (Us), in opposite directbns b) When the shock wave in
the propctik reaches he back free surface i is reflected back nto the pogctile as a rarefacton w ave
The dotted area represents canpressed material ¢) The release wave (UR) travels faster than shock
wave thiough canpressed material W hen the relkase wave (UR) catches the shock front the peak
pressure starts b decrease Locatbn (A) is cbse to the shock nterface and has a flat-opped and bng

shock puke B) Further away fran the nterfacg the flat-bpped porton is shorter C) Far from the -
terface the releasewave has caught up © the shock wave and there is no flattopped porton

P. H. Hugoniot( 1887 1889)'** derived the fundam ental equations of the conserva
tion of mass manentun, and energy to relate the quantities on eiher sile of the shock
front A ssuming a plane w ave gean etry and hydrodynam ic conditions ( absence of material
strength), the pressure P, specific volume V, particle vebcity Uy, shock wave velocity U
and ntemal energy E n the shock state are related to the correspondng paranetersP, V,,
Ey n the un-shocked material by the Hugoniot equations

P(U-U,)= AU (1 Conservatbn ofM ass)

P-P,= QU,U (2 Conservatbn ofM anenim )

E-Ey= (P+ PF))(Vy=V) /2 (3 Conservatbn of Energy)

The third equation is called R ankineH ugoniot relatbn This relation describes the lo-
cus of all shock states (P, V,, E,) achievable by shock waves of various intensities n a
particular solid fran the initial state (P, V,, Ey). The graphical representation of this lo-
cus i, the pressure— volm e pmwfile is tem ed the H ugonbt curve (K 3),
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Hugoniot curve
Release adiabat curve

Irreversible heat

Vi Vo A\

Fig 3 Hugonbt cuwve and expansbn ad abat line for shock state A (P, V) for ideal hydrodynamic cond r
tons modified after Stoffler ( 1972)'"®1. The gray area betveen the release adabatc cuwe and the
Rayleigh lne mepresents ireversble heat (ako calld waste heat) produced by a shock wavew ih peak
pressure Py.

The R ank neHugoniot equation deteim nes the intemal energy change in the cam-
pressed material] which can be shown graphically in the pressure-volme plane (Fig 3).
The m aterial shocked to statt A (P, V,) is canpressed along the Raleigh lne ( Ine
VoA), and decanpresses along a release adabat (curve AB). Thewoik done by the shock
canpression equals the area of the triangle V,— Vy— A nFig 3 The energy converted by
decanpression equals the area between the release adiabatic curve and lines AV, VB n
Fig 3 The difference between these wo areas is equal to the anount of irreversble work
done by the shock The irreversible work results in postshock heat (waste heat), which
increases w ith increasing peak shock pressure Consequently material can bemelied or e
ven vaporized afier shock release if the shock pressure is high enough!®. Thew aste heat is
easy to estm ate if the release adiabat is known or can be approxmated by the Hugoniot
curve In general the release adiabatic curve closely approx mates theH ugon bt curve ex
cept that it decan presses to a slghtly larger specific volume than the initial volume This
difference is due to them al expansion of the hot decanpressedm aterial ®!. The shock and
post-shock tem peratures can be calculated with the aid of equatbn-of state data for canm on
m nerals and rocks

In order to understand naturally produced shock m etanorphic effects it is necessary to
reproduce them under known conditions (P, T, t) n laboratory shock experments Among
the 3 themodynan ic variables (P, V, E) and the 2 kinen atic variables (U,, U) which
are in the conservaton law equatbns only the kinen atic variables U and U can be ob-
taned fran reliable measurements The pressure (P) and specific volume (V) can be cat
culated via the Hugoniot equatbns fran measured velocity (U, and Ug). This procedure
leads to the detem mnation of the H ugoniot curve and fnally to the equation of state (e g,
entropy shock temperature). The data ofH ugoniot equation of state for rocks and m nerals
have been collected snceW orldW ar 11!, Shock loadng experin ents have beenw ell de-
veloped after W orld W ar II'". The most canm on shock loading techniques nchde laser
and electron-bean loadng exploding foil techniques gun techniques and high exploswe
systems Gun techniques arem ost popu lar n recent literature They produce a plane shock
and easily are applied in shock recovery experments for the study of restlual shock effects
The relation between shock effects and peak shock pressure hasbeen exp lored experimentak
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ly resuling n a pressure calibration for natral shock effects Formore detail and deep
discussion please check reference of Sharp and Decarli 2007

3 Shock-induced m elt vein

M eltvens nm eteorites have been known form any years but the shock- nduced orign
w as unknown until Fredricksson et al (1963) """ first synthesized black vens n shock ex
periments M elt veins have been descrbed as “ polm ict breccias”'”!, ¢ shock-induced
vens”!"" “ dhock blackening vein”, “ polym neralicm xedmelts”, “ shock-nduced locak
ized m eltng” and “ S-type pesudotachylite”. These veins are actually sheets rangng n
thickness fran ~ 1 Pm to severalmm, which appear vein-lke in thn section These vens
represen t material thatwas locallym elted and quenched by conducton to surround ing cooler
m aterial

Studies of them ineralogy of shock- nduced melt vens provide evidence relevant to the
shock history of am eteorite The crystallization pressure and temperature of the m elt vens
are constrained by the observed m neral assemblages together w ith phase relations obtaned
fran static high-pressure experments The shock pulse duration can be constrained by cak
culations of quench tme ofameltven The key to using crystallization pressure of themelt
ven minerals to nfer the shock pressure is to understand when the melt ven crystallized
The key question is does crystallization pressure correspond to peak shock pressure or to
san e pressures along the adiabatic release path

3.1 The formation and crystalliza tion m odel of melt vein

The exactm echaniam ofmelt ven fom atbn is unknown, but severalm echanisn s are
possible Shock-wave interactions beween different shock mpedance materials may cause
localized meltng which is most pronounced at the interface ofm etal-toilite and silicates

and the interface ofm nerals and pore space "> *.

Friction by shock shearng along the
contacts ofm aterials of vastly contrastng shock mpedance and along fractures may produce
localm eltng™ ™. Adiabatic shear can produce high temperatures that are thousands of
degrees hotter in shear regions than n mmediately adjacent material ™. In the high-tem-
perature regions transfom ation to high-pressure phases or to a liqud fom of the hgh-den-
sity phase is possible even on a sub-microsecond tine scale by a conventional them ally
actated nucleation and grow th procesd '

W e treat them eteorite as if itweremade up of wo canponents matrk and vens The
peak temperature of the meltng vein must have been above the liqdus at a certan pres
sure The quenched high-pressure phases present n the narrov vens can provide infom &
tion on the peak pressure W ith know ledge of the peak pressure theHugoniot of them ete
oritgy and the heat capacity we can calculate the shock tem peratre for the whole rock
Snce the vens are only a small fraction of the total vobme¢ we assum e that the calculated
whole rock temperature is equal to the marx shock tamperature The hot vens must cool
by conduction to the surroundng coolermatrkx Typical tim e temperature-pressure profiles
are shown in Fig 4
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Fig 4 Schanatic pressure and temperature vs tme profile illistrates a heterogeneous ten perature and a ho-

Time
mogenous pressure scenar The ad mbatic tamperature drop due to pressure relkase is rehtively small

A lthough the pressure distrbution n a multrphase sanple is heterogeneous on the
scale of the grain size as the shock wave passes pressure differences quick ly dan pen out to
an equilbrium shock pressure This heterogeneity is caused by differences in shock mped
ance an ong differentm ineral grans H ow ever these pressure variations are dampened by
shock-wave reverberatbns beween the grans of varyng shock mpedance A ssum ng a
shock wave velocity of ~ 10 km /s reverberatbns between 100 Pm grans or vens occur on
a(100*m/10'm/s) 100° s (10 ns) tine scale resulting n pressure equilbratbn after
several reverberatbns However the duratbn of shock pulse is proportional to the size of
the projectild ™, = d/v, tis shock duration v is impactvelocity, d is dian eter of shock
projectile For a one-km projectile body and a mpactvelocity of 10 km /s shock pulse du-
ration is ~ 100 m illisecond (10” ' s) near the i pact siie The nitial pressure fhications
on the scale of he grain size are generally neglected

The temperature difference between the melt vein and host rock detem nes the rate at
d#397 " The large temperature differences betv een the m elt-

ven and hostrock results in conduction of heat fran the melt vein to the host rock The

which the melt ven quenche

m elt vein quenches by themal conductbnw ith surrounding relatively cooler host rock rath-
er than by pressure release Quenching beg ns as soon as the vein foms ndependent of the
pressure pulse duration The temperature drop due to adiabatic pressure release is almost
neglighle can pared to the tanperature drop due to themal conduction For am odest pres
sure of 25 GPg the adiabatic coolng of a chondrite such as Tenhan is less than 100C,
and does not drive the quench of themelt Crystallizatbn of the melt ven starts after the
meltven tamperature drops bebw the liquius which for a chondrite is around 2000C at
25 GPd™"!. The solilificatbn of hemelt vein starts fran the ven edge and ends in the ven
center The tme required to quench awholem el-vein can be estim ated w ith themalmod
elng W e use a finite element heat transfer ( FEHT) progran to calculate ten perature—
tin e profiles fram vein center to ven edge .

W e can hink. of crystallization in temn s of three scenarios (Fi 5): (1) If the shock
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pressure pulse duration is longer than quench tme¢ the meltvenm ay crystallize at constant
equilbrum shock pressure ( 2) If the pressure pulse duration is s ilar to or san ewhat
shorter than quench tme themelt vein crystallizatbn m ay occur durng pressure release
(3) If the shock pressure pulse ismuch shorter than quench tme¢ themeltven crystalliza
tion can occur after pressure release These scenarios shoull be reflected n the meltven
m neralogy If crystallization occurs at constant pressurg we should see the same assem-
blage throughout a given mel-vein If crystallizatbn occurs durng pressure release we
should see an assemblage change fran the ven edge to vein center with a bwer pressure
assamblage in the ven center Therefor¢ if we see the sane high-pressure assemb lage
throughout the ven we can conclide that the crystallizaton pressure represents the equilb-
rum shock pressure Ifwe see the san e low-pressure assemblage throughout he ven, we
can conclude that crystallizatbn occurred after pressure release Ifwe see a lowerpressure
assamblage n ven center and higherpressure assamblage n the vein edge we can con-
clide that crystallization occurred durng pressure release
PT

Quench time

T in vein center

T in vein edge

T in host rock

Pressure
2

Time

Fig 5 Pressure and tanperature vs time pwofiles are shown n three quench scenarbs (1) Quench at hish
shock pressure (2) Quench mvolving pressure elease (3) Quench after pressure elease

3.2 Host rock fragm ents in melt veins

The m elt vens are analogous to pseudotachylites n that they canprise sheets of locally
shock-induced m elted material in which unmelted host-rock fragnents are canmonly en-
rained ( Fig 6). Themeltvens generally contain wo distnct parageneses One consists of
amatrk of silicates metals and sulfdes that crystallized fran mm iscble silicate and sut
fide melts The other high-pressure paragenesis in the melt vein consists of polycrystallne
graing produced by sold-state transfom atons of hostrock fragn ents thatwere entraned n
themelt vens Figure 8 and Figure 9 show the ringvoodite polycrystalline and hollandite
polycrystallne which transform ed by solil-state transfom ation fran hostrock fragnents n
the shock-induced melt ven

H gh-pressure m nerals are canmon 1 and around melt veins n highly shocked m ete
orites , They can fom either by crystallization of silicatem elt or by solid state transfomm a tion
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Fig 6 Schematic cartoon ofa shock-induced melt vein w ih host-rock fragn ents enbedded in themelt veinma
trx W dthsofmelt veins range from several Pm to onemm. The venmatrk ( datk) commonly contains

subm icrometer silicates and solid ified m etak s Ifide b lebs

Fig 7 Bright-field TEM i age of a ringwoodite ciystal n a hige polyerystallne aggregate fran Sixiangkou The
mage was obtained using g= 220 which highlights the distinctive stack ng faults on ( 110). Referred

from ( Chen et al 1996) '™,

hollandite

100 pm

Fig 8 Bright-field TEM i age of nano-crystallne holland ie fran Tenham The ndividual crystallites range in
size fran 20 to 100 m. The sekcted-area electron diffrac tion pattern contains d iffracton rings that con-

fim the holhndite stucture and ndicate random orientatons of he grains

ofhostrock fragnents entrained n themelt ven during shock H owever most early stud
ied high-pressure m nerals are. hostrock  fragn ents because they are higger and easy to be
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observed M ore recent work concermnig high-pressure m nerals n meteorited ** > ** # 75!
have focused on the host rock fragnents too The focuses are back to interpretng shock con-
ditions and durations using the growth knetics of he high-pressure polycrystallne

3.3 Constraints on shock pressure fran m eltwein crystallization

Using meltvein crystallization to estin ate shock pressure is controversial n the fiel of
shock m etan orph ian because it uses phase equilibrium data obtaned n static h gh-pressure
experinents (Fig 9). However there are several reasons why high-pressure meltng rela
tions can be applied to the nterpretation ofmeltven crystallization First the most can-
mon meltrven assemblage seen n S6 chondrites m aprite plus magnesioviistite (Fig 10),
is also produced in static high pressurem elting experim ents on both A llendeé”®” and onK it
bum-hole-1 perdotitd *!. The textures and crystal sizes n the centers of large chondritic
melt vens such as those nT enhan, Sixiangkou and A cfer 040 * %1 are very sin ilar to
the textures and crystal sizes produced in the static experin entd’'!. Sin ilarly the chem ical
canpositbns of the crystallized majoritic gamets are very smilar to the can positions of gar
nets in the experinents Canpared to solid-state reconstructive phase transitions m elt-ven
crystallization nvolvesmuch sn aller kinetic barriers

2400
Vein |, Vein
2200~ Center || Edge
Two Liquids
20001
&
B rw+maj+mw v
E 1 800
=
QL
g 1600
F
1400
Solid + Sulfide Liquid
1200 Allende Phase Digram
Agee et. al. 1995
| | | | |
! 000O 5 10 15 20 25 30
Pressure/GPa

Fig 9 The ciystallzaton-pressure regions illustrated on a sinp lified versbn of the A llende phase diagramm].

w= ringwoodit¢ maj=maprite mw= magnesowlistit pv = pewvskite

Meltven crysiallizatbn has a great advantage over sold-state transfom aton for con-
stranng shock pressure histories Because the coolng produced by adiabatic pressure re
lease is relatively small shock melt cools predan mantly by conduction to the surround ing
relatively coo] hostmeteorite This results n crystallizaton that starts at the ven m ag ns
andmoves iwaud to themeltven core as crystallization proceeds The resulting crystalliza
tion sequence provides a record of shock pressure through tme This record can be several
hundred m illiseconds long If the recorded pressure-tem perature-time history exceeds the
period of elevated pressurg crystallization assen blages should record the pressure release

The crystallization assen blages n a given melt ven w ill depend on the tme required
formelt vein quench versus the duration of high shock pressures (Fig 5).. If the shock du-
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ration were longer than the crystallization tme of themelt venn thenwe would expect crys
tallizatbn to have occurred during the perbd of high shock pressure and therefore record the
contnuum shock pressure This appears to be the case for S6 samples such as Tenhan
(Fig 10)"”, RC106® and Siiangkou' **'. 1If the shock duration was the same duration
asmeltven crystallization then it is likely thatm elrvein crystallization would record both
the contnuum shock pressure and a lower pressure of partial release such that the core of
the ven m ght contain an assenb lage that crystallized at a lower pressure than that of he
rest of the vein This is not canmon If the shock pulse were shorter than the meltven
quench time onewoul expect crystallization of low-pressure assemblages n the core of the
melt vein This appears tobe the case for S4 sanplesKunashak and LaLande which con-
tah plagioclase-bearng crystallizatbn assenblaged®!. Fnall, we note that sane vens
may fom at low pressure durng pressure release The m neralogy of these veinswould be
unre lated to ellher the m a,gnlmde or duratlon of peak shock pressure
‘ : ; ’ :t '._..,» 4 o . : "
“wivein center “arg © L Nead
7 ~ ,' Ry etal-sulﬁd‘
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Fig 10 Field-en ssbn SEM i ages of amelt vein in Tenham The melt-veinmargin on the left con tains ring-
woodite ( w), akmotoie ( ak) and vitrified silicate perovskite ( pv) abngwith soliified dwp kts of
Fesulfdemelt The vein core on the right contains the canmon assemb hge of majorititic gamet and
m agnesiov Ustite abng w ih blebs of soldified m etal-sulfide melt

4 Shock m etam orphisn in general

The review of the study of shock m etan orphism and the basic shock physics is one gen-
eral topic for all shock features The shock-nduced melt vein ofm eteorites only represents
the shock features at relatively higher shock degree and one special topic of shock m etan or

phisn in recent years A ctually there are many nterested shock featuresworth to study n
detai] such as planar defom ation feature and shock-induced breccia at low er shock de
gree or shock-induced whole rock molten, shock-induced vaporization and condensatbn at
much higher degree

In addition there arem any interestng topics relating to shock m etan orph ism were not
covered herg such as he mpactmode] mpact crathngm echanisn, shock effects on differ
entm norm nerals ( like troilite  ron-nickelmeta] ete ), shock effects on differentm ete
orites shock effects on planetary bodies (such asM ars theM oon ete), shock effects on
terrestral rocks terrestrial mpact effects on the evoluton of the life and geology history e
vaporation and condensation by shock wave n the beginn ng nebu lar stagg and so on I
general  dhock wave and shock metanorphisn play an inportant role in our solar system.
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