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Abstract-A revised petrographic classification of progressive stages of shock metamorphism of ordinary 
chondrites is proposed. Six stages of shock (S 1 to S6) are defined, based on shock effects in olivine and 
plagioclase as recognized by thin section microscopy. The characteristic shock effects of each shock stage 
are: S 1 (unshocked)-sharp optical extinction of olivine; S2 (very weakly shocked)-undulatory extinction 
of olivine; S3 (weakly shocked)-planar fractures in olivine; S4 (moderately shocked)-mosaicism in 
olivine; SS (strongly shocked)-isotropization of plagioclase (maskelynite) and planar deformation features 
in olivine; and S6 (very strongly shocked)-recrystallization of olivine, sometimes combined with phase 
transformations (ringwoodite and/or phases produced by dissociation reactions). S6 effects are always 
restricted to regions adjacent to melted portions of a sample which is otherwise only strongly shocked. 
In stages S3 to S6, localized melting results from stress and temperature peaks which locally deviate from 
the equilibration shock pressure, due to differences in shock impedance. These melting effects are (a) 
opaque melt veins (shock veins); (b) melt pockets with interconnecting melt veins; (c) melt dikes; and 
(d) troilite/metal deposits in fractures. Based on a critical evaluation of data from shock recovery ex- 
periments, a shock pressure calibration for the six shock stages is proposed, which defines the Sl /S2, S2/ 
S3, S3/S4, S4 JS5, and S5 JS6 transitions at < 5, 5-10, 15-20, 30-35, and 45-55 GPa, respectively. 
Whole-rock melting and formation of impact melt rocks or melt breccias occurs at about 75-90 GPa. 
The symbol for the shock stage may be used in combination with the symbol for the petrologic type to 
abbreviate the complete classification of a chondrite, e.g., H5( S3). We propose this new shock classification 
and pressure calibration system to replace previous systems, which are out-of-date with respect to the 
pressure calibration, nominally restricted to L chondrites, and based on incomplete and, in part, ill- 
defined sets of shock effects. 

We have classified seventy-six ordinary chondrites using the new classification system and conclude 
the following: 

1) Shock effects and the sequence of progressively increasing degrees of shock metamorphism are very 
similar in H, L, and LL groups. Differences in the frequency distribution of shock stages are relatively 
minor; e.g., L chondrites appear to have the largest fraction with stages S5 and S6. This suggests that 
the collisional histories of the H, L, and LL parent bodies were similar. 

2) Petrologic type 3 chondrites are deficient in stages S4 to S6 and, with increasing petrologic type, the 
frequency of stages S4 to S6 increases. We suggest that the more porous and volatile-rich type 3 
chondrites are subject to melting at a lower shock pressure than the nonporous chondrites of higher 
petrologic type. Volatiles trapped in pores cause shock-induced dispersal of the shocked and melted 
material into small particles which are not expected to survive as meteorites. 

3) Stage S3 is the most abundant in nearly all petrologic types. 
4) At shock pressures in excess of about 35 GPa (S5 and S6), 4He and 40Ar are almost completely lost; 

pressures below 10 GPa (S 1 and S2) do not cause noble gas losses. 

INTRODUCTION 

SHOCK METAMORPHISM and brecciation resulting from hy- 
pervelocity collisions on their parent bodies are the most 
common features of meteorites. Although shock veins and 
breccia textures had been used in previous classifications of 
meteorites (e.g., BREZINA, 1904), shock-induced properties 
of meteorites have later been sometimes considered as non- 
fundamental, secondary, or tertiary effects of alteration that 
simply obliterate genetically relevant primordial character- 
istics. We believe that this is a misconception which may, in 
fact, hamper the recognition of fundamental processes which 
took place in the very early history of the meteorite parent 
bodies (e.g., STOFFLER et al., 1988a). This is indicated, for 
example, by the recognition very early in modern meteorite 

research that impact processes in general are prime factors 
affecting very fundamental properties of meteorites, such as 

the abundance and distribution of noble gases and trace ele- 
ments (particularly volatile elements), the radiometric ages, 
and other physical characteristics (e.g., ANDERS. 1964; KEIL, 
1964; HEYMANN, 1967). 

We contend that it is crucial to have a clear understanding 
of the effects of shock and brecciation on meteorites in order 
to decipher not only the entire suite of their primordial fea- 
tures, which they inherited from the solar nebula or from 
presolar sources, but also those features that are due to en- 
dogenous processes in their parent bodies. The study of shock 
and brecciation of meteorites is also a prime source of in- 
formation about the collisional and geological history of their 
asteroidal parent bodies. This fact by itself warrants a careful 
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study of the impact effects recorded in meteorites. For these 

reasons, we have started a long-term research program on 
shock metamorphism and brecciation of stony meteorites 
that will make full use of our knowledge of the properties 
and the geological settings of terrestrial and lunar impact 
formations in the interpretation of shock effects in meteorites. 

This paper focuses on shock effects in ordinary chondrites. 
It provides a new, pressure-calibrated shock classification ap- 
plicable to all chemical and petrologic groups of ordinary 
chondrites. We chose to analyze ordinary chondrites first for 
two major reasons. First, ordinary chondrites represent by 

far the most abundant group of meteorites falling on Earth. 
Second, we recognized some major problems with the shock 
classification currently used, which have not been solved in 
the most recent treatments of this matter and where conflict- 
ing classification schemes are presented (SEARS and DODD, 
1988; STOFFLER et al., 1988a). 

Previously published shock classifications of ordinary 
chondrites ( HEYMANN, 1967; CARTER et al., 1968; VAN 
SCHMUS and RIBBE, 1968; TAYLOR and HEYMANN, 1969; 
DODD and JAROSEWICH, 1979; SEARS and DODD, 1988; 
STOFFLER et al., 1988a) are unsatisfactory for a number of 

reasons. Some are out of date in view of the data on shock 
pressure calibration now available. Some do not make use 
of the full set of known shock effects in olivine, and some 
are incomplete with respect to the data base, e.g., restricted 
to L chondrites. Furthermore, some are difficult to apply 
because equivocal and ill-defined shock criteria are used. It 
is therefore the aim of the present study to provide a generally 
applicable shock classification system and a methodology for 
assigning any given ordinary chondrite to a certain shock 
stage by study of a thin section using a polarizing microscope. 

Like DODD and JAROSEWKH (1979), we are using shock 
effects in olivine and plagioclase in our classification system. 
The modifications and improvements we made relate to the 
following major points: 

1) The new classification relies predominantly on olivine, 
which is present in all chondrite groups. Local melting 
phenomena are not used as critical shock indicators for 
classification. 

) We introduce planar fractures and planar deformation 
features in olivine as critical shock indicators, and we dis- 
card the deformation state of plagioclase (VAN SCHMUS 
and RIBBE, 1968) as a criterion for shock. 

) The pressure scale for the shock stages has been extensively 
recalibrated using all available data from shock experi- 
ments. 

4) The new system is based on observations from all groups 
of ordinary chondrites. It is not only applicable to H, L, 
LL, but also to C chondrites (SCOTT et al., 199 1) and, in 
fact, to any olivine-bearing meteorite class, e.g., to ureilites. 

EXPERIMENTAL AND CONCEPTIONAL BASIS FOR 
AN IMPROVED SHOCK CLASSIFICATION 

OF ORDINARY CHONDRITES 

Sample Selection and Methods of Investigation 

The present work is based on macroscopic textural studies of about 
one hundred hand specimens and optical microscopy of seventy-six 
ordinary chondrites. We classified thirty-five H, twenty-seven L, and 

fourteen LL chondrites according to their degree of shock meta- 
morphism. The selected ordinary chondrites cover all petrologic types 
(3 to 6), as defined by VAN SCHMUS and WOOD (1967). Since the 
main purpose of this paper is to provide an improved and generally 
applicable classification system, we emphasize that the observed sta- 
tistical distribution of shock stages as a function of chemical group 
or petrologic type is prelimina&, and any interpretation should be 
made with caution until more chondrites have been classified by the 
proposed method. Approximately five hundred ordinary chondrites 
have been classified in the past by various authors on the basis of the 
DODD and JAROSEWICH ( 1979) and other systems. Although the 
system proposed here adopts some major criteria of the DODD and 
JAROSEWICH ( 1979) classification. we consider additional shock ef- 
fects that havk not ‘previously been used for classification; thus, a 
direct cross-correlation between these two classifications is generally 
not possible without a new microscopic investigation. 

Principles of Shock Metamorphism of Chondrites 

The recognition and interpretation of observable shock effects in 
chondrites reauires some knowledge of the fundamental physics of 
shock wave propagation in solids and of the available information 
on naturally and experimentally produced shock metamorphism of 
polycrystalline rocks. A comprehensive review of these facts is beyond 
the scope of this article, and the reader is referred to review papers 
(e.g., DUVALL and FOWLES, 1963; DAVISON and GRAHAM, 1979; 
STOFFLER, 1972, 1974, 1984). However, a few basic facts will be 
summarized here. 

A shock wave in solid or fluid matter can be produced only by 
very rapid acceleration of the material in question, e.g., by hyper- 
velocity impact. The resulting compression, normally transmitted by 
a compression wave, degenerates to a shock front, which propagates 
with supersonic velocity and causes the engulfed material to flow 
behind the shock wave at a velocity somewhat lower than that of the 
shock wave. Hence, shock compression is always linked with hyper- 
velocity material flow. The transition from the unshocked to the 
shocked state at the shock front is highly discontinuous; i.e., it takes 
place in a time span of nanoseconds to microseconds. The duration 
of the pressure pulse depends on the thickness of the impactor and 
target and ranges from about milliseconds to seconds in most natural 
impact scenarios. Shock compression leads to an increase of the en- 
tropy. Therefore, the adiabatic decompression from a certain shock 
pressure-shock temperature state to ambient pressure leaves the ma- 
terial with an elevated temperature, called post-shock temperature. 
This temperature increases with increasing shock pressure and may 
cause melting or vaporization at very high shock pressures. 

The structure and mode of propagation of a shock wave in solid 
material and the rise time to the final peak shock pressure is influenced 
by the presence of a dynamic elastic limit and/or a phase transition, 
and by polycrystallinity, porosity, and density discontinuities of and 
within the target material. Material strength-important at low and 
moderate shock pressures-and phase transitions in the target result 
in a double or triple “wave” structure of the shock front (low-pressure 
elastic precursor wave followed by a high-pressure plastic or trans- 
formational wave; e.g., DUVALL and FOWLES, 1963), which may be 
responsible for specific mechanical shock effects observed in rock- 
forming minerals. More important, however, is the effect of the dif- 
ference of shock impedance (shock wave velocity multiplied by the 
mineral’s density) between the constituent minerals of polycrystalline 
rocks, in particular, the effect of pore space. The difference in the 
shock impedance between pores (vacuum) and metal grains in chon- 
drites constitutes a most extreme case in geologic materials. The 
presence of metals in chondrites will lead to impedance contrasts 
that are substantially higher than those characterizing terrestrial, lunar, 
and achondritic rocks. 

The shock states that can be achieved by shock waves of various 
intensity in any given mineral can be represented graphically by the 
Hugoniot curve, which may be plotted in the pressure-volume or the 
pressure-particle velocity plane. Hugoniot curves of the major min- 
erals of ordinary chondrites are plotted in Fig. 1 and will be used to 
explain the effects of the polycrystalline and polymineralic nature of 
chondrites on the mode of shock propagation and shock deformation. 
If, for the sake of simplicity. one assumes a very simple textural 
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RG. 1, Measured Hugoniot data for terrestrial analogue materials 
of ordinary chondrites, plotted in the pressure-particle velocity plane 
(data from a compilation by STOFFLER, 1982). Arrows relate to the 
case of an olivine plate impacting various chondritic minerals at a 
velocity of 3 km/s (see Fig. 2). 

setting where a plane shock wave of a given intensity enters phases 
of different shock impedance parallel to an assumed plane surface, 
the shock pressure and particle velocity resulting from the shock 
wave in each mineral grain can be calculated (Fig. 2). The differences 
of pressure and particle velocity are substanti~ and lead to a violent 
shear movement, which is most pronounced if the grain boundaries 
are perpendicular to the shock front (Fig. 2). Since the grains in Fig. 
2 have a finite size and are in contact with other mineral grains of 
different shock impedance, the propagating shock wave will be re- 
verberated on many interfaces, causing, in any one grain, a stepwise 
increase or decrease of the shock pressure which had been achieved 
by the first shock wave entering that particular grain. After a short 
time, all grains will be at a final equilibration peak pressure. The 
term “equilibration” relates to the final steady shock state that the 
rock achieves before the onset of adiabatic decompression. It does 
not imply that the shock-compressed rock is in a thermodynamical 
equilibrium in the physico-chemical sense. The equilibration pressure 
is largely determined by the properties of the main mineral constit- 
uents, e.g., olivine-pyroxene, in the case of ordinary chondrites. The 
rather pronounced heterogeneity of the shock pressure dis~bution 
at the beginning of the shock compression leads to a corresponding 
heterogeneity in the temperature distribution. Such localized stress 
and temperature concentrations must be a major reason for the for- 
mation of melt veins and melt pockets, which are the most conspic- 
uous “disequilibrium shock effects” in ordinary chondrites, as opposed 
to the “average shock effects” recorded by the bulk constituent mineral 
grains as a result of the ~uilibmtion peak pressure. These average 
effects may therefore be called ~‘~uilib~um shock effects.” Both effects 
are fundamental for a complete characterization of the degree of 
shock in any chondrite sample. 

For an understanding of the complete shock history of a chondritic 
rock, some additional aspects, which are related to the type of impact 
that produced the shock compression, have to be considered. The 
relative size of the colliding bodies is very decisive for the subsequent 
tem~rature history to which the shocked rock will be subjected im- 
mediately alter shock pressure release. By the shock compression, 
the target is heated to a certain post-shock temperature, which strongly 
depends only on the peak shock pressure, mineralogy, and porosity, 
as well as on the ambient temperature of the target before shock 
compression (Fig. 3). The post-shock temperature is obtained by 
adding the ambient temperature before the shock event and the tem- 
perature increase induced by the shock wave (“waste heat”). The 
sub~quent cooling history of a shocked sample depends on the type 
ofcollision in which the chondritic target material had been involved. 

Figure 4 depicts hypervelocity collisional scenarios for asteroidal 
bodies covering three typical but rather different cases with respect 
to the relative sizes of the colliding bodies. The portions of these 
bodies, which display observable shock effects (minimum shock 
pressure of about 5 GPa), will be subjected to rather different tem- 
perature histories in going from scenario (a) to (c) of Fig. 4. 

Scenario (a) is characterized by the collision of two bodies of ap- 
proximately similar size and results in the total disruption of the 
colliding bodies and the escape of the fragments. In this process, rock 
fragments shocked to peak pressures at which post-shock heat is ap- 
preciable (>25-30 GW), are expected to be less than meters or, even 
more probable, only decimeters in size. This size range is inferred 
from experimental and theoretical studies of asteroid collisions (see 
reviews in BINZEL et al., 1989) and observations at impact craters 
(e.g., POHL et al., 1977; HORZ et al., 1983), as will be explained in 
more detail in the discussion section. Consequently, strongly shocked 
fragments produced in scenario (a) would cool very rapidly and escape 
reheating by potential subsequent annealing events (Figs. 3,4), unless 
they reaccreted imm~iately into another relatively large body. Sig- 
nificant shock heating and quenching cannot be expected if the two 
similarly sized bodies collide at low velocity (e.g., < ca. 1.5 km/s; 
STOFF'LER et al., 1988a). This would lead to the reaccretion of the 
fragmented but “unshocked” bodies. 

In scenario (b), characterized by cratering and spallation without 
formation of a substantial ejecta blanket (lack of regolith), most 
shocked material will escape and will be the~aIly quenched. Some 
shocked material will be incorporated into a polymict breccia lens 
at the crater floor, and some will form the central upper part of the 
autochthonous crater floor (GRIEVE et al., 1977; STOFFLER et al., 
1979, 1988b; GRIEVE, 1978, 1987). If impact melt is formed, most 
of it would stay in the central part of the crater lill and could contribute 
to an annealing of the shocked basement and the shocked fragments 
of the breccia lens (Figs. 3,4). This effect will be more pronounced 
in scenario (c) and will be explained in more detail below. The spalled 
fragments depicted in scenario (b) will be largely unshocked and 
unheated. 

In scenario (c), characterized by multiple cratering and regolith 
formation, including formation of larger craters, shocked target rocks 
will experience a wide variety of thermal histories. Some fragments 
that are ejected ballistically escape from the body and are rapidly 
cooled; some will be deposited in an essentially cold ejecta blanket, 
where no thermal annealing can be expected. Other shocked fragments 
can be incorporated into hot impact melts or into moderately heated 
melt-bearing “suevitic” polymict breccia deposits, or they can form 
the basement of such hot impact formations, particularly at the central 
crater floor (GRIEVE et al., 1977; GRIEVE, 1978; ST&FLER et al., 
1979). The shocked material is expected to experience varied thermal 
histories subsequent to the shock event (ONORATO et al., 1978). 
Very strongly shocked or shock-melts all~hthonous material de- 
posited in breccia units will cool rapidly (within hours or minutes 

shock wave 
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FIG. 2. Shock pressure (I’, in GPa) and particle velocity (u, in 
km/s) induced in various constituents of chondrites by the impact 
of an olivine projectile at 3 km/s onto an olivine plate. A plane shock 
wave (peak P = 40 GPa; u = 1.5 km/s) enters minerals of different 
shock impedance. Resulting P and u values are derived from Fig. I 
by a graphical impedance matching method (see text). Note that u 
= 3.0 km/s refers to the free surface velocity of olivine moving into 
the pore space. 
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FIG. 3. Post-shock temperature as a function of shock pressure for minerals shocked at room temperature (left), 
and examples of various scenarios of post-shock cooling histories of strongly shocked and completely shock-melted 
chondrites (right); data for post-shock temperatures of olivine, oligoclase, and quartz from RAIKES and AHRENS 
( 1979). AHRENS et al. ( 1969), and WACKERLE ( 1962), respectively. 

for fmgments IO-1 cm in size) from a post-shock temperature above 
the equilibrium temperature of the breccia deposit and then cool 
slowly (Fig. 3). Moderately shocked fragments within the breccia 
deposit will be reheated to this equilibrium temperature rapidly and 
then cool slowly. In any case, the “equilibrium depositional temper- 
ature” of polymict breccia layers in which material ofgreatly variable 
post-shock temperature is mixed together-either cold clasts within 
a hot impact melt, or cold clasts and hot melt particles in a elastic 
matrix breccia (suevitic)-is a very important transient thermal state 
through which some shocked material passes. This holds also for the 
shocked crater basement, which can get reheated by a hot breccia 
layer on top or by melt dikes penetrating into the basement. In this 
case, the reheating and cooling rates are lower than for the allo- 
chthonous shocked material. The potential annealing and cooling 
histories for scenario (c) are illustrated in Fig. 3. The variable geo- 

(3) 

(II) 

(cl 

FIG, 4. Scenarios for the formation and geological setting of shocked 
ehondrites on their parent bodies as a function of the relative sizes 
of the colliding bodies. 

logical settings of shocked chondrites in impact craters will be dis- 
cussed further in the last section of this paper. 

It is important to emphasize that the whole sequence of shock 
compression, shock heating, thermal quenching, and annealing de- 
scribed above can take place in one single collisional event. Additional 
reheating effects in scenario (c) can result from the multiplicity of 
cratering events on a chondritic parent body, which is highly probable 
in its very early history. No~ths~nding the possibility that previously 
shocked target material can be reshocked in any subsequent generation 
of cratering events, aliochthonous shocked rocks of the first generation 
may be reheated, without being shocked again, ( 1) by the deposition 
of hot impact breccia units on top of preexisting breccia units con- 
taining shocked rocks, or (2) by incorporation of fragments from 
such preexisting units into newly formed hot impact breccia layers 
or dikes. 

Experimental Data Base for Shock F’ressure Calibration 

The shock effects in ordinary chondrites vary with increasing shock 
intensity such that a progression of characteristic stages of shock 
metamorphism can be recognized and arranged on a relative scale 
of increasing degree of deformation and alteration of the constituent 
mineral phases. Therefore, a particular ordinary chondrite sample 
can be assigned to a specific “shock stage,” a term used in terrestrial 
impact formations (e.g., STOFFLER, 197 1, 1984) or to a “shock facies,” 
as in the terminology of DODD and JAROSEWICH ( 1979). This clas- 
sification does not depend on the knowledge of accurate absolute 
values of the shock pressures at which characteristic shock features 
are formed. However, it is most useful and necessary to use the data 
base available from shock recovery experiments in order to select 
those shock effects for establishing an optimum number of shock 
stages that are most indicative of a specific peak shock pressure or 
pressure range. 

Shock recovery experiments and subsequent analyses of artificially 
shocked samples have been performed on a variety of single crystals 
and rocks that can be considered good analogue materials for ordinary 
chondrites and their mineral constituents. These materials include 
single crystal olivine (CARTER et al.. 1968: MOLLER and HORNE- 
MANN, 1969: SCLAR, 1969; HURZ and QUAIDE, 1973; SNEE and 
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FIG. 5. Compilation of literature data on the experimental pressure calibration of shock effects in “chondritic” 
silicate minerals. Main sources of data are MOLLER and HORNEMANN ( 1969), HORNEMANN and MOLLER ( 1971), 
ST~FFLER (1972), HORZ and QUAIDE (1973), SNEE and AHRENS ( 1975), SCHAAL and HORZ (1977), REIMOLD and 
STOFFLER (1978). BAUER (1979), JEANLOZ (1980), SYONO et al. (1981). OSTERTAC (1983), and ST~FFLER et al. 
( 1986); see text for additional information. 

AHRENS, 1975; JEANLOZ et al., 1977; BAUER, 1979; JEANLOZ, 1980; 
SYONO et al., 1981); pyroxene (HORNEMANN and MOLLER, 1971; 
H~RZ and QUAIDE, 1973); oligoclase ( STOFFLER and HORNEMANN, 
1972; STOFFLER, 1972, 1974; OSTERTAG, 1983); dunite and poly- 
crystalline olivine (CARTER et al., 1968; MULLER and HORNEMANN, 
1969; HORZ and QUAIDE, 1973; REIMOLD and STIFLER, 1978; 
BAUER, 1979); particulate dunite, granulated basalt, and lunar regolith 
(BAUER, 1979; SCHAAL et al., 1979; SCHAAL and HORZ, 1980); ol- 
ivine- and pyroxene-bearing basalts (JAMES, 1969; SHORT, 1969; 
KIEFFER et al., 1976; SCHAAL and H~Rz, 1977); pyroxenite ( HOR- 
NEMANN and MOLLER, I97 1); and particulate bronzite and bronzite- 
plagioclase mixtures (GIBBONS et al., 1975a,b). Only a few shock 
experiments have been made with unshocked ordinary chondrite 
material ( FREDRIKSSON et al., 1963; CAFFEE et al., 1982; SEARS et 
al., 1984; BOGARD et al., 1987). Although there are abundant data 
from shock experiments on metals such as Fe-Ni and meteoritic irons 
containing troilite and other phases, they will not be discussed in 
detail because the shock classification proposed here is predominantly 
based on shock effects in silicates. 

The shock effects in chondritic silicates for which an accurate shock 
pressure calibration is available include the following major defor- 
mation and transformation phenomena in olivine, oligoclase, and 
pyroxene observable in the petrographic microscope. 

I ) Mechanical deformations: 
a) Undulatory extinction in olivine, pyroxene, and plagioclase; 
b) Planar fractures and planar deformation features in ohvine 

and planar deformation features in plagioclase; 
c) Mechanical twinning in pyroxene; and 
d) Mosaicism in olivine, pyroxene, and plagioclase. 

2) Phase transformations: 
a) Transformation of plagioclase into diaplectic glass (maskelyn- 

ite): 
b) Melting of plagioclase and formation of (normal) glass; 
C) Solid state recrystallization of olivine; 
d) Melting of olivine and formation of fine-grained polycrystalhne 

olivine; and 
e) Transformation of olivine and pyroxene into ringwoodite and 

majorite, respectively, and/or dissociation of olivine into sev- 
eral crystalline or glassy phases. 

For most of these shock effects, the minimum shock pressures 
required for their formation, as well as the pressure ranges in which 
they are observed, have been determined with variable accuracy (Fig. 
5). Although there is a general increase of the required minimum 
shock pressure in going from shock effects listed in the preceding 
sections on mechanical deformations and phase transformations, 
some of the shock features are coexisting or overlapping (Fig. 5 ) As 
will be discussed in detail in the next section, some shock effects 
listed in those earlier sections have been observed in ordinary chon- 
drites only in localized areas of samples whose equilibration shock 
pressure level is lower. The same holds for an additional set of shock- 
induced features that results from very localized excursions of the 
shock pressure and temperature to extremely high values. These fea- 
tures have been referred to as disequilibrium shock effects (see above). 
They include thin, opaque melt veins (shock veins): melt pockets 
and interconnecting melt veins: melt dikes: and sulfide and metal 
deposits injected into fractures of major silicates (for details, see be- 
low). The experimental data base for pressure calibration of these 
disequilibrium effects is not satisfactory, and more shock recovery 
experiments specifically devoted to this problem are highly desirable. 
Most of the disequilibrium shock effects defined above have been 
produced in shock recovery experiments. However, the older exper- 
iments were very restricted in regard to the range and accuracy of 
shock pressures (FREDRIKSSON et al., 1963), and the more recent 
experiments (SEARS et al., 1984) were limited to one H chondrite 
sample and only five different peak pressures, which have unaccept- 
ably large error bars. Therefore, these data cannot be used for pressure 
calibration of shock effects, such as the formation of melt veins and 
melt pockets. The most recent experiments (BOGARD et al., 1987) 
are specifically devoted to the problem of shock-induced loss of noble 
gases. At this time, therefore, the minimum shock pressures for the 
formation of these shock features can be estimated only from the 
observed equilibration pressures as recorded by the coexisting olivine 
and plagioclase in the bulk sample. This will bc discussed in the 
section on shock classification, 

OBSERVED SHOCK EFFECTS IN H, L, 
AND LL CHONDRITES 

The following description of shock-induced deformations 

and transformations of mineral constituents and mineral 
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assemblages as observed in ordinary chondrites is given in 
the order of increasing intensity of shock metamorphism. 
The main emphasis is on those shock effects in silicates that 
will be used as critical pressure indicators for the classification 
system proposed in the next section. It is important to note 
that the descriptions are based on detailed studies of thin 
sections in the optical microscope in transmitted and reflected 
light following a careful macroscopic inspection of hand 
specimens. Our aim is to provide a clear definition and de- 
scription of specific shock effects in such detail that meteo- 
riticists inexperienced with the recognition of shock features 
in the microscope should be able to determine the shock 
stage of any ordinary chondrite sample. 

It should be pointed out that most of the petrographic 
shock effects to be defined and described below have previ- 
ously been observed (e.g., HEYMANN, 1967; CARTER et al., 
1968; TAYLOR and HEYMANN, 1969; MOLLER and HOR- 
NEMANN, 1969; ASHWORTH and BARBER, 1975, 1976b; 
DOLID and JAROSEWICH, 1979; PRICE et al., 1979; DODD et 
al., 1982; ASHWORTH, 1985). In spite of this, the following 
discussion is relevant and important because a comprehensive 
assessment of shock effects in chondrites and a critical dis- 
cussion of their role as pressure calibrators and as criteria for 
shock classification of chondrites has not previously been 
presented. 

Shock Effects in Olivine 

The weakest observable shock effects in olivine are un- 
dulatory extinction and randomly oriented, nonplanar irreg- 
ular fractures (CARTER et al., 1968). Undulatory extinction 
as seen under crossed polars is distinguished from sharp, uni- 
form extinction of unshocked oiivine (Fig. 6a) by the fact 
that for the former, the extinction position of a single crystal 
varies systematically across the grain, requiring an angle of 
rotation of >2O. Undulatory extinction of oiivine is always 
combined with irregular fractures (Figs. 6b,c) which most 
probably are shock-induced but are not considered as an un- 
equivocal shock effect per se. 

Within increasing shock, oiivine with undulatory extinction 
displays sets of parallel planar fractures with a spacing of tens 
of microns (Figs. 6c, 7). They have a preferred crystailo- 
graphic orientation parallel to pinacoids, prisms and dipyr- 
amids ( MOLLER and HORNEMANN, 1969; SNEE and AHRENS, 
1975; REIMOLD~~~ ST~FFLER, 1978; BAUER, 1979). Planar 
fractures are the most important shock indicators at moderate 
shock pressures. Unfo~unateiy, they were neglected in pre- 
vious shock classification schemes (CARTER et al., 1968; 
DODD and JAROSEWICH, 1979). 

At some stage of shock intensity, oiivine with planar frac- 
tures shows a distinctive mottled or mosaic appearance at 
extinction under the polarizing microscope (CARTER et al., 
1968; REIMOLD and ST~FFLER, 1978). Single crystals display 
numerous, more or less equant, poorly defined domains a 
few pm or less in size, which differ in their extinction positions 
by more than 3 to 5’ of rotation (Fig. 8). This causes the 
well-known shock-induced asterism observed in single crystal 
X-ray diffraction patterns ( HEYMANN, 1967; STOFFLER, 
1972; H~RZ and QUAIDE, 1973). An impo~ant optical 
expression of mosaicism in thin section is that each mosaic 

FIG. 6. Olivine (a) with sharp extinction in the unshocked H3(Sl) 
chondrite Dhajala; (b) with weak undulatory extinction and irregular 
fractures in the very weakly shocked H4(S2) chondrite Avanhandava; 
and (c) with undulatory extinction, irregular fractures, and rare planar 
fractures (one set of three parallel fractures in grain marked by arrow) 
in the weakly shocked H4(S3) chondrite Farmville. Transmitted light, 
crossed polars. Widths of images: (a) and (b) 710 pm: (c) 650 pm. 

domain of the crystal still assumes a position of maximum 
extinction upon rotation; however, the crystal as a whole 
does not get absolutely dark at that position because the mo- 
saic domains are much smaller than the thickness of the thin 
section. Therefore, numerous mosaic domains are super- 
imposed (Fig. 8). The intensity of mosaicism, i.e., the number 
and misorientation of the domains, increases with increasing 
shock pressure as documented by X-ray diffraction (e.g., 
H~RZ and QUAIDE, 1973); however, this effect is difficult to 
quantify optically in thin sections. 

Oiivine with strong mosaicism not only shows multiple 
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FIG. 7. Olivine (a) with planar fractures parallel to the basal pin- 
acoid, one prism and one dipyramid in the moderately shocked 
L4( S4) chondrite Gifu (width 7 10 pm); (b) with planar fractures 
parallel to the basal pinacoid (E-W), to one prism (N-S), and to 
two differently oriented dipyramids in the strongly shocked L6( S5) 
chondrite Beaver-Harrison (width 650 pm); and (c) planar fractures 
and planar deformation features (short linear optical discontinuities 
20-40 Grn in length; four different orientations) in the strongly 
shocked L5 (S5) chondrite Armed (width 290 pm). (a) and (c) in 
transmitted light, crossed polars; (b) in transmitted, plane polarized 
light. 

sets of parallel planar fractures but also additional planar 
deformation features (see GRIEVE et al., 1990 for definition), 
which appear to be submicroscopic lamellae (Fig. 7c) rather 
than open fractures ( MOLLER and HORNEMANN, 1969). 
Previously, these were referred to as shock lamellae ( CHAO, 
1967) or planar elements ( STOFFLER, 1972). Planar defor- 
mation features in olivine are thin, optical discontinuities 
which are about 20-40 pm in length. They are very often 

restricted to certain areas of a single crystal and tend to be 
confined to regions between planar fractures (Fig. 7~). The 
spacing of planar deformation features, mostly of the order 
of a few pm, is definitely narrower than that of planar frac- 
tures. The crystallographic orientation of planar deformation 
features is similar to the orientation of planar fractures 
( MULLER and HORNEMANN, 1969; STOFFLER, 1972; SNEE 
and AHRENS, 1975). 

Further increase of shock pressure leads to recrystallization 
of olivine in the solid state and, finally, melting. Typically, 
olivine grains adjacent to, or within, melt pockets and thick 
melt veins (but not thin opaque “shock veins”), are affected 
by recrystallization, which is restricted sometimes to the side 
of the grain located next to the melt vein. Recrystallized ol- 
ivine is characterized by extremely fine-grained polycrystalline 
texture, which is accompanied by a yellow to yellow brown 
staining of the recrystallized region (Fig. 9). The remaining 
part of a partially recrystallized olivine grain displays strong 
mosaicism, planar fractures, and planar deformation features. 
Recrystallized olivine lacks planar fractures and deformation 
features. Totally recrystallized grains that are completely sur- 
rounded by “mixed” melt have a smooth, rounded shape 
because of marginal melting (Figs. 9, 10). The texture of 
such grains is somewhat variable, due to the variation of the 
grain size of the newly crystallized subgrains, which range 

FIG. 8. Olivine with mosaicism and planar fractures in moderately 
and strongly shocked ordinary chondrites: (a) extinction position of 
a single crystal with two Sets of planar fractures (NE-SW and -E- 
W) in the H4(S4) chondrite Chico Hills (width 325 wm); (b) ex- 
tinction position of a single crystal with three sets of planar fractures 
in the L6( S5) chondrite Pinto Mountains (width 7 10 pm). Both in 
transmitted light, crossed polars. 
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FIG. 9. Transmitted light, crossed polars (a) and reflected light (b) 
images of same area in the very strongly shocked L6( S6) chondrite 
Chico, showing olivine with solid state recrystallization ( 1) adjacent 
to regions of complete melting of olivine and other minerals (2) and 
olivine without recrystallization (3). Abundant opaque “mixed” melt 
occurs as pockets (4) and as veins within recrystallized, polycrystalline 
olivine (5); (width 650 pm). 

from submicroscopic to micrometer-sized. Since coarser- 
grained, subophitic textures typically observed in experi- 
mentally produced melts of shocked mono- or polycrystalline 
olivine ( REIMOLD and ST~FFLER, 1978; BAUER, 1979) are 
apparently lacking in heavily shocked chondrites, we assume 
that the described recrystallization textures do not result from 
complete melting and crystallization of the affected olivine 
crystals but, rather, from solid state processes. In this respect, 
it is important to emphasize that total melting of olivine takes 
place in regions of the same sample which are adjacent to 
the recrystallized olivine. This olivine melt, however, mixes 
instantaneously with coexisting, simultaneously shock-melted 
minerals, such as metal, troilite, plagioclase, and pyroxene. 
The “mixed” melt forms very fine-grained polycrystalline 
material with crystal sizes of the order of a few pm and less 
(Fig. 10). Glassy quench products were very rarely observed 
in our study (cf. ASHWORTH, 1985 ), at least not at the scale 
of the optical microscope. 

In spatial connection with the formation of recrystallized 
olivine and of mixed polymineralic melt, olivine may trans- 
form into the crystalline high pressure polymorph ringwoodite 
( BINNS et al., 1969; BINNS, 1970). Ringwoodite forms po- 
lycrystalline aggregates of distinctly purple isotropic crystals 
located inside, or marginal to, recrystallized olivine, sur- 
rounded by the “mixed melt” of melt pockets and of thick 

melt veins (Fig. 11) . Since ringwoodite has not been observed 
in all chondrites with localized melting and recrystallized ol- 
ivine, special conditions may be required for its formation, 
e.g., elevated temperature of the target before shock 
compression (STEELE and SMITH, 1978 ). 

Shock Effects in Plagioclase 

In contrast to olivine, shock effects in plagioclase can be 
used as indicators of the shock intensity only for a subset of 
ordinary chondrites and only for the higher shock stages for 
the following reasons. Plagioclase of sufficient grain size for 
optical examination is restricted to chondrites of petrologic 
types 5 and 6; but even in these types, the crystal sizes are 
very often less than the thickness of a regular thin section. 
Thus, the deformational state of plagioclase in most ordinary 
chondrites cannot accurately be recorded by optical means; 
e.g., undulatory extinction can be an artifact of superimposed 
crystals, and mosaicism cannot be identified because crystals 
of at least 50- 100 pm would be required for an unequivocal 
recognition of the mottled texture. These facts preclude the 
use of all methods that use the degree of deformation of 
shocked, still birefringent plagioclase (VAN SCHMUS and 
RIBBE, 1968; DODD and JAROSEWICH, 1979) as a primary 
shock indicator. We believe that only the complete transfor- 

FIG. 10. Transmitted light, crossed polars (a) and reflected light 
(b) images of same area in the very strongly shocked L6( S6) chondrite 
Paranaiba, showing polycrystalline “mixed melt” material ( 1 ), sur- 
rounding “islands” of unmelted but recrystallized olivine. Extension 
fractures are filled with troilite and metallic Fe,Ni, cutting through 
zones of localized melt and very strongly shocked, recrystallized ol- 
ivine; (width 325 Nm). 
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FIG. I 1. Transmitted, plane polarized light images of ringwoodite 
in the very strongly shocked L6(S6) chondrite Taiban. (a) Poly- 
crystalline aggregates of ringwoodite ( 1) within very strongly shocked 
olivine (recrystallized or thermally decomposed), surrounded by 
“mixed melt” (2) with droplets of immiscible troilite; on the left of 
the melt zone, olivine displays only mosaicism; (width 1.4 mm). (b) 
Higher magnification image of part of (a), showing light purple ag- 
gregates of ringwoodite (3) in recrystallized olivine (4); plagioclase 
( 5) is glassy; (width 290 pm). (c) Dark purple, polycrystalline ring- 
woodite (dark) within recrystallized olivine (white); (width 290 pm). 

mation of plagioclase grains to maskelynite should be used 
for shock classification of equilibrated chondrites because only 
the isotropic state can be recognized in the petrographic mi- 
croscope with some confidence, even in type 5 chondrites. 

Notwithstanding the above-mentioned problems, plagio- 
clase in ordinary chondrites displays the following shock ef- 
fects with increasing shock intensity: plastic deformation as 
expressed by undulatory extinction at low shock; mosaicism, 
accompanied by sets of planar deformation features and par- 

tial isotropization at moderate shock; complete transfor- 

mation into diaplectic glass (maskelynite) at high shock 

( BINNS, 1967a); and melting and formation of normal glass 
at highest shock. The optical appearances of all these effects 
have been described elsewhere in detail ( STOFFLER, 1972; 

OSTERTAG, 1983), and we will only briefly discuss the iso- 
tropic phases. Planar deformation features which have been 

shown to represent isotropic lamellae ( STOFFLER, 1972)) are 

sets of fine, pm-sized, planar lamellae that have an equal 
width and spacing of mostly less than 2 pm. Their presence 

in chondrites indicates that the peak pressure for isotropi- 
zation has almost been reached because in oligoclase they 

form most prominently between 25 and 34 GPa ( OSTERTAG, 

1983). Maskelynite (diaplectic oligoclase glass) forms clear 
transparent isotropic grains (Fig. 12) which perfectly retain 

their former crystal shape, whereas normal glass, as indicated 
by some flow-deformed shape, can be found only in very 

heavily shocked regions of chondrites as inclusions in melt 
veins and pockets, or adjacent to them. If required, maske- 

lynite and normal glass could be distinguished most easily 
by the refractive index (see review of data in ST~FFLER et 

al., 1986). 

Shock Effects in Other Chondritic Minerals 

In this section, we mention only briefly some shock-in- 
duced effects observable in the remaining constituents of or- 
dinary chondrites. These will not be used as shock indicators 

FIG. 12. Transmitted, plane polarized light (a) and crossed polars 
(b) images of same area in the very strongly shocked L6( S6) chondrite 
Taiban, showing diaplectic oligoclase glass (maskelynite) interstitial 
to olivine with planar fractures and mosaicism; (width 290 bm) 
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a 

FIG. 13. Examples of the complex geometries and irregular distribution of thin, opaque shock veins in thin sections 
oftbe weakly shocked HS (S3) chondrite regolith breccia Cangas de Onis (a) and the strongly shocked L6 (S5) chondrite 
fragmental breccia Pinto Mountains (b). Locations of the transmitted, plane polarized light images (c) and (d) (width 
2.6 mm) are indicated. Note in image (b) the connection of shock veins (thin lines) with melt pockets and thick melt 
veins (irregular, thickened black zones); one shock vein ends in an opaque melt pocket [upper right comer of(d)]. 

for the shock classification system proposed in the next section 
because the effects are observed over a wide range of pressures 
and, thus, are not very useful indicators of shock stages, or 
they have not been analyzed yet in sufficient detail (metal 
and troilite) during this study. In pyroxene, mostly ortho- 
pyroxene and diopside, all of the typical shock effects known 
from terrestrial, lunar, or experimentally shocked rocks have 
been observed in chondrites: undulatory extinction, me- 
chanical twinning, mosaicism and planar deformation struc- 
tures, and melting are the major effects observed with in- 
creasing shock intensity. Mechanical polysynthetic twinning 

(thickness of twin lamellae about 2- 10 km) starts to form at 
pressures where olivine begins to develop planar fractures 
(ca. 5 GPa; HORNEMANN and MOLLER, 197 1) . Polysynthetic 
lamellae in orthopyroxene are interpreted to result from the 
inversion sequence ortho- to proto- to chnopyroxene (ASH- 
WORTH, 1985 ). They are parallel to ( 100). Ca-rich clino- 
pyroxene displays mechanical twinning parallel (00 1) and 
( 100) ( ASHWORTH, 1985). Planar deformation features in 
pyroxene coexist with strongly mosaicized olivine and mas- 
kelynite. In contrast to olivine, pyroxene is not affected by 
solid state recrystallization at highest shock levels but, rather, 
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transforms directly into the molten state and gets mixed into 
the polyphase melt of veins and pockets. The transformation 
into the high-pressure polymorph majorite is also known 
(SMITH and MASON, 1970). 

Shock effects in metal and troilite have not yet been in- 
vestigated in detail during this study. From the present ob- 
servation, it is clear that some of the intragranular textures 
seen in these minerals at various shock levels may result from 
post-shock thermal effects or from reheating. Consequently, 
the clear separation of shock and thermally induced effects 
in both minerals warrants an extensive study, the results of 
which will be dealt with in a separate paper. 

Shock-Induced Localized Melting 

Shock-induced localized melting is defined here as the for- 
mation of polymineralic “mixed” melt, resulting from si- 
multaneous total melting of several different coexisting min- 
eral grains, such as olivine, pyroxene, plagioclase, metal, and 
troilite. This process also involves, to a certain degree, the 
mixing and homogenization of the produced melts and the 
subsequent crystallization of immiscible silicate and sulfide / 
metal melts. Polymineralic mixed melts occur in different 
textural settings and geometries in all groups of ordinary 
chondrites (DODD and JAROSEWICH, 1979; DODD et al., 1982; 
ASH WORTH, 1985 ) . We propose to distinguish the following 
types as they appear macroscopically and in the polarizing 
microscope, although types ( 1) through ( 3) are transitional: 
( I ) thin, opaque melt veins, called shock veins in the literature 
(e.g. DODD and JAROSEWICH, 1979), consisting of “mixed” 
melt products of (rarely) glassy, mostly aphanitic, polycrys- 
talline material formed by in-situ melting of various mineral 
constituents; (2) melt pockets (DODD and JAROSEWICH, 
1979; HUTSON, 1989) and interconnected irregular melt veins 
with aphanitic matrix and irregular boundaries to the host; 
(3) melt dikes which consist of crystalline, mixed melt prod- 
ucts, with fine-grained polycrystalline matrix and discordant 
boundaries to the host; and (4) sulfide and metal deposits 
injected into fractures in olivine and pyroxene [frequently 
referred to as “shock blackening” (“black” chondrites) in 
the literature]. 

Opaque melt veins (shock veins) are produced at relatively 
low equilibration shock levels because they have been ob- 
served in ordinary chondrites in which olivine displays only 
planar fractures and undulatory extinction. They form nearly 
planar to curved dikelets or veins, which are commonly a 
few wrn to some tens of pm thick and have very sharp contacts 
to the host rock. One vein very often branches into two or 
more veins leading back into the main vein or continues into 
a different direction at oblique angles (Fig. 13 ) . At low equil- 
ibration shock levels, only one or two veins may be present 
in one thin section. The abundance and the geometrical 
complexity of veins increase with increasing degree of equil- 
ibration shock pressure, and the veins tend to enlarge into 
melt pockets, often at triple junctions of veins (Fig. 13b). 
The vein material consists of a finely granular assemblage of 
silicate glass or tiny silicate crystals and opaques (troilite and 
metal), typically sub-pm in size (Fig. 14). Very often, molten 
metal or troilite is sheared off large metal or troilite grains 
and smeared out into a thin string along the veins (Fig. 14). 

FIG. 14. Textural relations of opaque shock veins to metallic Fe,Ni 
and troilite grains in weakly shocked chondrites. (a) Thin, branching 
shock vein connecting metal and troilite in the H5 (S3 ) chondrite 
regohth breccia Pultusk; transmitted, plane polarized light; (width 
2.6 mm). (b) Enlarged central area of (a) with the shock vein at the 
grain boundary oftroilite (center), extending into a metal grain from 
which liquid metal intruded into the vein; reflected light; (width 650 
pm). (c) Opaque shock vein cutting and shearing a metal grain in 
the H4( S3) chondrite Marilia; reflected light; (width 325 bm). 

This indicates that the veins are essentially formed by fric- 
tional melting, in analogy to the formation of micro-pseu- 
dotachylites in shocked rocks of terrestrial impact craters (e.g., 
ST~I=FIER et al., 1988b). 

Melt pockets and interconnected irregular melt veins (Fig. 
15 ) are observed at somewhat higher equilibration shock lev- 
els and coexist with opaque shock veins. The melt material 
of the irregularly shaped pockets and of the interconnected 
network of randomly oriented veins consists mostly of a sub- 
microscopic intergrowth of silicate, sulfide, and metal grains, 
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FIG. 15. Transmitted, plane polarized light images of the geometries of interconn~ted melt pockets, melt veins, 
and opaque shock veins (black areas) in thin sections of strongly and very strongly shocked ordinary chondrites. (a) 
L6( S5 ) chondrite Beaver-Harrison; (width I 1 mm). ( b) Enlargement of rectangular area in (a) ; (width I .7 mm). ( c) 
L6(S6) chondrite Taiban; (width 10 mm). (d) Enlargement of rectangular area in (c); (width 1.7 mm). 
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as found in the opaque shock veins. Some but not all of these 
features resemble those noted by DODD and JAROSEWICH 
(1979). ASHWORTH (1985) observed in the transmission 
electron microscope that the silicate material in melt pockets 
of moderately shocked chondrites is still glassy, whereas in 
more strongly shocked samples, it is microcrystalline. With 
increasing volume of the melt zones, the size and the internal 
texture of the exsolved opaque phases change gradually from 
pm-sized spheres of troilite and metal (Fig. 16) to larger 
spheres or globules with specific eutectic textures of sulfide 
and metal, and to large metal spheres tens of Frn in size, 
surrounded by smooth or irregular shells of troilite. Similarly, 
the grain size of the silicate matrix increases to the extent 
that the melt material becomes transparent (brownish to 
brownish-gray) in thin section. In such melts, irregular and 
band-shaped regions are observed where troilite and metal 
occur as anhedral grains several pm in size that are interstitial 
to silicate grains. 

An important textural characteristic of the melt pockets 
and veins is that the melt material forms a network of complex 
branches surrounding unmolten chondritic constituents, such 
as individual olivine crystals or metal grains or aggregates of 
different minerals (Figs. 10, 15). This indicates in-situ melting 
of the host material, which may show diverse shock features, 
ranging from planar fractures and undulatory extinction or 
weak mosaicism in olivine to complete solid state recrystal- 
lization of olivine (see section on shock effects in olivine). 

FIG. 16. Transmitted, plane polarized (a) and reflected light (b) 
images of same area in the moderately shocked L6( S4) chondrite 
Walters, showing a melt pocket with typical variability in opacity (a) 
due to variations in grain size and abundance of immiscible sulfide/ 
metal globules (b); (width 2.6 mm). 

Melt dikes with crystalline matrix and discordant bound- 
aries and thicknesses on the order of centimeters or decimeters 
evolve from smaller melt veins when abundant melt volumes 
are formed by shock melting (Fig. 17). It commonly appears 
that previously formed, relatively thin opaque shock veins 
become intrusively enlarged by chondritic melt (DODD et 
al., 1982). This melt may cause clearly discordant, knife- 
sharp contacts to preexisting opaque veins which themselves 
form sharp boundaries to the host chondrite. The second 
melt has a relatively coarse-grained crystallization texture, 
displays flow banding, and contains angular clasts of the host 
chondrite, e.g., olivine with opaque fracture coatings, as well 
as exsolved spheres or blebs of metal and troilite with textural 
properties similar to those described in the previous section 
(Fig. 17 ). There is no reason to assume that the first formed 
“frictional” melt of the opaque shock vein and the second 
intrusive-like melt require two separate shock events. Based 
on similar observations in terrestrial impact craters, we believe 
that both phases of melt formation and emplacement are due 
to a single impact event, and the time between the emplace- 
ment of the two melts is on the order of milliseconds to sec- 
onds. This reflects the time difference between the onset of 
the peak shock pulse, which forms the frictional melt, and 
the completion of the pressure release phase when the com- 
pressed material turns into a state of dilatation, allowing the 
formation of intrusive melt dikes. 

Troilite and metal deposits in fractures of shocked chon- 
drites can be observed in a very close spatial relationship to 
the zones of mixed melt described above. At the shock stage 
where olivine displays mosaicism and planar deformation 
structures, the planar and irregular fractures of olivine grains 
located adjacent to or inside the melt zones are coated with 
troilite and, less frequently, with metal (Fig. 18). The fillings 
are mostly less than one or two pm thick. Such opaque frac- 
ture fillings, which are usually restricted to a narrow band 
on both sides of the melt vein (Fig. 17) but may be found 
throughout certain chondrites, cause a distinct darkening, 
commonly referred to as “shock blackening” (HEYMANN, 
1967). In many cases, there is clear textural evidence that 
the mixed melt of the pockets or veins grades into troilite- 
(and metal )-coated fissures. In other places of the same thin 
section, the mixed melt cuts through preexisting opaque 
fractures. Even the opposite relation has been found in yet 
the same sample: opaque fracture fillings cutting from one 
olivine grain across the melt vein into another olivine grain 
(Fig. 10). It appears that troilite and, to some degree, metal 
are readily mobilized by the local melting process and injected 
from the melt region into preexisting fractures of crystals 
(which might have been formed upon stress relaxation behind 
the elastic precursor shock wave). The liquid or fluid troihte/ 
metal phase obviously forms an aureole around the melt 
zones, which remains mobile after the mixed melt itself has 
been quenched and fractured by volume contraction during 
crystallization. 

PROPOSED NEW CLASSIFICATION OF SHOCKED 
ORDINARY CHONDRITES 

Definition and F’ressure Calibration of Shock Stages 

On the basis of critical shock effects in olivine and plagio- 
clase as defined and described in the previous section, we 
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FIG. 17. Transmitted, plane polarized light images of melt dike with adjacent opaque zones (opaque melt veins and 
“shock-blackened” host chondrite) in the weakly shocked H4( S3) regolith breccia Sete Lagoas. (a) H4 host chondrite 
(light), penetrated by opaque melt veins (black bands), which served as conduits for the clast-laden melt dike (light 
grey ); (width 22 mm). (b) Enlargement of (a), showing clast-laden, transparent melt dike (center), penetrating opaque 
melt vein (black band at bottom of melt dike), with large H4 clast (top); (width 1.7 mm). (c) Microtexture of melt 
breccia dike with small mineral clasts and immiscible opaque sulfide-metal globules: (width 2 I5 pm). 
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FIG. 18. Transmitted, plane polarized (a) and reflected light (b) 
images of the moderately shocked H5 (S4) chondrite Travis County, 
showing troilite and metallic Fe,Ni fillings along planar fractures in 
olivine; (width 290 pm). 

propose six stages of progressive shock metamorphism of or- 
dinary chondrites for which the type of precursor chondrite 
(H, L, LL chondrite) and its petrologic type can still be rec- 
ognized. It should be noted that shock-induced localized 
melting resulting from localized pressure and temperature 

excursions during shock compression is considered an addi- 
tional, but less critical, shock indicator because at low shock 
levels a chondrite sample may or may not show localized 
melting. These shock stages are termed Sl through S6 and 
correspond to unshocked, very weakly shocked, weakly 
shocked, moderately shocked, strongly shocked, and very 
strongly shocked ordinary chondrites (Table 1). Completely 
shock-melted ordinary chondrites, which represent the highest 
shock levels and which have igneous and not chondritic tex- 

tures, are not included in this scale because they will be termed 
impact-melt rock or impact-melt breccia. For a complete ab- 
breviated characterization of an ordinary chondrite, the sym- 
bol indicating the shock classification can be added to the 
symbols of the chemical and petrologic type, e.g., H5 (S3 ). 

We recommend to discontinue the use of the previous 
classification based on shock facies labelled a, b, c, d, e, and 
f (DODD and JAROSEWICH, 1979) for several reasons. The 
definition of the facies is not based on the complete set of 
known shock effects in olivine; e.g., no distinction is made 
between irregular fractures, planar fractures, and planar de- 
formations features in olivine. In addition, the classification 
requires the recognition of the deformation state of plagio- 
clase, which we believe is ill-defined as a microscopic criterion 

of shock and cannot be recognized with confidence, not- 

withstanding the fact that many chondrites lack plagioclase. 

We were unable to confirm that marginal brecciation or 

granulation of olivine, typical for facies e, is a common and 
critical shock effect in chondrites. Moreover, we find that the 
presence of local melt products is not a critical shock effect 

because they are absent in some highly shocked chondrites 

(facies d to f). On the other hand, shock veins and melt 
pockets were observed also in shock stage S3, which corre- 
sponds roughly to facies c. Furthermore, the pressure cali- 

bration of the facies as recently reviewed by SEARS and DODD 
( 1988) is incorrect and out-of-date. The shock classification 

proposed here also supercedes and replaces a more recent 

attempt ( STOFFLER et al., 1988a) to redefine and recalibrate 
the DODD and JAROSEWICH ( 1979) classification. 

The shock pressure calibration of the shock stages proposed 
in Table 1 are the best estimates of the range of the threshold 

equilibration shock pressure to be exceeded in going from 
one to the next stage of shock. The data are taken from shock 

recovery experiments on chondritic analogue materials as 
discussed in a previous section (see Fig. 5). The onset of 
undulatory extinction in olivine (stage S2) is relatively un- 

certain, and the numbers of less than 4 and less than 5 GPa 

relate to a 4 GPa experiment of BAUER ( 1979), and to the 
5 GPa experiments of MOLLER and HORNEMANN ( 1969) 
and REIMOLD and STOFFLER ( 1978). The 35 GPa value at 
stage S5 indicates that oligoclase transforms completely into 

maskelynite at this pressure (the exact experimental value is 
34 GPa; ST~FFLER, 1972; OSTERTAG, 1983; ST~FFLER et al., 

1986). All other pressure values are best estimates established 
on the basis of the references given in Table 1. 

The shock classifications of 35 H, 27 L, and 14 LL chon- 

drites investigated here are given in Table 2. 

Manual for Establishing the Shock Stage of a Sample 

In principle, any shock stage of a chondrite sample refers 
to a shock event that the sample experienced as a whole. 
Therefore, the assignment of a sample to a specific shock 
stage is based on the equilibration pressure as recorded by 

olivine grains and other constituent grains throughout the 
whole sample. This means that single crystal grains have to 
be selected at random from all textural units of the sample 
(e.g., within and outside of chondrules, or from lithic clasts 
and matrix of polymict breccias) in order to determine the 
bulk sample’s shock stage. The grains to be checked have to 

be sufliciently large (e.g., >50 to 100 pm) for proper recog- 
nition of specific shock effects. 

The sample to be classified should first be inspected mac- 
roscopically and in thin section at low magnification for the 
presence of opaque shock veins, irregular melt veins and melt 
pockets, and melt dikes. Although they are not critical for 
the definition of a shock stage, their presence indicates that 
the sample is shocked to stage S3 or above (see Table 1). 
For the determination of the shock stage, a polished thin 
section of standard thickness (preferably polished on both 
sides) and a polarizing microscope equipped with a system 
ofobjectives that can be used simultaneously for transmitted 
and reflected light studies is required. The recommended steps 
are as follows. 
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Table 1: Progressive stages of shock metamorphism of ordinary chondrites. Only shock effects in olivine and plagiwlase are used for classilicalion 

(the prime shock criteria are underscored). The presence of local melt products is to be recorded in addition IO the shock stage as a descriptive modifier 

to the class symbol. The post-shock temperature refers to the temperature increase upon pressure release relative IO the ambient pre-shock temperature. 

Shock stage Effects resulting from equilibralion peak shock pressure 

Olivine Plagioclase 

unshocked I motical extinction. irregular fracwes none 

I’ZiFl Undulatow extinction, irregular fractures 

weakly vfraclures, undulatory 

shocked extinction, irregular 

s3 fractures 

Undulatory extinction 

moderately Mosaicism (weak). planar Undulatory extinction, 

shocked fractures parlially isotropic, planar 

s4 deformation features 

strongly Mosaicism (strong), planar Maskelvnite 

shocked fractures + planar 

s5 deformation features 

very strongly Restricted to local regi ns in or near melt zones 

shocked Solid state recwstallization shock melted (normal glass) 

S6 and staining, ringwoodite 

melting 
I 

Shock melted Whole rock melting (impact melt rocks and melt brcccias) 

Opaque shock veins, 

incipient formation of mell 

pockets, sometimes 

interconnected 

Melt pockets, 

interconnecting melt veins, 

opaque shock veins 

Pervasive formation of melt 

pockets. veins and dikes; 

opaque shock veins 

as in stage S5 

none 

<4-s 

5-10 

1.5 -20 

30 - 35 

45 - 55 

75 - 90 

10 - 20 

Estimated 

minimum 

temperature 

acrease, ’ C 

10 

20 - 50 

loo - 150 

250 - 350 

600 - 850 

1500 - 1750 

20 

100 

300 

600 

1500 

* Shock pressure ranges for the transitions between shock stages are based on experimental olivine data by MijLLER and HORNEMANN (1969). 

REIMOLD and STdFFLER (1978). BAUER (1979), and SYONO et al. (1981) and on oligoclase data by ST&FLER (1972, 1974) and OSTERTAG 

(1983) as reviewed in Fig. 11 of ST&FLER et al. (1986). ** Post-shock temperawe ranges (shock-induced temperature increase relative IO ambient 

temperature) are estimates based on extrapolated data by AHRENS et al. (1969). RAKES and AHRENS (1979). and WACKERLE (1962) (see also 

Fig. 3). 

Effects resulting from local 

P-T-excursions 

Shock 

pressure 

GPa + 

Post-shock 

tcmpcrature 

increase 

0c** 

1) Check ten to twenty of the largest, randomly distributed 
olivine single crystals with high interference colors, at least 
SO-100 Frn in size, for the presence of either sharp ex- 
tinction (maximum allowed angle of rotation for complete 
extinction: 12”; stage S 1)) or undulatory extinction (re- 
quired angle of rotation for extinction of various positions 
throughout the grain: 12”; stage S2), or sets of parallel 
planar fractures in addition to undulatory extinction. Ei- 
ther one set of three or more parallel planar fractures or 
two intersecting sets of two or more planar fractures are 
required for stage S3. Plagioclase, if present, should not 
be isotropic in stages S 1 to S3. It should display undulatory 
extinction in stages S2 and S3. 

2) Check ten to twenty of the largest, randomly distributed 
olivine single crystals, at least 50-100 pm in size for the 
presence of mosaicism, which is the prime shock criterion 
for stage S4. The differently extinguishing mosaic domains 
should be smaller than about 3-5 pm, definitely smaller 
than the spacing of parallel planar fractures (about 20- 
50 Mm). The optimum extinction must not be completely 
dark. Plagioclase should show undulatory extinction and 
planar deformation features in partially isotropic grains 
in stage S4. 

3) Check ten or more of the largest plagioclase grains for the 
presence of diaplectic glass (completely isotropic grains 
of maskelynite). This is the prime criterion for stage SS. 

Olivine should show planar deformation features, in ad- 
dition to planar features and strong mosaicism. In all cases 
where plagioclase is lacking, the recognition of stage S5 
has to rely on the presence of multiple sets of planar frac- 
tures and planar deformation features in olivine in com- 
bination with strong mosaicism in olivine. 

4) Check the regions where irregular melt veins, melt pockets, 
or melt dikes occur for the presence of olivine grains with 
characteristic recrystallization texture (Figs. 9, 10). This 
is the prime criterion for stage S6. Ringwoodite may also 
be present; plagioclase coexisting with recrystallized olivine 
should have been melted at this shock stage forming “nor- 
mal” glass. 

5) Check for the presence of an igneous texture of the whole 
rock, indicating crystallization from a liquid (euhedral 
olivine and pyroxene and a feldspar-bearing mesostasis 
with droplets of metallic Fe,Ni and troilite). This will es- 
tablish the rock as an impact-melt rock. Presence of relict 
chondrules and of mineral and lithic clasts in an igneous 
matrix indicates that the rock is an impact-melt breccia. 

It is highly recommended to use microscope objectives 
with a specific magnification for easy recognition of particular 
shock effects. For undulatory extinction and mosaicism of 
olivine, a 20X-objective; for planar fractures in olivine, a 
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Table 2: Petrographic shock classification of 35 H-chontites, 27 L-chondrites, and 14 LL- 
chondrites ; for definition of shock stage symbols see Table 1; 
sv = opaque shock veins, mp = melt pockets, sv + mp = shock veins connecting (opaque to 
transparent) melt pockets, pmv = pervasive melt veins and melt pockets (opaque to transparent; sv 
may be still present), md = melt dike(s), rb = regolith breccia, fb = fragmental breccia, mb = melt 
breccia or melt rock 
() = stands for weakly developed feature 

Petrologic 
type 

Meteorite 
name 

Shock stage Localized melting Petrologic Meteorite Shock Stage Localized melting 
tyV name 

1. H-chondrites 2.L-chondrites (Continued) 

3 Bremerviirde, rb 
Dhajala 
Dimmin, rb 
Sharps melt vein and mp, local 

4 Bjurbiile 
Floyd, fb 
Kendleton, t% 
Kramer Creek, fb 
Mafia, rb 

6 

Ashmore 
Avanhandava 
Chico Hills 
Farmville 
Gladstone, fb? 
Kesen 
Marilia 
Ochansk 
Sete Lagoas, rb 

Abbott, rb 
Alamogordo 
Breitscheid, rb 
Cangas de Onis, rb 
Clarendon (b) 
Faucett 
Forest City 
Howe 
Ipiranga, rb 
Jilin 
Orogrande, fb 
Plainview, rb 
Pultusk. rb 
Rose City 
Texline, fb 
Travis County 
Uberaba 

Belly River 
Belmont 
Nazareth (e) 
Nulles, rb 
Owinio 

2. L-chondritg 

3 Inman 
Zulu Queen 

(sv) 
S” 

S” 

S” 

sv, pmv, md 

sv ? 

sv+mp 
S”, pm” 

sv, S” + mp 
SV 

sv, SV + mp, (md) 
S”, (sv + mp) 
sv, pmv, md 
S” 
S”, sv + mp 

S”, pmv 
(sv) 

S” 

Sv, pmv, md 

5 Armel, fb 
Ausson 
Dubrovnik, rb 
Elenovka 
Etter, fb 
La Lande 
Pierceville(stone) 
Roy (1933) 

6 Alfianello 
Beaver-Harrison 
Bruderheim, fb 
Chico, mb 
Gifu 
Paranaiba 
Pinto Mtns., fb 
Taiban 
Umbarger 
Waco& 
Walters 

L? Ramsdorf 

3. LL-chondrites 

3 Chainpur 
Hamlet 
Krymka 
Ngawi, rb 
Ragland 
Semarkona 

4 Kelly, fb 

5 Oberlin 
Olivenza. fb 

6 Beeler 
Dhtmnsala 
Lake Labyrinth 
Manbhoom 

(sv) 
S”, pmv 

mp local 
mp local 

sv, (pmv) 
mp local 
sv, pmv, md 
sv, pm” 
sv, pm” 
S”, S” + mp 
S”, pm” 

sv, pmv, md 
sv 

mp local 

S”, pmv 

S”, S” + mp 

SV 

20X- or 40X-objective; and for planar deformation features 
in olivine or plagioclase, a 40-50X-objective should be used. 

It should be noted that occasionally the mineral grains in 

a single chondrite show characteristics of two or more shock 
stages due to the inherent heterogeneity of shock compression 
of polycrystalline rocks. For example, in Kesen, H4, all the 
olivines show undulatory extinction, most have planar frac- 
tures, and a few percent show weak mosaicism. We recom- 
mend to choose the highest shock stage shown by any sig- 

nificant fraction of grains (at least 25%) to establish the shock 
level of a chondrite. Thus, we classify Kesen as shock stage 
S3. However, in case of chondrites of shock stage 5, we require 
that at least 75% of the plagioclase grains are entirely con- 
verted to maskelynite. 

Shock Classification of Breccias 

For most of the ordinary chondrites that we have assigned 
shock stages, the shock effects we observe are consistent with 

a single shock event that affected the whole chondrite. How- 

ever, regolith and fragmental breccias are known to contain 
clasts of different degree of shock (e.g., RUBIN et al., 1983; 
EHLMANN et al., 1988) as a result of multiple shock reworking 
(regolith and fragmental breccias) or of a single impact event 
(fragmental breccias). When we assign a shock stage to such 
a breccia, it is our estimate of the equilibration peak shock 
pressure experienced by the whole rock. As known from the 
terrestrial and lunar counterparts of fragmental breccias, their 
clast populations are dominated by unshocked clasts. This 
holds even for lunar regolith breccias in which clasts with 
solid state shock effects are extremely rare. For this reason, 
regolith and fragmental breccias can be identified as shocked 
if all mineral grains display a similar degree of shock except 
for a few mineral or lithic clasts which acquired a higher 
degree of shock before the breccias were assembled. We be- 
lieve that this is the case for all of the regolith and fragmental 
breccias identified in Table 2. However, the intrinsic 
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heterogeneity of the shock that results from preexisting po- 
rosity and variations in shock impedance of different minerals 
adds some uncertainty to the assigned shock level, especially 
for type 3 chondrites. We and other authors (DODD, 197 1; 

ASHWORTH and BARBER, 1977; RUZICKA, 1990) have noted 
instances of chondrules in a single type 3 chondrite that ap- 
pear to have diverse shock histories. They may result from 
shock events prior to the breccia formation, or they may be 
due to shock pressure heterogeneities induced by the last 
shock event after the breccia had been formed. 

It should be noted that in the case of regolith breccias, the 
lithification itself is due to shock. Shock lithification of par- 
ticulate material, which causes cementing of the particles by 
intergranular melting ( BISCHOFF et al., 1983), starts at rel- 
atively low pressure (< ca. 5 GPa) and ranges up to threshold 
pressures for complete melting, which we estimate to about 
30-40 GPa ( STOFFLER et al., 1988a). This pressure range is 
identical to the range for shock stages Sl to S4 (Table 1). 
The effects of intergranular melting, which cannot be studied 
easily in the petrographic microscope, require analyses with 
the electron microscope. Therefore, they have not been in- 
corporated into the shock classification system proposed here 
although they provide an important additional indicator of 
the degree of shock (see BISCHOFF et al., 1983 ), particularly 
for type 3 regolith breccias. It appears highly desirable to 
establish a cross-correlation between the scanning electron 
microscopy (SEM) based study of the intergranular melting 
effects and the shock effects in olivine observed in shock stages 
Sl to S4 by optical microscopy. 

DISCUSSION 

Frequency of Shock Stages in Ordinary Chondrite 
Chemical Groups and Petrologic Types 

A major result of the petrographic analysis of seventy-six 
ordinary chondrites is that the types of shock effects and the 
sequence of progressively increasing degree of shock meta- 
morphism are very similar in all chemical groups (H, L, and 
LL). This had not been verified previously, because the most 
widely used petrographic shock classification (DODD and 
JAROSEWICH, 1979) was restricted to L chondrites. Our study 
has shown that ordinary chondrites of all chemical groups 
can be assigned to one of six progressive shock stages, Sl 
through S6, on the basis of shock effects in olivine and, to 
some degree, in plagioclase. Localized shock-induced melting 
has also been observed in all three chemical groups at shock 
stages 3 or above. Impact melt rocks or melt breccias resulting 
from whole rock melting (the highest form of shock altera- 
tion) appear to be restricted to lithic clasts in regolith or frag- 
mental breccias. No chondrite sample among the seventy- 
six specimens studied here can be classified as an impact melt 
rock (or breccia) as such. 

The frequency distributions of shock stages within the three 
main groups of ordinary chondrites (Table 2) and within the 
petrologic types 3,4, 5, and 6 of all classified ordinary chon- 
drites (Table 2, Fig. 19) show some interesting characteristics. 
In the former case, differences between the H, L, and LL 
chondrites are relatively minor. For example, L chondtites 
appear to have the largest fraction of chondrites shocked to 

Chemical group r---- 
16 

LL-chondrites 
12 

FIG. 19. Frequency distribution of shock stages within chemical 
groups and petrologic types of ordinary chondrites studied here. 

stages S5 and S6. There is also no conspicuous difference in 
the abundance and types of localized melt products between 
H, L, and LL chondrites. This similarity of the shock distri- 
butions in the three groups probably means that the collisional 
history of their parent bodies was quite similar and may even 
indicate that the sizes of the bodies as well as the ranges of 
crater sizes on these bodies were not greatly different. 

The frequency of shock stages within different petrologic 
types (Fig. 19) reveals some distinct variations. Although the 
conclusions are tentative because of limited statistics, it ap- 
pears that type 3 ordinary chondrites are deficient in shock 
stages S4 to S6. With increasing petrologic type, the frequency 
of shock stages S4, S5, and S6 increases. Shock stage S3 is 
the most abundant in nearly all petrologic types. The lack of 
shock stages SS and S6 in petrologic type 3 and 4 chondrites 
in contrast to type 5 and 6 chondrites can be explained by 
the different physical properties of both groups of chondrites 
in the unshocked state. Type 3 chondrites, and, also, to some 
degree, the type 4 chondrites are more porous and richer in 
volatiles than type 5 and 6 chondrites, which are essentially 
coherent, nonporous rocks. Porous, volatile-bearing and 
nonporous, dry materials react very differently to shock 
compression (KIEFFER, 1975; SCHAAL and HORZ, 1977, 
1980; SCHAAL et al., 1979; see also Table 3.6.3 in STOFFLER 
et al., 1988a). In porous chondritic material, whole rock 
melting starts at a much lower shock pressure than in non- 
porous chondrites, i.e., at about 30-35 GPa rather than at 
some 80 GPa (ST~F-FLER et al., 1988a). The former is the 
threshold pressure at which petrologic type 516 chondrites 
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transform to shock stage S5. Moreover, porous type 3 chon- 
drite material transforms from a state characterized predom- 
inantly by solid state shock effects to complete melting within 
a rather narrow range of equilibration shock pressures. Within 
shock stages S2 to S4 of porous type 3 chondrites, minor 
amounts of intergranular melt are expected to form by anal- 
ogy with what has been observed using transmission electron 
microscopy (TEM) in chondritic regolith breccias (ASH- 
WORTH and BARBER, 1976a; BISCHOFF et al., 1983), in ad- 
dition to the characteristic equilibrium shock effects in the 
constituent minerals. This occurs in the shock pressure range 
from about 5 to about 30-35 GPa (Table 1). Above this 
pressure range, we expect that complete melting takes place 
within a very small estimated increment of the equilibration 
shock pressure of some 5 GPa (see theoretical and experi- 
mental work by KIEFFER, 1975; SCHAAL et al., 1979; STOF- 
FLER et al., 1975). In contrast, nonporous petrologic type 5 
or 6 chondrite material is affected by a gradually increasing 
fraction of localized melting over a shock pressure increment 
of about 70 GPa, starting at about 5-10 GPa and reaching 
complete melting only at about 75-90 GPa (shock stages S4 
to S6; Table 1). 

Although whole rock impact melts may thus form from 
petrologic type 3 chondrite material at shock pressures as low 
as 30 GPa, such impact melt rocks are virtually absent from 
meteorite collections. The reasons for this are explained in 
the last section of this paper. 

Sb,ock Metamorphism and Noble Gas Contents of 
Ordinary Chondrites 

As previously noted (ANDERS, 1964; HEYMANN, 1967; 
DODD and JAROSEWICH, 1979; BOGARD and HIRSCH, 1980) 
and verified experimentally (BOGARD et al., 1987), the degree 
of shock metamorphism of chondrites is positively correlated 
with the loss of noble gases. DODD and JAROSEWICH ( 1979) 
showed that for L chondrites, all facies f and many facies d 
and e chondrites are affected by substantial loss of 40Ar and 
4He whereas facies a to c chondrites are not. Our data indicate 
that, at shock pressures in excess of about 35 GPa (i.e., shock 
stages S5 and S6), 4He and 40Ar are almost completely lost, 
whereas shock pressures below about 10 GPa (shock stages 

4He ,1 O-*crn3STP/g 

FIG. 20. 4He and 40Ar in the ordinary chondrites studied here, as 
a function of shock stages Sl to S5. Noble gas data from SCHULTZ 
and I&USE (1989). 

Sl and S2) do not cause noble gas losses (Fig. 20). The loss 
and the retention of noble gases is clearly related to the per- 
vasive formation of melt in shock stage S5 and the lack of 
melt products in shock stages Sl and S2. The intermediate 
shock stages S3 and S4 show a wide scatter of the data points 
(Fig. 20), which is due, in part, to the variation in the abun- 
dance of melt and, in part, to unrepresentative sampling of 
specimens for noble gas analysis. 

Origin of Shock-Induced, Localized Melting 

Shock veins and melt pockets are largely the result of lo- 
calized stress and temperature concentrations at the interfaces 
of mineral grains of distinctly different shock impedance. 
This effect is most pronounced at metal-silicate and metal- 
pore space interfaces ( Fig. 2 ) . However, shock veins are also 
quite common in metal-free shocked rocks, such as basaltic 
achondrites (FLORAN et al., 1978; ST~FFLER et al., 1986) 
and terrestrial rocks (e.g., STOFFLER et al., 1988b). Thus, 
these features can form readily even in meteorites that lack 
metal and pores. The effect of jetting, which is caused by 
open fractures or pore space in combination with frictional 
melting by shearing ( KIEFFER, 1977 ) , Seems to be responsible 
for the formation of opaque shock veins. This is the same 
process which produces pseudotachylite-like veins and dikes 
observed in terrestrial, lunar, and achondritic target rocks. 
Localized melting in pockets requires a somewhat higher 
equilibration shock pressure than formation of shock veins 
because it is a more static process receiving the thermal energy 
for melting from in-situ temperature peaks. This is in agree- 
ment with the results of studies of SNC meteorites (e.g., 
MCSWEEN, 1985; STOFFLER et al., 1986) and lunar rocks (v. 
ENGELHARDT et al., 197 1). In chondrites, the opaque shock 
veins occur in weakly shocked (S3) samples at distinctly lower 
equilibration pressures (about 15-20 GPa) than was previ- 
ously assumed (SEARS and DODD, 1988; ST&FJ_ER et al., 
1988a). 

The shock-produced melt volume relative to a given vol- 
ume of host chondrite appears not to be in a strictly positive 
correlation with the overall equilibration shock pressure in 
the host rock, as recorded by olivine and plagioclase. Pervasive 
melt veins and melt pockets may occur in chondrites of greatly 
variable equilibration shock levels, ranging from shock stage 
S3 to S6 (e.g., Orvinio vs. Rose City; Table 2). On the other 
hand, there are strongly shocked chondrites, such as Alfianello 
and Anne1 ( S5 ) , which do not even show fine opaque shock 
veins, although these have been observed in chondrites of 
stage S3 (Table 2). It is not out of the question that this 
variation in the bulk sample’s equilibrium shock level for 
the onset of shock vein and melt pocket formation may be 
due to a variation of the ambient pre-shock temperature of 
the chondritic targets. However, since most shock features 
post-date metamorphism, it is not clear what would have 
kept chondrites at elevated temperatures relatively late in the 
parent body’s history. 

It should also be noted that, although individual, isolated 
melt pockets can be found, they are usually interconnected 
by melt veins, and both features become enlarged in their 
spatial extension and coarser grained in the melt matrix (and 
thereby transparent) with increasing degree of melt formation. 
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The grain sizes, crystallization textures, and shapes of exsolved The variation of the degree of shock and the textural setting 

troilite and metal also change characteristically with increas- of localized melt products in all groups of ordinary chondrites 

ing volume of melt. Furthermore, larger melt veins display is compatible with their formation in hypervelocity impacts 

two stages of formation: frictional melting resulting in the which took place in collision scenarios (b) and (c) (Fig. 4), 

formation of opaque veins which, in the same shock event, although scenario (a) cannot be excluded. We expect that 

may be intruded by later-formed melt; this melt usually leads the original setting of the shocked H, L, and LL chondrites 

to truly discordant melt dikes (DODD et al., 1982). Similar on their parent bodies was predominantly within the inner 

features have been observed abundantly in terrestrial impact impact formations (breccia lens and crater basement) of cra- 

craters. Moreover, the formation of melt veins is connected ters large enough to penetrate through regolith into more or 

with an aureole of “fluidized” troilite and metal, which im- less coherent rock units (Fig. 2 1). Some of the less strongly 

pregnates early formed planar fractures in silicates in the im- shocked material can also originate from blocks within ejecta 

mediate vicinity of the melt and later-formed fractures of the blankets of such craters, from primary ejecta of young craters, 
quenched melt itself. This process has been known as “shock or from young catastrophic collisions (see Fig. 4a). The wide 
blackening” and results in the formation of rocks that are radial range within which pseudotachylites and melt dikes 

black in hand specimen (the so-called “black chondrites” ). can form in crater basements (Fig. 2 1; STOFFLER et al., 1988b) 
The black color is the result of the absorption of light at the may also help to explain the observed lack of a strong positive 
numerous fine metallic Fe,Ni-troilite particles, which serve correlation between the abundance of melt formation and 

as light traps. the average shock level of the host chondrite. 
Although the troilite deposits in silicate fractures of “black 

chondrites” are closely associated with the shock effects de- 
scribed above, they probably result solely from shock-induced 
heating. Silicate fractures in ordinary chondrites can be filled 
with troilite by heating at 900 to 1,OOO”C for brief or extended 
periods, without requiring shock. MCSWEEN et al. (1978) 
observed troilite in silicate cracks in samples of Krymka 

[ LL3.0( S3)] that had been heated to these temperatures for 
a week. They concluded that this feature resembled the tex- 
tures observed in shocked chondrites by SMITH and GOLD- 

STEIN ( 1977). We have studied the thin sections of heated 
Krymka samples prepared by MCSWEEN et al. (1978), and 
we confirm that heating to 900-1000°C of S3 material re- 
produces very closely the texture of troilite-filled fractures 
observed in the “shock-blackened” chondrites. Since similar 
troilite-filled fractures can be commonly observed in ordinary 
chondrite falls below the fusion crust, we conclude that even 
a few seconds of intense heating is sufficient to cause troilite 
to melt and fill silicate fractures. BINNS ( 1967b) also con- 
cluded that the blackening of silicates in certain ordinary 

chondrites was due to heating, but he argued for heating with- 
out associated shock. HEYMANN (1967) showed this to be 
incorrect. Our observations confirm that the troilite-metal 
deposits in microfractures of chondrites result from shock 
heating, because of the unequivocal spatial relation to shock- 
induced melt veins (see above). 

The scarcity of genuine impact melt rock meteorites is 

quite conspicuous. Melt ejecta from craters are not expected 
to result in meteorites that would reach the Earth. The ob- 
served small sizes of tektites and of impactite glass bombs of 
terrestrial (GRIEVE et al., 1977; POHL et al., 1977; ST~FFLER, 
1984) and lunar (e.g., BORCHARDT et al., 1986) impact for- 

mations indicate that ejected melt particles are less than a 
few centimeters or, at most, a few decimeters in size. This 
effect would be enhanced if the melt is formed in porous, 
volatile-rich target materials because shock compression of 

such materials would cause an explosive-like expansion upon 
pressure release and, therefore, dispersal of the highly shocked 
and melted material into fine-grained particles. Meteorites 
representing crystalline impact melt rocks would have to be 
ejected as a result of impacts into preexisting melt sheets of 
sizeable craters. Their rare occurrence may indicate that the 

largest high velocity impacts produced simple, bowl-shaped 
craters (Fig. 2 I), which are too small to form extended melt 
sheets. Moreover, there is a clear textural indication that me- 

teorites with large fractions of impact melt originate from 
melt dikes (e.g., Chico, Point of Rocks, Rose City), which 

Geologic Setting of Shocked Ordinary Chondrites 

We recognize that shock-induced, localized melting and 
formation of intrusive-like melt dikes are of fundamental 
importance for a better understanding of the geological setting 
of the shock events on the parent bodies and of the shock- 
induced alteration of trace element, noble gas, and isotope 
properties of chondrites in general. Detailed and systematic 
studies of the microchemical, textural, annealing, and cooling 
characteristics of the melt products of shocked chondrites 
have not yet been performed but will be the subject of our 
future studies. At this point, however, a few basic conclusions 
can be drawn from the present observations regarding shock 
metamorphism of ordinary chondrites in the geological con- 
text of parent body collisions, especially with respect to melt- 
ing phenomena. 

FIG. 2 1. Schematic geological cross section of a large, simple (bowl- 
shaped) impact crater within coherent target rocks of a chondrite 
parent body. Shock pressure isobars (in GPa) in the crater basement 
are indicated. The generalized setting of various types of breccias and 
shocked rocks is based on information from terrestrial craters (e.g., 
GRIEVE et al., ~~~~:GRIEvE, ~~~~;ST&&FLER eta]., 1979, 1988b). 
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formed most probably in the basement of small craters or 
are contained in ejected megablocks (Fig. 21). The small 
impact melt clasts observed in chondritic fragmental and re- 
golith breccias (e.g., KEIL, 1982; RUBIN, 1985) may originate 
from impact reworking of such melt dikes or from small melt 
lumps embedded in the polymict breccia lenses of relatively 
small craters which lack melt sheets. 

In general, the low abundance of meteorites derived by 
impact melting also may be due to the fact that in many 
collisions on chondrite parent bodies, the shock pressures 
required for whole rock melting have not been reached. The 
required lower limits of impact velocities for complete melting 
of porous type 3 chondrite target material are about 5 km/s 
for a type 6 chondrite projectile and about 4.5 km/s for an 
iron projectile. Complete impact melting of nonporous type 
6 chondrite target material by a type 6 chondrite projectile 
or by an iron projectile would require impact velocities of 6 
km/s and 4.5 km/s, respectively (ST~FFLER et al., 1988a). 
Moreover, in any hypervelocity collision, the volume ratio 
of shock melted material to material with solid state shock 
effects is extremely small. It is roughly in the order of less 
than 0.05 to 0.1 ( KIEFFER and SIMONDS, 1980; ST~FFLER et 
al., 1975; GRIEVE et al., 1977; v. ENGELHARDT and GRAUP, 
1984). Both effects represent important constraints on the 
volume of impact melt observed on chondrite parent bodies. 
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