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Lev Vasil’evich Firsov
(1926—1981)

An outstanding scientist, Geologist and Geochemist, poet and painter, a real Academician in
his intellectual potential and exclusively decent colleague, he was, first of all, a Patriot of Russia.

His interests and fruitful activities ranged from ideas on Verkhoyanian gold prospecting to a
really revolutionary application of carbon isotopic geochronology to Archeology.

Plunged altogether into scientific progress and felt of the main perspectives of science, Lev
Vasil'evich made also a priceless contribution to native “impactology”. The discovery of the first
Russian astrobleme, Puchezh-Katunsky crater in 1965 belongs to him. Together with Academician
A. L. Yanshin, he was first who supposes an impact origin of Popigai structure still in 1964. Un-
doubtedly, this well founded proposal by Lev Vasil'evich served as a guiding key in recognition of
Popigai impact crater, and soon ajter it was successfully confirmed by others in 1970.

Those who contacted with Lev Vasil'evich, keep him in memory for ever.

S. Vishnevsky
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From the Editor

The book by S. A. Vishnevsky, V. P. Afanasiev, K. P. Argunov, and N. A. Pal’chik -
“Impact diamonds: their features, origin and significance” is really one of the first reviews
of so kind (and it’s a first review of so kind published in English) where detailed data on
impact diamonds, and on the diamonds from giant Popigai meteorite crater first of all, are
presented.

Concerning to this book I would like to add some remarks related to the early period
of studies on this large scientific problem.

1. A long before the first dynamic synthesis of the diamond, in 1956, H. H. Nininger
considered a shock origin of Canyon Diablo diamonds during the meteorite impact with the
Earth; this idea was established in his monograph “Arizona’s meteorite crater: Its past, pre-
sent and future” [Nininger, 1956]. Five years later, this conclusion was confirmed by
M. E. Lipschutz and E. A. Anders [Lipschutz and Anders, 1961] who showed the diamonds
in Canyon Diablo iron and in carbonaceous chondrites-ureilites were crystallized by an
impact way; at this, ureilite’s diamonds were originated in the outer space. For this study,
M. E. Lipschutz (a post-graduate student of E. A. Anders at that time) was awarded by
Nininger Award. These ideas become very fruitful in the next time period serving as a
guiding key for an explosive synthesis of diamonds and for a recognition of physical-
chemical conditions of their origin.

Continuing the meteorite research by P. N. Chirvinsky and Z. G. Ushakova, devoted
to Russian meteorite Kainsaz and published in 1946, I had been studying impact diamonds
in 1962—75, using all the analytic possibilities available at Moscow Institute of Geoche-
mistry and Analytical Chemistry. The published results of my research stimulated definitely
anative impact investigations in Russia, helping in discovery of impact craters as well as in
discovery of impact diamonds in Popigai crater, in Ukrainian craters, etc. It’s too pleasant
for the Editor to aware that his long-time altruistic research was of use in science.

2. Prolonged detailed investigations of impact diamonds carried out by
S. A. Vishnevsky with colleagues and presented in this reviewed book show clearly a shock
origin of the diamonds in meteoritic craters. Less definitely established is an impact origin
of diamonds in stony meteorites (chondrites and ureilites). A whole rank of features and a
complex composition of the meteorites does not support a single and a simple process in
order to explain an origin of the stony meteorite diamonds.

3. Due to particular conjuncture of the circumstances to which some of my colleagues
were affected in scope of especially attractive social and advertising aspects of meteoritic
carbon research (extraterrestrial organic matter and diamonds) I decided to stop temporarily
my investigations of meteoritic diamonds. That’s why I presented my meteorite samples to
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various museums without any pay. In particular, Yu. A. Polkanov (Simpheropol’-City) and
some other colleagues addressed to me with the request to provide them with the samples of
meteoritic diamonds. Insofar as these samples are unique, I’m herein reporting the places
my samples are present now.

Small samples of Australian and Finnish ureilites which came to me for comparative
research by means of private exchange with Australian and Finnish museums, I presented in
1975 to USSR Academy of Sciences Meteoritic collection in Moscow. These samples were
included into Russian Meteoritic Catalogue, however, without any reference about their
source from my side. Diamond samples from Canyon Diablo iron meteorite which come to
me from Prof. K. B. Moor (University of Arizona, USA), I presented to Academician
V. S. Sobolev’s Family in Novosibirsk (to N. V. and E. V. Sobolevs, in accordance with
the request by E. V. Sobolev).

Being a Member of the Ukrainian Academy of Sciences Meteoritic Committee | pre-
sented officially in 1975 all my diamond samples from ureilites to Meteoritic Collection of
the Committee in Kiev-City. However, these samples were not named in Ukrainian Meteo-
ritic Catalogue published in Kiev in 1980 and 1986.

Since 1995, a group of articles by A. V. Fisenko with colleagues was published in
Russian and American literature, devoted to results of impact diamonds research by these
authors. However, no references concerning to eihter the method of diamond extraction or
the name of meteoritic collection from which the diamonds were obtained were pointed out
in these publications. So, I may suppose that a part of my ureilite diamond samples were
sent from Kiev to A. V. Fisenko (Chernogolovka, Moscow).

Dr. G. P. Vdovykin

March 31, 1997, Moscow




INTRODUCTION

Owing to a good progress achieved in last 3—-4 decades in Planetology (investigations
of the Moon and other planets), Meteoritics, Shock Wave Physics, Geology and in some
other Natural Science disciplines, it becomes clear that high-speed collidings between ce-
lestial bodies are one of the most fundamental processes, which take place in the Solar Sys-
tem.

These processes named as “impact ones” were of great importance for growth and
evolution of the Planets, including differentiation of their interior. Undoubtedly, all the
matter of the Earth (and of other terrestrial Planets as well) was affected to multiple working
up by the impact processes. Recently it becomes also clear, that life evolution on the Earth
was under the impact processes control.

A major bulk of high-speed collisions with large enough celestial objects (meteorites
and comets) is resulted with the origin of impact craters on the planetary surface. More than
150 impact craters are now known on the Earth, ranging in size from ~100 m up to more
than 200 km (65 Ma-age Chixculub astroblema on Yukatan Peninsula of Mexico, which is
considered to be a cause of Cretaceous/Tertiary extinction). The Popigai 100 km in diame-
ter astroblema near Taymyr Peninsula in Russian Arctic is the greatest Cenozoic impact
crater of ~35 Ma-age, and may be a cause for another extinction documented in sedimentary
record in Terminal Eocene. Among the largest terrestrial impact sites is Puchezh-Katunsky
astroblema of 80 km in diameter also, which is localized near Novgorod-city and was dis-
covered by L. V. Firsov [1965]. As for the Moon, Mars and other Planets with low speed of
their own endogenic/exogenic activity, the surfaces of these Planets are verbally supersatu-
rated with the numerous traces of impact events.

The transformation of matter in impact processes is provided mainly by the action of
the shock waves which are generated by impact and cause a shock metamorphism of the
target rocks. A shock metamorphism itself is characterized by extremely intensive parame-
ters, including shock pressures up to 3000 GPa and more, and residual post-shock tem-
peratures, up to 30,000 °C, which may be developed in the affected rock. These extremal
conditions are never realized by any endogenic process on the planetary surfaces.

Under the action of shock metamorphism the target rocks within any affected area are
strongly transformed. From weak to strong level of target rock damage, this progressive
rank of specific transformations includes successively fracturing and brecciation, formation
of diaplectic minerals (shock vitrification of material in still solid state), incipient and total
melting of the rock, incipient and complete vaporization and dissociation of the material
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into elemental chemical units; ionization may also take place at highest levels of the shock
metamorphism. The most intensive affects are related to inner zone of impact event.

Phase transformations, giving rise to origin of high-pressure polymorphs, are the
common feature of the shock metamorphism for some mineralogical systems. The phase
transformations in SiO, system are the famous example of so kind, resulted in origin of
stishovite (a barometer, indicating shock pressures > 12—15 GPa) and coesite (a barometer,
indicating shock pressures > 30 GPa). Under the action of strong shock waves, the phase
transformations are also known for carbon system, resulting in the origin of impact
diamonds derived from parental carbon matter (poor- or non-crystallized carbon, coal and
graphite).

Except for the general cognitive interest, the discovery and investigations of the im-
pact diamonds become an important contribution into theoretical and practical geology, and
other natural sciences as well, being an evidence of shock metamorphism and a tool for
recognition of impactites. Natural occurrences of impact diamonds, their morphology,
X-ray, carbon isotope and other features, origin and significance are described below.

IMPACT DIAMOND OCCURRENCES

Impact diamonds (IDs) have been discovered in various natural objects, either in pa-
rental (meteorites and the rocks of terrestrial impact craters) or secondary collector
(sedimentary) rocks. The first discovery of IDs (their impact origin was established later)
was made in 1888 by Profs. M. V. Yerofeev and P. A. Lachinov in the Novo Urei meteorite
(Fig. 1). Soon after, being inspired by the success of Novo Urei investigations, IDs were
found in fragments of the Canyon Diablo iron meteorite from the Meteor crater (Fig. 2) by
American geologist A. E. Foote [1891], with a reference to data by M. V. Yerofeev and
P. A. Lachinov [1888]. A detailed study of the Canyon Diablo IDs was made by Ksanda
and Henderson [1939]. Later, IDs were also found in various carbonaceous chondrites-
ureilites: Goalpara [Urey, et al., 1957], Dualpur [Lipschutz, 1962;] and some others
[Vdovykin, 1967, 1969a,b, 1970, 1976, 1991], as well as in Antarctic iron meteorite
ALHA-77283 [Clarke, et al., 1981].

The first occurrence of IDs in the rocks of terrestrial craters was made by
V. L. Masaitis [Masaitis, et al., 1972] at the Popigai astroblema in 1971. As it was shown
later both by V. L. Masaitis and S. A. Vishnevsky independently, the IDs are broadly wide-
spread in this crater. Some our results of this kind are shown on Fig. 3. Soon later, the IDs
were found in several points of Ries crater (Otting and Bollstadt [Rost, et al., 1978]) and
Kara [Ezersky, 1982] craters. Somewhat later, in 1970-1980s, ID discoveries were also
made in some other impact sites of the former USSR [Val’ter and Er’omenko, 1996]. Later
this data were published for Obolon, II’intsy and Zapadny craters [Gurov et al., 1995;
Val’ter and Er’omenko, 1996], as well for Terny astrobleme [Val’ter and Er’omenko,
1996].

Recently, the list of ID-bearing astroblemes was completed by findings in Puchezh-
Katunsky impact site [Marakushev, et al., 1993], and as it was pointed out by A. A. Val’ter



Fig. 1. A front cover of the

Mggazine volume, where the Y PHAIIL
diamond discovery in Novo
Urei meteorite was published
by Profs. M. V. Yerofeev
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and G K. Er’omenko upa HmoeparoporomMs C.-IlerepOyproroMs yampepcarerh
[Valter and Er’omenko,

1996], the discoveries of TOMB XX,

IDs are possible in many

astroblemes on crystalline
target rocks. Among them,
Rochechouart and Lake soaEs DoRS PERAELIE
Mien impact structures in H MEEITI VTEHHA.
Europe, as well as Holle-
ford, Brent, Skeleton
Lake, Charlevoix, Mis-
tastin, Manicouagan, Pilot
Lake, Sudbury and some
other Canadian astroble- st
mes and craters formed on
graphite-bearing rocks of
Grenville and some other
series, may be pointed out.
However, our attempts
[Vishnevsky, 1994, un-
published] to find the
IDs in impact melt rocks
of  Rochechouart  and
Gardnos craters were unsuccessful; no results are also reported for Rochechouart and Lake
Mien craters by other authors [Hough, et al., 1995d).

Our findings of IDs in Ries crater were confirmed recently by other authors [Hough,
et al., 1995a,b; Masaitis and Shafranovsky, 1994; Abbot, et al., 1996]; however, in publica-
tions by R. M. Hough, et al, our data [Rost, et al, 1978] were referred inadequately
whereas, in the last two publications pointed out, these data were not referred at all.

Impact diamonds were also discovered in peats from the Tunguska impact site
[Kvasnitsa, et al., 1979]. Recently, this work was repeated by R. M. Hough, et al. [1995¢],
again without any reference to previous Russian data by V. N. Kvasnitsa, et al. [1979]. Data
by R. M. Hough result with discovery of several small particles of very robust form of car-
bon, which most likely is a diamond, but future investigations are needed.

Re-deposited IDs may be of two types. The first type is related to distal ejecta depos-
its, derived from the large impact craters to form the extensive strewn fields of regional or,
even possibly, of global scale. A known example of such an impact re-deposited strewn field

OTOAEAE ITEPBEIA.

Hoppextypy aepmaru B. Tuwienxo w A. Bokos®s.

C.-TIETEPBYPI'B.

Tan. B. [[ewaxosa, Hoemiti wep., z. 7.

1888.
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Fig. 2. Meteor Crater, Arizona, USA, an oblique aerial view. Photo by N. V. Sobolev, Institute of
Mineralogy & Petrology SB RAS, Novosibirsk.

of the IDs is connected with the Popigai crater (Fig. 4), being probably re-worked slightly
by fluvial activity. The second type of re-deposited IDs was originated by the action of
fluvial and other surface activity; these IDs are known in loose Cenozoic sedimentary rocks
of various regions [Kvasnitsa, 1985; Polkanov, et al., 1973; Yurk, et al., 1973; and others].
In some cases (like for Popigai — our comment) re-deposited IDs may form placers
[Masaitis, 1995]. One may suppose, that due to their resistance and a plenty of the source
impact craters, re-deposited IDs of both the types should be broadly-widespread in various
sedimentary suits of the Earth’s crust.

Impact diamonds found in ancient metamorphic rocks [Holovnya, et al., 1977] appear
to be Pre-Cambrian re-deposited diamonds, although some investigators consider there was
an artificial contamination of samples analyzed [Masaitis, personal communication].

As it was discovered in last decade, a lot of unmetamorphosed meteorites contain so-
called “colloid” cubic nanodiamonds, 0.4-7 nm in size [Lewis, et al., 1987a,b; Huss, 1990;
Newton, et al., 1995; Huss and Lewis, 1995], which are considered to be of interstellar
origin. However, similar on the one hand, but differ on the other features nanodiamonds
have been recently discovered in a number of terrestrial places, being associated either
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Fig. 3. Diamond findings
(filled impact
rocks of the Popigai astrob-

circles) in
lema (white area). Data by
S. A. Vishnevsky, 1973
(unpublished).
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Yakutite occurrences

Fig. 4. The strewn
field of IDs (Yaku-
tites) in the vicinity
of the Popigali crater.
After
et al,,

[Vishnevsky,
1995].
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with impactites (Ries crater: fine diamond grains, of several tens of micrometers in size
[Hough, et al., 1995a,b]), or with the K/T boundary layer of the Northern America
(nanodiamonds, 3—-5 nm in size [Carlisle and Braman, 1991; Gilmour, et al., 1992; Hough,
et al., 1995c]) related to Chicxulub impact event. These nano-, and micrometre-size dia-
monds are considered to be of impact origin and represent definitely a principally-new
group of IDs related to impact process. Similar interpretation is also proposed for fine-
grained cubic diamond + silicon carbide intergrowths recently discovered in the Ries crater
[Hough, et al., 1995a,b].

SIZE, MORPHOLOGY AND COLOR OF IMPACT DIAMONDS

Impact diamonds from both the Ureilites and iron meteorites generally have a grain
size of 0.1 to 2 mm (rarely, up to 5 mm) and a white, gray or dark-gray color. These dia-
mond grains are characterized mainly by the irregular volume-xenomorphic or rounded
shapes (Figs. 5, 6). However, cube- or cube-octahedral forms are also known for some of
the Canyon Diablo ID grains, inheriting the morphology of the parental graphite-cliftonite
[Brett and Higgins, 1969]. All the IDs found in meteorites are paramorphs derived from
parental carbon matter, i. e., PIDs.

The Popigai IDs, which originate from accessory graphite of the target gneisses, are
also PIDs. They generally have a grain size of 0.1 mm to 0.5 mm (rarely, up to 1-5 mm).
Single grains of PIDs (from Popigai? — our comment) have a surprisingly-large size, up to
10 mm, as it was reported by V. L. Masaitis [1996]. Different coloration is common for
Popigai PIDs: colorless, white, yellow, gray and dark-gray to black; the yellow and dark
grains are the most common. By the data of A. A. Val’ter, et al. [1992] for terrestrial PIDs,
the yellow coloration is
possibly related to an
impurity of lonsdaleite
whereas, the dark color is
attributed to impurity of
graphite. The transparent
PID grains are often
anysotropic, pleochroic,
uniaxial positive ones,
with a  birefringence
ranging from 0.005
t0 0.020, depending on

Fig. 5. Volume-xenomorphic
impact diamond grains (a
pure fraction of diamond)
separated from Novo Urei
meteorite. Reflected light.
After [Vdovykin, 1967].

12

A



Fig. 6. The isometric ID
grain (a gray mass in the
center of picture) in the
Canyon Diablo meteoritic
iron. Microphoto by A.El-
Goresy, reflected light.
After [Anders, 1965].

the lonsdaleite content [Val'ter, et. al., 1992|. The biretringence for Zapadny crater
PIDs ranges from 0.003 to 0.018 [Gurov, et al., 1996]. F. Langenhorst and V. L. Masaitis
[1996] reported that even originally dark non-transparent Popigai IDs become transparent
and show anomalous birefringence after thinning preparations to TEM.

Two main morphological types of the Popigai PIDs occur: flattened and volume-
xenomorphic ones (Fig. 7). As it was observed for PIDs derived from graphite in highly-
shocked fragments of target Archean gneisses, both these morphologic types are the result
of mosaic fragmentation of parental graphite during its transformation in shock wave. At
this, relatively thin scales and plates of parental graphite aggregates produce flattened an-
gular grains of PIDs (Fig. 8) whereas in case of relatively thick segregations of the graphite
volume-xenomorphic grains of PIDs were originated. This fragmentation is considered to
result from a volume decrease during the phase transformation of source graphite.

Similar size and color are common for the Ries PIDs, originated from the parental
graphite also; however, in morphological aspect, the flattened grains of PIDs are the most
widespread here (Fig. 9).

In some cases, the PIDs from Popigai and Ries craters have inherited the full or par-
tial hexagonal shape of the parental graphite crystals, as well as their intergrowths (Fig. 10).
Rarely, in case of euhedral forms of the parental graphite crystals, their perfect details or
intergrowths are also inherited by PIDs (Fig. 11).

F. Langenhorst and V. L. Masaitis [1996] propose another then our morphologic and
genetic classification of Popigai IDs. They describe two basic types of diamonds: 1) idio-
morphic diamond platelets (“so-called paramorphs”, equal to those of our PIDs, which
inherited the form of euhedral graphite crystals), and 2) xenomorphic polycrystalline aggre-
gates of another origin (see below the “Origin of impact diamonds”). However, their classi-
fication does not include a broadly-widespread at Popigai type of flattened angular grains,
like those shown on Fig. 7a. These authors also pointed out that xenomorphic polycrystal-
line IDs occur in impact melt rocks whereas idiomorphic platelets are common for shocked
gneiss fragments. By our data, both flattened and xenomorphic types of IDs (including
idiomorphic subtype of flattened paramorphs) are common for various Popigai impact melt
rocks, as well as xenomorphic PIDs are also present in shocked gneiss fragments.

The features of the PIDs described above, are very similar to the Yakutites (Fig. 12):
diamonds ejected from the Popigai crater to form an extensive strewn field around. Detailed

13




Fig. 7. Two main morpho-
logical types of the Popigai
IDs: (a) scaly-like or angular
flattened grains, up to sheet-
like forms; and (b) volume-
xenomorphic  grains. Re-
flected light. After [Vish-
nevsky, 1978].

descriptions of Yakutites are presented in several articles [Galimov, et al., 1980; Kaminsky,
et. al., 1985; 1987; Rumyantsev, et al., 1980; and others].

So-called Togorites, ID paramorphs derived from coal, were found in impactites of
the Kara crater [Ezersky, 1982, 1986, 1987]. They range in size from 0.1 to 3-5 mm, have a
white, brown or black color, and are represented by volume-xenomorphic grains (Fig. 13),
with no or rarely-exhibited lamella layering [Ezersky, 1982].



Fig. 8. ID paramorphs de-
rived from the lamella of
parental  graphite (black
scaly-like aggregate in cen-
ter) in recrystallized diaplec-
tic quartz glass (white en-
closing mass, shock pres-
sures 35 to 50 GPa). The
lamella was fragmented into
flattened grains of IDs as a
result of volume decrease
during graphite — diamond
transition. There are two
associations of carbon min-
erals in this scaly-like aggre-

gate (X-ray data): (a) disordered graphite + cubic diamond + lonsdaleite + chaoite; (b) cubic diamond
+ lonsdaleite + chaoite. Popigai, sample 486, reflected light. After [Vishnevsky and Pal’chik, 1975].

Fig. 9. The Ries crater PIDs:
scaly-like or angular semi-
transparent flattened grains
in transmitted (a) and re-
flected () light showing a
complex lamellar internal
structure. After [Rost, et al.,
1978].
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Fig. 10. Inheritance of the
parental morphology and
intergrowths for ID para-
morphs derived from usu-
ally-widespread discrete
graphite crystals (a, b):
diamond grains are of hex-
agonal or similar form
(single plates or their regu-
lar intergrowths along the
plane (0001) of parental
graphite). Popigai, reflected
light. After [Vishnevsky,
1978].

Fig. 11. Inheritance of the
parental morphology and
intergrowths for ID para-
morphs derived from euhe-
dral graphite crystals (rare
examples): a) parallel inter-
growths along the plane
(1070); &) parallel inter-
growths along the plane
(1070);



¢) V. S. Veselovsky twinning
along the plane (0001);
d) bi-crystal intergrowths,
(0001){| (1070), with the
directions [0001] orthogonal
to each other. SEM images.
Scale bars are 100 pm. After
A. A. Val’ter, et al. [1992].

Fig. 12. Yakutites, impact re-
deposited diamonds from the
Popigai distal ejecta deposits.
Volume-xenomorphic ~ and
angular flattened grains are
the most common; some-
times, the hexagonal forms of
the parental graphite crystals
are inherited. After [Koptil’,
1994].

The PIDs derived
from graphite are charac-
terized by the widespread
hatching. This thin (with
strips down to 2-5 pm or
smaller in width) hatching
is represented by one or
several systems of direct
parallel lines; sometimes,
systems of curved lines are
also observed. The hat-
ching strips are well-
expressed in color, luster
and relief. Some of them
are considered to be a relic
primary hatching [Val’ter,
et al., 1992], which inherit
mineralogical or crystallo-
graphic features of the
parental graphite (Fig. 14).
Others are considered to
be a secondary hatching,
being planar elements formed together with the diamond paramorphs (Fig. 15); while others
are lamella inclusions of graphite or the result of natural etching of the PIDs. In this final
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Fig. 14. Primary hatching on the ID paramorph, parallel to (1120 ) of parental graphite. SEM image.
After [Val’ter, et al., 1992].

case, a complex internal linear or layered structure of ID grain may be observed (Fig. 16).
Layered internal structure of PID grains observed by micro-optical means is an example of
relatively “coarse” type of this kind of structures. TEM observations by F. Langenhorst and
V. L. Masaitis [ 1996] revealed also a superfine layered internal structure of ID grains, with
individual layers varying in thickness from 0.1 to 0.5 pm.
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Fig. 15. Secondary hatching after |Val’ter, et al., 1992]: planar elements in 1D paramorph derived
from graphite. Transmitted (@) and reflected (b) light, Popigai. Photo by S. A. Vishnevsky, [1978].

Fig. 16. Complex internal linear and fan-like structures of ID paramorphs derived from graphite.
These structures are expressed in hatching and are available for observation due to surface corrosion.
Reflected light. Popigai. After [ Vishnevsky, 1978].

Superfine structural sculpture on the surface of PID grains may be observed under
high magnification, due to tiny crystallites of cubic diamond (Fig. 17), which demonstrate a
preferred orientation subordinated to crystallographic features of the parental graphite.




Fig. 17. SEM image of
superfine sculpture of ID
paramorph: cubic diamond
crystals on the surface
(0001) of parental graphite.
Surfaces (100) of the dia-
mond crystals are parallel to
the trace (1120) of the
graphite (black line). After
[Val’ter, et al., 1992].

Fig. 18. SEM image of
etching of diamond grains:
superfine surface corrosion.
Popigai. After S. A. Vish-
nevsky [1978].

A many of PIDs
from astroblemes demon-
strate surface of etching,
which had taken place in
the superheated impact
melt by the action of OH",
Na, K and other agents.
Commonly, the traces of
etching are represented
by a superfine surface
corrosion in form of a cell
comb-like microrelief
(Fig. 18). Sometimes, in
addition to the surface corrosion, the local patches of intensive etching form groups of large
cavities and deep complex cross-cutting penetrations.

Differ from paramorphs derived from graphite and coal, a principally new group of
fine ID grains found in Ries crater by R. M. Hough, et al. [1995a,b] has a grain size up to
several tens of micrometers and is undetectable in details by optical means.
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X-RAY AND ELECTRON-MICROSCOPIC DATA
FOR IMPACT DIAMONDS

The discovery of a lonsdaleite, a hexagonal phase of diamond [Frondel and Marvin,
1967; Hannemann, et al., 1967] was one ofthe important contributions in the history of IDs
research. However, it is still not unanimously agreed, whether the lonsdaleite is just a
polytype of the cubic diamond [Godovikov, 1975; Kurdumov and Pilankevitch, 1979] or it
is a new mineral species [Er’omenko and Polkanov, 1978; Masaitis, et al., 1990]. Never-
theless, lonsdaleite is an important typomorphic phase of IDs, and it has been used to con-
clude a shock origin of these diamonds. As shown by R. J. Hannemann, et al. [1967], the
main spacings of lonsdaleite on the X-Ray patterns are equal to the same for cubic diamond
(d/n, nm): 0.206, 0.126, and 0.1076, with an addition of several new lines, such as (d/n,
nm): 0.218, 0.193, 0.150, 0.116 and 0.109. In structural aspect lonsdaleite is a wurtzite-like
polymorph of carbon. As it was pointed out by A. V. Kurdumov and A. N. Pilankevitch
[1979], such structures, being made up of one chemical element atoms, are usually unstable
and are easily-destroyed by annealing and other processes. Within ID grain cubic diamond
and lonsdaleite are twinned by spinel law [Masaitis, 1996].

X-ray data allow to estimate the lonsdaleite content in PIDs of complex (cubic + hexa-
gonal phases) composition. Similar methods were proposed by A. A. Val’ter, et al. [1992]
and V. M. Tovstogan, et al. [1977] for quantitative estimations of lonsdaleite content, al-
though, as it was pointed out by A. V. Kurdumov and A. N. Pilankevitch [1979], textural
aspect of PIDs may provide some limitations here. After A. A. Val’ter, et al. [1992], one
can estimate the concentration, C (%), of lonsdaleite using the next dependencies:

C=A/(0.75A + 0.5)x100% ;

C=A/(A+0.5)x100% (including the influence of IDs texture);

C=A/(A+0.34)x100% (corrections for one-dimensional structural
disordering of lonsdaleite),

where A is the ratio of intensities, I, photometrically-measured on X-ray pattern of main
d-spacings for ID: 0.218 nm [(1010) of lonsdaleite] to 0.206 nm [(111) of cubic dia-
mond + (0002) of lonsdaleite], i. €., A = Iig218 nm)/ L0.206 nm)-

Error of estimations, provided by all three dependencies, does not exceed the usual
mistake of photometric observations.

Both morphologic types of Popigai PIDs from parental graphite (flattened and vol-
ume-xenomorphic grains) found in impact melt rocks are usually characterized by a pre-
sence of lonsdaleite, although sometimes they are represented by cubic phase only
(Table 1). A minor impurity of chaoite and graphite is found sometimes in these PIDs (see
d-spacings 0.412 nm and 0.370 nm for chaoite, and 0.335 for graphite on Debye pattern of
grain 59w in Table 1). Accompanying graphite grains found in these rocks show various
degree of shock metamorphism, ranging from relatively fresh individuals to strongly-
disordered ones (Table 2). Graphite segregations in strongly-shocked gneiss fragments
demonstrate partial (fine-grained aggregates of disordered graphite + cubic dia-
mond + lonsdaleite + chaoite) or complete (cubic diamond + lonsdaleite + chaoite)
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Table 1. X-ray Deye patterns for Popigai PIDs of pure cubic and cubic + hexagonal phase composition (after S. A. Vishnevsky [1978])

Grain Ne 617 Grain Ne 618 Grain Ne 201w Grain Ne 24w Grain Ne 59w Grain Ne 16w Cubic Diamond +

random X-ray random X-ray random X-ray X-ray radiation X-ray radiation was | X-ray radiation X-ray radiation lonsdaelite
radiation radiation radiation was || to layering 1 to layering was || to layering | was L to layering hglzrr(\)/?:ell ggf]j]

1 d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm 1 d/n, nm I d/n, nm
— = = = == — = = 3 0.412 = = = = = =
e o o — — — — — 2 0.370 — — — — — o
o — — — — — — — 1 0.335 — — — — — e
e e o — 5 0.219 3 0.218 4 0.217 4 0.218 3 0.219 4 0.218
10 0.206 10 0.207 10 0.206 10 0.207 10 0.207 10 0.208 10 0.2061
e o e — 2 0.194 1 0.194 1 0.193 2 0.197 1 0.197 2 0.1933
e o e — 2 0.140 2 0.140 — — — e 2 0.140 1 0.1500
8 0.126 8 0.126 6 0.126 7 0.126 6 0.126 6 0.127 7 0.127 6 0.1257
e — 1 0.119 1 0.119 — — — — 2 0.119 1 0.117
7 0.1077 7 0.1077 4 0.1080 5 0.1075 3 0.1071 5 0.1082 6 0.1082 3 0.1056

Note. Grains Ne 617, 618 are of volume-xenomorphic type, and were derived from impact melt rocks (Tl-tagamites); grains Ne 201w (volume- xenomorphic),

29w, 59w and 16w (of flattened and layered morphology) were derived from placers. Fe-filtered CoKq radiation; the direction of primary X-ray radiation is pointed out in
respect to morphology of PIDs.




Table 2. X-rayDebye patterns for variously disordered graphites from Popigai impact melt rocks
(data by [Vishnevsky, 1978])

Sample Ne 517 Sample Ne 816 Sample Ne 1548 Graphite (after Carbon (disordered
[Mikheev, 1957]) | graphite), after [XRDPF,
1969]

I d/n, nm I d/n, nm I d/n, nm I d/n, nm 1% d/n, nm hkil
10 0.335 10 0.334 10 0.336 10 0.335 100 0.337 0002
— — 1 0.247 — — — — — — —
— - — — — — 3 0.224 — — —

1 0214 1 02112 — — 5 0213 2 0213 10 10
3 0.2041 2br  0.2021 1 0.2042 5 0.2036 3 0.2036 10 11
= — — — — — 4 0.1848 — — —
= = 2 0.1804— | — 3 0.1801 1 0.1800 10 12
— — — — — — 2 0.1700 — — —

5 0.1682 3 0.1677 1 0.1670 8 0.1675 8 0.1682 0004

1 0.1551 = = = = 6 0.1541 2 0.1541 10 13
— — — — — — 5 0.1274 — — —
— — — — — — 5 0.1274 — — —
3 0.1234 3 0.1230 1 0.1236 9 0.1230 6 0.1232 1120
3 0.1158 2 0.1157 1 0.1161 9 0.1154 6 0.1155 11 22
2 0.1128 — — — — 6 0.1117 2 0.1120 0006
— — — — — — 4 0.1093 — — —
— — — o — — 3 0.1014 — — —
3 0.9980 — — 1 0.9960 8 0.9910 — — —
— — — — — — 6 0.9880 — — —

Note. Fe-filtered CoKq radiation. *100-point diffractometric scale of intensivity. br — a broad line
on X-ray pattern.

transformation to PID. X-ray data for some of these complex graphite-ID associations are
shown in Table 3 (sample Ne 486, see Fig. 8).

Impact diamonds paramorphs from Ries crater are also characterized by cubic dia-
mond + lonsdaleite composition (Table 4). Similar results are also reported for ID para-
morphs from graphite in other impact craters of Ukrainian shield (Zapadny, Obolon,
[’intsy, Terny craters, data by [Gurov, et al., 1995, 1996; Val’ter and Er’'omenko, 1996;
Val’ter, et al., 1992]), and in Puchezh-Katunski astroblema [Marakushev, et al., 1993].

From X-ray data, the ID paramorphs from parental graphite in impact craters are
polycrystalline fine-grained (crystallites of ~1 um down to several nm in size) aggregates. In
general, these paramorphs are made up of mixture of the cubic and hexagonal phases
[Kaminsky, et al., 1985; Masaitis, et al., 1972; Polkanov, et al., 1973; Rum’antsev, et al.,
1980; Vishnevsky and Pal’chik, 1975; Vishnevsky, 1978; and others]. Cubic phase domi-
nates usually, up to 100 % whereas, the hexagonal phase forms an impurity (0-25 %), rarely
growing in content up to 50—80 % [Val’ter, et al., 1992; Val’ter and Er’omenko, 1996]. The
lonsdaleite content in PIDs is estimated to be: in Zapadny crater from 5-10 % to 40—50 %
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Table 3. X-ray Debye patterns for chaoite-bearing incipient and full ID paramorphs on strongly-
shocked parental graphite from Popigai crater (after [Vishnevsky and Pal’chik, 1975])

Carbon matter in Archean gneiss ID grain Carbon Cubic Chaoite
fragment, sample Ne 486 (Fig. 8) Ne 201w from (disordered diamond + [El-Goresy and
placer graphite), lonsdaleite Donnay, 1968]
Graphite grains | Diamond grains after [XRDPF, | [Frondel and
1969] Marvin,
1967]
I d/n, nm I d/n, nm I d/n, nm % d/n, nm I d/n,nm I d/n, nm
5 0.447 6 0.449 2 0.448 — — — — 10 0.447
— — 6 0.426 — — — — — — 10 0.426
2 0.413 8 0.407 5 0.410 — — — — 8 0.412
— — 1 0.377 2 0.370 — — — — 4 0.371
10 0.337 — — — — 100 0337 | — — — —
— — 2 0.320 — — — — — — 4 0.322
— — 3 0.303 — — D D D — 6 0.303
— — 1 0.293 — — — — — D 1 0.294
— — 1 0.285 — — — — — — — —
(] 3 0.257 1 0256 | — - |- = 6 0255
4br  0.2559
L] 3 0249 | — — — - - - 4 0246
— — 1 0.227 4 0.228 — — — — 6 0.228
— — — — — — — — — — 4 0.224
1 0.218 3 0.217 4 0.217 — — 4 0.218 — —
— — — — — — 2 0213 | — — — —
3 0.2075 10 0.2070 10 0.2073 — — 10 0.2061 4 0.210
— — — — — — 3 0.2036 | — — — —
— — — — — — — — — 1 0.1980
— — 1 0.1940 2 0.1940 — — 2 0.1933 — —
— — — — — — 1 0.1800 | — — — —
— — 1 0.1699 — — — — — — —
0.1687 — — — — 8 0.1682 | — — — —
— — — — 1 0.1667 — — — — —
— — — — — — 2 0.1541 | — — — —
4br  0.1514 3 0.1503 1 0.1506 — — 1 0.1500 1 0.1496
— — — — 1 0.1390 — — — — 1 0.1370
1 0.1291 — — — — — — — — 1 0.1289
1 0.1263 6 0.1257 8 0.1263 — — 6 0.1257 1 0.1260
1 0.1238 — — — 6 0.1232 | — — — —
— — — — 2 0.1197 — — — — 4 0.1197
— — — — — — — — — — 4 0.1184
— — — — — — — — 1 0.1170 — —
— — — — — — 6 0.1155 | — — — —
— — — — — — 2 0.1120 | — — — —
1 0.1077 4 0.1076 7 0.1080 — — 3 0.1075 1 0.1080
Note: br - a broad line on X-ray pattern; * 100-point diffractometic scale of intensivity;

** intensivities after five-point scale of A. El-Goresy and G. Donnay [1968], re-calculated in ten-point scale: very
very strong = 10; very strong = 8; strong = 6; moderate = 4; weak =1 point of intensivity.
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[Gurov, et al., 1995, 1996]; in Table 4. X-ray Debye pattern for Ries crater PID (after

. Rost, et al., 1978
Puchezh-Katunski astroblema Liestiena %

0, 0, -
from 10% to 70% [Mara- "0 iPID grain fromRies || Cubic diamond + lonsdaleite
kushev, et al., 1993]; in Popigai crater [Frondel and Marvin, 1967]

astroblema from 0% to 30 %

| d/n, nm I d/g, nm
[Val’ter and Er’ omenko, .1996]. > YRR 7 ODIED
It’s also found by A. A. Val’ter, 10 0.2067 10 0.2061
et al. [1992 ], that the lonsdaleite = 2 0.1933
content in PIDs from small 8152? _ -

1

craters is higher (of average, i 1 0.1500
~35-40 %), then from the large 8 0.1262 6 0.1257
ones (of average, < 30 %), i.e. ; ; 81(1).7,2
the duration of a shock loading

is important for preservation of
this diamond phase. This phenomenon takes place due to unstable state of lonsdaleite
structure, which anneals easily to cubic diamond [Kurdumov, et al., 1984; Polymorph modi-
fications.., 1994].

The impurity of chaoite (natural carbine), a high-temperature chain-structure poly-
morph of carbon, is found in some of the Popigai PID grains of complex (cubic diamond +
lonsdaleite + disordered graphite) composition derived from graphite in strongly-shocked
gneiss fragments (Table 3). Of possible chaoite origin are also d-spacings 0.412 nm and
0.370 nm observed in ID grain Ne 59u1 (Table 1). In some cases, Popigai PIDs with chaoite
impurity are found in impact melt rocks and in placers (Table 3 and data by [Vishnevsky
and Pal’chik, 1975]). Other findings of chaoite (Table 5) are also known either in associa-
tion with shocked graphite from Popigai [Vishnevsky and Pal’chik, 1975] and some
Ukrainian craters [Val'ter, et al., 1985], or as a pure phase in impact melt rocks of Ries
crater [El-Goresy and Donnay, 1968]. Findings of chaoite are also known in Yakutites
[Argunov, unpublished data].

From X-ray data by Ezersky [1986, 1987], ID paramorphs derived from coal, Togo-
rites, may be of two types. One of them is represented by grains, whose Laue pattern has the
only narrow ring corresponding to 0.206 nm d-spacing of (111) of cubic diamond; these
PIDs may be interpreted as aggregates of superfine randomly-oriented crystallites. Another
Togorites have full number of cubic diamond d-spacings on Laue pattern, to which, some-
times, a main (1010) lonsdaleite spacing, 0.218 nm, is added, indicating impurity of hex-
agonal phase. X-ray data on Togorites are shown in Table 6. So, lonsdaleite is rarely ob-
served in Togorites.

A similar low content or absence of lonsdaleite is also found in some of the Ureilite
PIDs, originated from poorly- or non-crystallized forms of carbon: up to 10% in Goalpara
PIDs, and no in Dyalpur PIDs [Lipschutz, 1964). To the contrary, the lonsdaleite content in
PIDs from iron meteorites, which originated from crystallized parental graphite is higher, up
to 30 % (estimations for Canyon Diablo meteorite, data by [Hannemann, et al., 1967]). By
the X-ray data of R. J. Hannemann, et al. [1967] the size of diamond crystallites in Canyon
Diablo meteorite is estimated to be ~9—10 nm for cubic phase, and ~5 nm for hexagonal
phase.

0.1076

N ote. Ni-filtered CuK radiation
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Table S X-ray data for chaoite and its associations with variously-disordered graphite in impactites
from various craters

Ries' chaoite Popigai® Ukrainian® Synthetic chaoite® Hexagonal
chaoite+graphite | chaoite+graphite gl’aphite5
* d/n, nm hkil I d/n, nm I d/n, nm I d/n, nm I d/n, nm
10 0.447 1120 | — = 1 0.460 5 0.447 == -
10 0.426 1121 | 5 0.427 3 0.425 4 0.426 = -
0.412 10 13 5 0.412 3 0.380 10 0.412 = =
4 0.371 10 21 2 0.370 = .- 3 0.371 - -
- - = 10 0.336 10 0.338 - = 10 0.336
4 0.322 1014 | — — 2 0.323 10 0.322 == -
6 0.303 2020 [ — = 3 0.300 1 0.303 = =
1 0.294 2130 | — = = = 1 0.2905 = —
6 0.255 3030 | 2 0.254 3 0.2555 2 0.253 - -
4 0.246 2133 | 2 0.247 2 0.2462 1 0.246 == -
= == - 1 0236 | — - == - - -
6 0.228 2025 | 2 0.228 — - 2 0.228 — =
4 0.224 2240 | 1 0.224 1 02159 | 0.5 0.223 = =
= == - 2 02134 | — — — = 1 0.213
4 0.210 30 34 1 02094 | — — 1 0.210 _ S
= = == 2 0.2042 1 0.2018 == = 5 0.2031
1 0.1983 20 26 1 0.1976 | — - _ _ = -
= - = 3 0.1821 1 0.1815 1 0.1820 1 0.1805
- - — 1 01701 | — - = = 2%* 0.1700
= - - 5 0.1657 3 0.1664 == = 3 0.1678
= = == 4 0.1546 4 0.1541 == = 2 0.1545
1 01496 2247 | 1 0.1480 1 0.1513 1 0.1496 | — 4
1 0.1370 4156 | 5 0.1378 4 0.1377 1 0.1370 | 4** 0.1358
.- - - 1 0.1334 | — - = = 0.5 0.1321
1 0.1289 60 60 | 1 0.1291 | — == = - = —
1 0.1260 3366 | 1 0.1256 | — = 0.5 0.1260 = -
= - — 8 0.1233 | — - = - 4 0.1230
4 01197 3367 | 1 0.1201 1 0.1198 0.5 0.1197 = -
4 01184 4267 | 1 0.1185 1 0.1184 | 05 01184 | — =
- == = 8 0.1157 ? ? ? ? 9** 0.1154
== — - 2 0.1121 9 ? ?2 ?2 6** 0.1117
1 0.1080 1 0.1082 ? ? ? ? ? ?
== = - 1 0.1016 ? ? ? ?2 3kx 0.1014
= — = 5 0.0994 ? ? ? 9 gxx 0.0991

Note. Source of data: 'after [El-Goresy and Donnay, 1968]; 2after [Vishnevsky and Pal’chik, 1975];
Safter [Val'ter, et al., 1985]; “after [Sobolev, et al. , 1985]; *after [Kurdumov, 1972]; ? - no data reported.

*For comparison, 5-point scale by A. El-Goresy and G. Donnay [1968] is recalculated into 10-point scale:
very very strong = 10; very strong = 8; strong = 6; moderate = 4; weak = 1.

**Additional data for graphite from [Mikheev, 1957].
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Table 6.X-ray characteristics of Togorites (after [Ezersky, 1986])

Analyses 1 Analyses 2 Analyses 3 Cubic diamond
(after [Mikheev, 1957])
d/n, nm I d/n, nm 1 d/n, nm I d/n, nm hkl
0.206 100 0.205 100 0.206 10 0.206 111
— 12 0.1259 44 0.1259 8 0.126 220
— 5 0.1075 7 0.1072 7 0.1072 311

Note. Diffractometer DRON-5, non-filtered CuKq. Every analyses was performed for 20-40 non-
crushed grains distributed on area of ~7 mm?.

In the site of Tunguska event [Kvasnitsa, et al., 1979], ID findings were made in peat
horizon of 1908-age. Four individual grains of ID found here are polycrystalline fine (the
size of crystallites ranges from 0.1 to 1 \m) aggregates which are made up of cubic dia-
mond with the impurities of graphite, lonsdaleite, and troilite. These diamonds may be also
referred as PIDs derived from crystallized carbon. X-ray data on Tunguska PIDs are shown
in Table 7.

All the PIDs originated from parental graphite, exhibit various degrees of the pre-
ferred orientation of crystallites, up to the state of “monocrystal” [Kaminsky, et al., 1985;
Masaitis, et al., 1972; Rost, et al., 1978; Val’ter, et al., 1992; Vishnevsky, 1978]). The ex-
amples for Popigai PIDs are shown on Fig. 19. Spatial structural relations between cubic
diamond and lonsdaleite were investigated by M. I. Sokhor and S. I. Futergendler [1974],
and the same was made for parental graphite, cubic diamond and lonsdaleite by
L. I. Gorogotskaya, et al. [1989] and A. A. Val'ter, et al. [1992]. As it was found by last
two investigations, the new high-pressure polymorphs of carbon have preferred orientation
with respect to the crystal structure of the parental graphite, for example:

(1010) of lonsdaleite || to (111) of cubic diamond and to (0001) of parental graphite;
[1120] of lonsdaleite || to [110] of cubic diamond and to [1210] of parental graphite;
[1010] of lonsdaleite || to [111] of cubic diamond and to [0001] of parental graphite.

The influence of preferred orientation of crystallites becomes evident even on Debye
patterns when various orientations of primary X-ray radiation in respect to PID morphology
provide different Debye patterns for just the same grain (see, for example, data for grain
Ne 16w on Table 1).

In the case of ID paramorphs derived from poorly- or non-crystallized carbon, the
preferred orientation of crystallites is weakly-expressed or absent. Such examples are
known in the case of Togorites [Ezersky, 1982] and in PIDs from some Ureilites, for exam-
ple, Dyalpur [Lipschutz, 1964]. In contrast to these Ureilites, there is preferred orientation
of crystallites in PIDs from some other Ureilites, for example, from Goalpara [Lipschutz,
1964], and from iron meteorites (graphite source of carbon). Such a distinction between
these two kinds of Ureilite PIDs is accompanied by different size of their crystallites:
~10 nm for Goalpara, and > 30 nm for Dyalpur [Lipschutz, 1964].

27



8¢C

Table 7. X-ray data for Tunguska ID grains (after [Kvasnitsa, et al., 1979])

. Grain 1

Grain 2 Grain 3 Grain 4 Graphite* Diamond* Lonsdaleite* Troilite*
I d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm I d/n, nm
4 0.414 2 0.415 2 0.420 3 0.412 — o = =
2 0.369 4 0.372 2 0.374 3 0.374 — — — 3 0.382
7 0.332 9 0.330 4 0.336 7 0.335 100 0.336 — — e
1 0.296 1 0.295 1 0.302 1 0.300 — — — 6 0.2968
3 0.269 5 0.265 2 0.268 2 0.265 — — — 7 0.2644
1 0.239 1 0.242 1 0.243 1 0.252 - — — 1 0.2531
6 0.230 6 0.230 3 0.230 3 0.231 — = — —
8 0.217 6 0.218 4 0.219 3 0.219 10 0.213 — 100 0.219 —
10 0.2067 10 0.2072 10 0.2087 10 0.2080 50 0.203 100 0.206 100 0.206 10 0.2085
2 0.1930 2 0.1940 2 0.1953 1 0.1926 — — 50 0.1920 4 0.1921
2 0.1798 1 0.1834 2 0.1814 2 0.1824 5 0.1800 — — e
2 0.1732 2 0.1724 1 0.1738 2 0.1730 - — — 2 0.1755
— — — - — — — 9 0.1720
4 0.1646 6 0.1652 3 0.1654 3 0.1647 80 0.1678 — — 5 0.1637
1 0.1511 1 0.1518 3 0.1500 2 0.1520 10 0.1544 — 25 0.1500 —
1 0.1474 1 0.1460 - 3 0.1470 - — — 5 0.1472
2 0.1400 3 0.1394 3 0.1414 3 0.1394 — — — 3 0.1448
1 0.1335 1 0.1347 — 2 0.1359 — — — 8 0.1328
8 0.1257 8 0.1256 6 0.1256 5 0.1257 30 0.1232 25 0.1261 75 0.1260 6 0.1319
2 0.1189 3 0.1186 1 0.1189 2 0.1193 — — — 4 0.1182
— 1 0.1163 1 0.1164 1 0.1162 50 0.1158 — 50 0.1170 —
— 1 0.1135 — 1 0.1146 20 0.1120 — — e
5 0.1070 5 0.1075 3 0.1076 5 0.1075 16 0.1075 16 0.1075 25 0.1075 =
— 3 0.1000 1 0.990 2 0.998 40 0.994 — — ==

N o te. X-ray Debye patterns, non-filtered CuKy. * Standard patterns (after [XRDPF, 1973]).



Fig. 19. Various degrees ol the preferred orientation of crystallites in Popigai PIDs (N-ray Laue
patterns, MoK): a) moderately-expressed (a volume-xenomorphic grain); b) well-expressed (a lay-
ered grain which made up of subparallel pseudohexagonal plates rotated in respect to each other; the
primary X-ray radiation was L to the plates); and c) perfectly-expressed one, i. €., of “monocrystal”
type (a flat euhedral hexagonal plate; the primary X-ray radiation was L to the plate). After
[Vishnevsky, 1978].

Fine ID grains found in Ries crater [Hough, etal., 1995a,b] are represented by skele-
tal aggregates which made up of intergrowths by cubic diamond (crystallites ranging in size
from several tens of nm to 2 pm) and variably sized SiC crystallites of probably 4H a.SiC
type (determinations by transmission electron microscopy, TEM). No lonsdaleite was found
in these grains. Nanodiamonds from K/T boundary layer of Northern America [Carlisle and
Braman, 1991] are also characterized by pure cubic phase composition (X-ray and electron
diffraction determinations); under the TEM these diamonds were found to be ~3-5 nm in
size and mainly octahedral in form. For comparison, meteoritic nanodiamonds are also
made up of cubic phase [Lewis, et al., 1987b]; under the electron microscope these dia-
monds were found to be of irregular form without any epitaxy, but (11 1)-twinning of the
diamonds was found in Orgueil meteorite [Buseck and Barry, 1988].

OTHER FEATURES OF IMPACT DIAMONDS

Some typology features of terrestrial ID paramorphs from parental carbon matter are
shown in Table 8, and are considered below. As one can see, there is an imposing distinc-
tion between PIDs originated from graphite and coal in density, spectra of photolumines-
cence, impurity of paramagnetic nitrogen, beginning of combustion and carbon isotopic
composition. As it was shown above, such a distinction is also accompanied by differences
between both types of the PIDs in morphology, structure and phase composition. The dis-
tinctions in isotopic composition and in impurity of nitrogen are also shown on Fig. 20.

In general, the carbon isotopic composition of terrestrial ID paramorphs is “light”,
with 8"*Cppp ranging from —9 %o to —24.57 %o [Galimov, 1984; Ivanovskaya, 1982; Kamin-
sky, et al,, 1977; Koptil’, 1994; Vishnevsky, et al, 1974; and others]. Data on Popigai in-
crater PIDs and Yakutites show that they have similar isotopic composition with parental
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Table 8.Typology of the terrestrial Impact Diamonds

ID paramorphs on graphite, Popigai crater ID paramorphs on coal
Properties in impactites of crater | in distal ejecta deposits | (Togorites), Kara crater
(Yakutites)
Density, g/cm’ up to 3.51 3.44—3.55 2.5—3.1, rarely up to
33
Photoluminescence:
— intensity very weak/no very weak/no weak or no
— color yellow-orange brisk-red, yellow-green brisk-redorange
— spectrum bands, nm 600, 693, 718, 777 600, 693, 718, 777 640, 660, 680*
Impurity of paramagnetic
nitrogen
(C-centers/cm?) <10 <10" n-10"°—10%
Start of combustion, T °C 580—760 ? 520— 650
Ash content, wt.% ? 2.15 0 to 2—3
8"Cepp, %o -12.30 to -18.67 -9.9 to -20.1 —22.57 t0-24.57

Note. Data by V.I Koptil’ [1994], repeated also in [Vishnevsky et al., 1995]. * Data by
V. L. Masaitis et. al. [1990].

graphite (Fig. 20a). The same is also equal for other terrestrial ID paramorphs from graphite
[Gritsik, et al., 1989; Kaminsky, et al., 1977; Masaitis, et al., 1990; Val’ter, et al., 1992; and
others]; Togorites inherit the carbon isotopic composition of parental coal matter too. So,
there was no essential isotopic separation of carbon during the formation of terrestrial PIDs.

Data for meteoritic ID paramorphs are more scarce. In comparison to terrestrial PIDs,
the carbon isotopic composition of the Canyon Diablo PIDs is more “heavy” (8"Cppg =
=-5.8 %0, a single determination, data by [Vdovykin, 1971]) and similar to the source
graphite of this meteorite (8" Cppg from —5.0 %o to —8.2 %o, data by [Vdovykin, 1971]). The
same isotopic composition (8”Cppg = —5.7 %o, data by [Vdovykin, 1967]) was obtained for
Ureilite PIDs, and is similar both to individual grains of the parental carbon (8"Cpps =
=-6.3 %o , data by [Vdovykin, 1967]) and to the bulk composition (8’3CPDB = -1 %o to
—10 %o, data by [Grady, et al., 1985]) of the parental carbon in these meteorites. Like for
terrestrial PIDs, there was no isotopic separation of carbon during the shock formation of
ID in meteorites. No separation effects were observed also in case of shock synthesis of
diamond [Ivanovskaya, et al., 1981]. The noble gases content in pre-shock non-crystallized
carbon from Ureilites is several tens of times greater, than in co-existing crystallized graph-
ite from the same meteorites [Wacker, 1986]. This fact seems to be important for under-
standing the origin of PIDs (various sources of carbon) and for the early history of Ureilites

themselves.
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Fig. 20. Comparison of PIDs derived from graphite (Popigai) and from coal (Togorites of Kara cra-
ter) in terms of carbon isotopic composition (a) and in the impurity of paramagnetic nitrogen (b).
Carbon isotopic compositions of “terrestrial” (1, after [Gilmour, et al., 1992]) and of “interstellar”
(2, after [Carlisle, 1992]) kind for nanodiamonds from North American K/T boundary layer are also
shown on Fig. 20a.

The nanodiamonds found in meteorites, have anomalously “light” carbon isotopic
composition (6'3CpDB is down to —30 %o to —40 %o, data by [Lewis, et al., 1987a; Ash, et al.,
1988]) and have the impurities of N, H, He and other noble gases. The nitrogen impurity
here is characterized by an extremely negative isotopic compositions, with 8N =
=~ 345+16 %o [Gilmour, et al., 1992], and 8N from —574 %o to —1000 %o [Lewis, et al.,
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1989]; the hydrogen impurity is also anomalous in its isotopic conposition, with
D = 180%11 %o [Lewis, et al., 1989].

The carbon isotopic composition of nanodiamonds from terrestrial locations (K/T
boundary layer in Northern America, related to Chicxulub impact event (data by [Carlisle
and Braman, 1991; Gilmour, et al., 1992; Hough, et al., 1995c]) is characterized by discrep-
ancy of data (Fig. 20a): “interstellar” 8"”Cpps = —48 %o composition, determinations by
[Carlisle and Braman, 1991; Carlisle, 1992] compared to “terrestrial” 8"Cpps = =11 %o
to —19 %o compositions by [Gilmour, et al., 1992; Hough, et al., 1995c]. However, the data
I Gilmour, et al. [1992] for these nanodiamonds are accompanied by “terrestrial” compo-
sitions of nitrogen impurity (8'°N ranging from —17 %o to +8,5 %o). Nano- and micrometer-
size diamonds in intergrowths with SiC, related to impactites of the Ries crater have carbon
isotopic composition, 8'"*Cpps, of —16 %o and of —22 %o (data by [Hough, et al,, 1995a,b]).

Infra-Red absorption spectra of terrestrial PIDs derived from graphite, show the usual
spectra pattern of “diamond system” and demonstrate a definite sensitivity of the method to
the lonsdaleite content within the spectrum bands of 1219-1230 cm™, 1080 cm™ and
1030 cm™ [Kaminsky, et al., 1985; Val’ter, et al., 1992].

Photoluminescence of terrestrial PIDs was investigated by various authors [Bocky, et
al., 1986; Gnevusheyv, et al., 1973; Masaitis, et al., 1990; Val’ter, et al., 1992; and others].
This data distinguish PIDs derived from parental graphite (system of bands within spectrum
range 650—780 nm) and coal (system of bands within spectrum range 640—680 nm). From
the data of A. A. Val’ter, et al. [1992], three types of the spectra were observed for terres-
trial PIDs derived from graphite, depending mainly on their color: type 1, is a common
(yellow diamonds) — system of bands within 590—775 nm spectrum range; type 2, is a wide-
spread (gray, and, sometimes, pale-colored diamonds) — system of bands within 600—
750 nm spectrum range; type 3, is a rare (color-less and white diamonds) — system of bands
within 600-750 nm spectrum range. As it is pointed out by A. A. Val’ter, et al. [1992], the
data obtained may be a sensitive tool to detect the presence of lonsdaleite and to make a
qualitative estimations of its content. It was also shown by G. B. Bocky, et al. [1986] and
A. A. Val’ter, et al. [1992] that photoluminescence spectra provide means to study various
lattice dislocations in PIDs. Photoluminescence of the Novo Urey PIDs is similar in pattern
(spectrum bands 640, 660 and 680 nm) to the “coal” PIDs, Togorites [Masaitis, et al.,
1990].

Ultraviolet luminescence is common in general for terrestrial PIDs, depending on
their phase composition (lonsdaleite content) and grain color. By the data of A. A. Val’ter,
et al. [1992] this luminescence is yellow-orange in case of its exciting by long-wave range
of ultraviolet spectra. At this, within 0—10 % content of lonsdaleite impurity, the higher the
content, the more intensive luminescence. However, at > 10 % of lonsdaleite impurity, the
luminescence becomes weaker, and disappears at all at 30 % of lonsdaleite.

Thermoluminescence of terrestrial PIDs was not detected (data by [Val'ter, et al.,
1992]), neither at single heating procedure, nor at numerous attempts of its exciting by a
combined action of X-ray radiation and heating.

Cathodeluminescence of terrestrial PIDs is similar to those observed at ultraviolet
luminescence but is characterized by more higher intensity [Val’ter, et al., 1992].
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X-ray luminescence of terrestrial PIDs (data by K. P. Argunov, referred in [Val’ter, et
al., 1992]) is weak in intensity compared to those found for kimberlite diamonds (1-14
relative units for PIDs vs. up to 300 relative units for kimberlite diamonds) or is absent at
all. This feature of PIDs is similar to those found for another fine-grained polycrystalline
diamond aggregates of various origin. The highest intensity of X-ray luminescence (up to 14
relative units) was observed for yellow PIDs whereas, for black ones it decreases downto 1
relative unit.

It was postulated by M. A. Gnevushev, et al. [1973] that the absence of structural im-
purity of nitrogen is a typomorphic feature of PIDs. However, more recent data show
[Masaitis, et al., 1990; Val’ter, et al., 1992], that some PIDs contain an impurity of nitrogen.
Electron Paramagnetic Resonance data [Masaitis, et al., 1990; Val’ter, et al., 1992; Koptil’,
1994], indicate considerable structural defects in terrestrial PIDs (from 10'%/cm’® to
10% /em®), as well as an impurity of paramagnetic nitrogen (C-centers/cm’, from < 10"
t010%) is found in these diamonds. In last aspect, PIDs derived from graphite and coal, are
essentially different (Fig. 204). Electron Paramagnetic Resonance data by G. P. Vdovykin
[1967] indicate the presence of paramagnetic nitrogen impurity in Novo Urey PIDs (C-
centers), in addition to a common high level of structural defects.

Raman spectra, as was first shown by N. B. Reshetnyak and V. A. Ezersky [1990],
are very useful to discrimination between kimberlitic, impact and synthetic diamonds on the
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Fig. 21. Raman spectra of natural (kimberlitic and impact) and synthetic diamonds: (a) a first order
Raman line of kimberlitic (/) and impact (2) diamonds; its broading vy for PIDs is correlated with X-
ray detected lonsdaleite content: the greater the content, the broader the line; (5) v — 1y plot for natural
and synthetic diamonds (/ — Novo Urei IDs; 2 — Togorites, the ID paramorphs on coal, Kara crater;
3 — ID paramorphs on graphite, Popigai crater; 4 — kimberlitic diamonds; 5 — synthetic diamonds).
After [Reshetnyak and Ezersky, 1990].
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one hand, and between PIDs of various origin, on the other (Fig. 21). By the opinion of
N. B. Reshetnyak and V. A. Ezersky [1990], this kind of spectroscopy is also sensitive
(broading y for main diamond Raman line) for the presence of lonsdaleite impurity in PIDs.
However, data by E. N. Fedorova, et al. [1996] show some another interpretation of the
broading. After them, the asymmetric broading observed for both the Popigai PIDs derived
from graphite and for Kara Togorites derived from coal, is a result of superposition of sev-
eral lines (a splitting of the diamond Raman line in three ones: of 1323 cm™, 1329.5 cm™
and 1336 cm™ for Togorites, and 1326 cm™, 1331 cm™ and 1336 cm™ for Popigai PIDs).
At this, the 1336 cm™ splitting is likely to be related with internal stress in ID structure
whereas, low-frequency splitting may be due to either lonsdaleite impurity, or influence of
superfine size of diamond crystallites.

Except for the carbon polymorphs, other mineral inclusions are known in PIDs:
quartz and silicate minerals (Popigai IDs); kamacite (Canyon Diablo IDs); quartz, pyrite
and elemental Cu and Ni (in Togorites); troilite (Tunguska IDs); kamacite, troilite and
chromite (the PIDs from Ureilites). Besides this, elemental constituents in the terrestrial
PIDs are Si (up to 1 wt.%), Ca (up to 0.8 wt.%) and Fe (up to 0.6 wt.%). Small amounts of
Mg, Al, Zr and other components are also present in PIDs (data by [Val’ter, et al., 1992]).

ORIGIN OF IMPACT DIAMONDS

In accordance with the data known, all the IDs may be divided into two principally-
different groups: 1) ID paramorphs derived from parental carbon matter by shock transfor-
mation (PIDs); 2) recently discovered nano- and micrometer-size ID of any other origin,
named below as “nano- and micrometer-size IDs” (NMIDs).

ID paramorphs from parental carbon

Historically, the first PIDs (their origin was established later) were found in Novo
Urei carbonaceous chondrite [Yerofeev and Lachinov, 1888] and Canyon Diablo iron mete-
orite [Foote, 1891]. The origin of meteoritic IDs debatable, until the detailed study of the
Canyon Diablo meteorite and its diamonds was made [Anders, 1965; Anders and Lipschutz,
1966; Brett and Higgins, 1969; Lipschutz and Anders, 1961; and others]. The successful
shock synthesis of diamond was achieved at approximately the same time [Bundy and Kas-
per, 1967; Hannemann, et al, 1967; and others]. All these contributions clearly shown the
impact origin of the diamonds as paramorphs derived from parental carbon matter. The
preferred orientation of crystallites, together with an impurity of lonsdaleite, is now consid-
ered to be an evidence of the impact origin of these diamonds [Lipschutz, 1964; Hanne-
mann, et al, 1967; and others]. This progress stimulated the quest and study of ID in an-
other meteorites [Vdovykin, 1967, 1969a,b; and others]. Shock origin of ID in meteorites is
also supported by traces of shock metamorphism which are broadly-widespread in various
types of ID-ferrous meteorites. These traces comprise a number of features (after [Dodd,
1981]): brecciation; formation of diaplectic plagioclase glass, maskelynite (shock pressures
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23-40 GPa, data by [Reimold and Stoffler, 1978]); various shock effects in olivine
(cracking, pressures up to 45 GPa; undulatory and mosaic extinction, and granulation, pres-
sures up to 45 GPa; recrystallization, pressures 60 GPa and more; estimations after
[Reimold and Stoffler, 1978]); and in pyroxene (transformation of orthopyroxene to me-
chanically-twinned clinopyroxene observed in chondrites); Neumann bands in kamacites
from various iron meteorites; traces of impact melting. To this, together with PIDs, findings
of some high pressure minerals of possible shock origin in the meteorites can be added
[after [Dodd, 1981]): ringwoodite (or “olivine” with spinel structure), majorite (pyroxene
[Mg, Fe]SiO; equivalent with garnet structure), and others.

H. H. Nininger [1956] and M. E. Lipschutz and E. A. Anders [1961] had shown that
the Canyon Diablo PIDs originated from graphite during an impact of Canyon Diablo mete-
orite with the Earth, whereas, the PIDs of another iron meteorite, ALHA-77283, were origi-
nated by an impact in space [Clarke, et al, 1981]. The source of the matter of PIDs in
Ureilites seems to be poor- or non-crystallized carbon, if one takes into account the similar
isotope composition for both the diamonds and the carbon. As it was supposed by
A. A. Val’ter, et al. [1992], at least, two possible scenario for a shock origin of the PIDs in
Ureilites can be proposed. 1. A primitive non-crystallized carbon matter enriched with
“colloid” diamonds (as stimulating nuclei for shock growth of diamond) should be trans-
formed to relatively “coarse” PIDs without preferred orientation of crystallites (PIDs of
Dyalpur type). 2. Pre-shock metamorphosed, i. e. crystallized in any way, carbon matter,
free of interstellar nanodiamonds, should be transformed to relatively “fine” PIDs with
clearly-expressed preferred orientation of crystallites (PIDs of Goalpara type). By the data
of R. S. Lewis, et al. [1987b] and G. R. Huss [1990], due to thermal unstability of nanodia-
monds, pre-shock metamorphosed carbon matter should have really low content or absence
of “colloid” nanodiamond nuclei, which is impossible to stimulate shock growth of
“coarse” PIDs.

Most of meteorites, probably, were impact-ejected from subsurface part of the pa-
rental bodies. By H. Melosh [1989], shock metamorphism and ejection of subsurface mate-
rial, comparing to the transformations of deeply-localized target rocks at a given impact
event, are characterized by the next features: 1) more low intensity and duration of shock
affect; 2) ejection of the excavated rock material with the highest velocities. So, the time,
pressure and temperature conditions of PIDs origin in meteorites, as well as a completeness
of the transformation were similar to those which are obtained in shock synthesis of dia-
mond paramorphs. For example, the problem of quenching of shocked carbon in order to
avoid annealing and to preserve the diamonds in experiments should be of the same impor-
tance for natural PIDs in a lot of meteorites.

Diamond findings in meteorites become a logical background for quest and discovery
of ID in terrestrial impact craters [Masaitis, et al., 1972; and others]. Based upon a number
of petrologic investigations and evidence of shock metamorphism, an impact origin of these
diamonds is undoubted. However, compared to PIDs in meteorites, the formation conditions
for the diamonds in terrestrial impact craters are characterized by some differences. Even at
equal shock pressure — temperature parameters, these differences should include: 1) more
longer time of shock-load state (~0.1 to 1 s for large impact events), similar to the state of
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quazistatic compression; 2) more complete shock transformations; 3) clearly-expressed
thermal homogenization between differently-heated components. As a result, a heat ex-
change between carbon particles and enclosing material should take place still in shock-
loaded state. This conclusion becomes valid especially, if one takes into account that a rela-
tively “long” time of the process (up to 1s) is combined with a usually-small size (1 to
several mm) and a lamella form of graphite particles. Consequently, in case of large-scale
impact event, the pressure—temperature being of impact diamond grain is not limited exclu-
sively by a behavior of shock-compressed carbon matter itself, but a pressure—temperature
state of enclosing rock is also important, providing background conditions for diamond
annealing, preservation and other evolution both in compressed state and after pressure
release. Some data on shock pressure — residual temperature dependencies for most impor-
tant target rocks are shown on Fig. 224. Following them, one can see, that in case of dense
target rocks ID grain should be more “hot” than media and may experience any cool-
ing/quenching affect from the side of enclosing material still before pressure release; to the
contrary, in case of porous target rock this grain may experience any additional heating
from the side of environment. So, in case of large-scale terrestrial impact events, the shock
pressure/residual temperature conditions for PIDs should be limited, on the one hand, by
behavior of hard (granites and gneisses) target rocks, and by behavior of porous
(sandstones) rocks on the other hand.

In case of terrestrial impact craters with graphite-bearing target rocks, IDs found here
often inherit morphology of parental graphite crystals (including their full or partial hex-
agonal shapes, peculiar features and intergrowths), and are characterized by preferred ori-
entation of crystallites. It was shown that these IDs are diamond paramorphs derived from
parental graphite [Val’ter, et al., 1992; Vishnevsky, 1978; and others], i. e., they are PIDs.
Other, the most widespread morphological types of PIDs found here (flattened angular
grains and volume-xenomorphic grains) are the result of shock fragmentation of parental
graphite aggregates due to volume decrease of carbon matter during phase transformation
(down to —1.6 x). This conclusion is supported by observations of PIDs with the same mor-
phological features derived from scales of parental graphite in shocked gneisses (see Fig. 8).
Recently it was supposed by F.Langenhorst and V. L. Masaitis [1996], that volume-
xenomorphic ID grains from Popigai impact melt rocks (tagamites and suevites) are the
impact vapor condensation products. However, there are some reasons to object against
such an interpretation. Volume-xenomorphic ID grains from Popigai impactites are charac-
terized by: a)often impurity of lonsdaleite and preferred orientation of crystallites;
b) occurrences in shocked gneiss fragments. In addition, inadequately low level of shock
metamorphism is documented in Popigai diamond-bearing impact glasses from suevites and
tagamites (melting of gneisses requires 60 to 90 GPa shock pressures; possible incipient
vaporization (> 90 GPa) is not confirmed; all the glasses, with a small exclusion, are con-
stantly saturated with non-melted Archean gneisses and their minerals), and it was impossi-
ble to provide the shock melting and vaporization of graphite in these rocks.

In case of terrestrial impact craters with coal-bearing sedimentary target rocks, IDs
found here (Kara crater) are also considered to be as diamond paramorphs, PIDs, derived
from parental coal [Ezersky, 1986, 1987]. This conclusion is based upon continuous rank of
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transient species of carbon matter ranging from coal to Togorites, as well as upon the impu-
rity of lonsdaleite and weak preferred orientation of crystallites which sometimes is ob-
served in Togorites.

Concerning the PIDs from the parental graphite, it is supposed that such a transfor-
mation is possible by both the martensitic (the crystal state of the shocked source mineral)
and the diffusion (liquid or any short-order range amorphous state of the source mineral)
process [Khomenko, et al., 1975]. Undoubtedly, the transition to ID had taken place by the
martensitic way only for the paramorphs with the crystallites of preferred orientation with
respect to the parental graphite. Both the martensitic and diffusion processes of transforma-
tion are possible for mainly cubic PIDs, with weakly-expressed or without preferred orien-
tation of crystallites. As for the hexagonal phase, it should be originated first, then annealed
partially or completely to the cubic one while still at the shock-loaded state [Val’ter, et al.,
1992]. For the Togorites, the PIDs derived from coal, the transition had probably taken
place by diffusion process only, at high residual temperatures.

Summarized data for the shock pressure — residual temperature conditions for origin
of terrestrial PIDs from both parental graphite and coal, following from experiments and
petrologic conclusions, are shown on Fig. 22B. According to the pressure-release adiabats
[McQueen and Marsh, 1967], the transformation of graphite to a mixture of cubic diamond
+ lonsdaleite occurs at shock pressures of 40—60 GPa (mixed-phases regime, with a partial
transition), whereas the complete transition to ID had taken place at pressures > 60 GPa. In
laboratory shock experiments, with ~10° s duration of impulse, the transformation of
graphite to the cubic diamond only has taken place at the pressures of ~30—50 GPa [De
Carli and Jamieson, 1961; Hannemann, et al.,, 1967]); whereas, the same transition to a
mixture of cubic diamond + lonsdaleite occurs at pressures of ~70—-140 GPa (Du Pont shock
and quenching zone [Hannemann, et al., 1967]). At the Popigai crater (duration of the shock
impulse was ~1 s), the partial cubic + hexagonal diamond paramorphs from the parental
graphite originated at pressures of ~35-50 GPa [Masaitis, et al., 1990; Vishnevsky,
Pal’chik, 1975]. The chaoite (natural carbine) impurity in some grains of the Popigai and
Ukrainian PIDs is evidence of high, > 2,600 K, residual temperatures in the impact melt,
according to A. A. Val’ter, et al. [1985].

Under the general conditions of the shock experiments (pressures ~20—100 GPa, re-
sidual temperatures up to 2,500 K, and the times of ~10°® s), PIDs do not form from the coal
and non-crystallized forms of carbon, and an additional pre-experiment heating is required
to stimulate such a transition at the residual temperatures up to 3,500 K [Trefilov and Sav-
vakin, 1979]. At the Kara crater (duration of shock impulse was ~0.5-0.8 s) the Togorites,
the high-pressure polymorphs derived from coal, were formed, possibly, at pressures ~27—
60 GPa and residual temperatures < 3,000 K [Ezersky, 1982; 1986; 1987]. Both the petro-
logic estimations (a pressure) and experimental data (a temperature) for PIDs originated
from coal and poorly-crystallized carbon are united in a common field at Fig. 22B.

The possible shock formation zone of Popigai PIDs is shown on Fig. 23, limited by
shock pressure range of 35 to 140 GPa.

An extensive, up to 500 km in distance, strewn field of Yakutite PIDs is related to
Popigai crater (see Fig. 4). The outer limit of this strewn field is still not outlined and may
be much more extensive, if not global. Within this area, Yakutite PIDs occur in Neogene-
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Fig. 22. Phase diagram of carbon (after [Bundy, 1989]) and origin of the terrestrial IDs.

A. Shock pressure vs. residual temperature plot for various target rocks. Right side — stages of pro-
gressive shock metamorphism for granitoid rocks (after [Grieve, 1987]): a — Hugoniot Elastic Limit,
b — planar deformations in minerals and breccation, ¢ — diaplectic glasses, d — incipient melting of
minerals, e — rock melting, f — vaporization.

B. P-T field of ID generation (paramorphs derived from graphite and coal). Data for I D paramorphs
from graphite: 1 — Du Pont shock & quenching zone, 70-140 GPa, hexagonal + cubic diamond
[Hannemann, et al., 1967]; II — De Carli shock zone, 30—50 GPa, cubic diamonds only [De Carli and
Jamieson, 1961; Hannemann et al,, 1967]. See also data shown in # 10 of Legend. Data for ID para-
morphs from coal in sandstones. 27-60 GPa shock pressure zone [Ezersky, 1982, 1986, 1987] +
3,500-4,500 K temperature zone [Trefilov and Savvakin, 1979].

Legend: / — triple points and boundaries between various phases of carbon system; 2 — a threshold of
high-speed transformation of graphite to diamond [Trefilov and Savvakin, 1979]; 3 — graphite-
diamond equilibrium for superfine particles [Trefilov and Savvakin, 1979]; 4 — P-T curve for
shocked granitoid rocks [Grieve, 1987]; 5 — the same for shocked quartz [Wackerle, 1962]; 6 — the
same for sandstone [Ahrens and Gregson, 1964]; 7 — the same for carbonates and dolomite rocks
[Impact craters.., 1983]; 8 — the same for pyrolitic graphite [Colebrun, 1964]; 9 — P-T field of ID
paramorphs derived from graphite; /0 — the same documented in Popigai astrobleme [Vishnevsky and
Pal’chik, 1975; Masaitis et al, 1990]: 35-50 GPa pressure (shock metamorphism of host rock frag-
ments) and 700—2000 K temperature (formation of host diaplectic quartz glass); // — P-T field for ID
paramorphs from coal.

Quarternary sediments only; more older, Cretaceous sedimentary rocks which are present
here, do not contain Yakutites. Detailed investigations show that both the in-crater PIDs and
out-of-crater Yakutites have practically the same characteristics and clearly belong to com-
mon generation. In order to travel from the crater to a distance of 500 km far, the ejecta
should have an initial excavation speed ~2.2-2.4 km/s for usual 40—60° angles of trajectory
[Vishnevsky, et al., 1995]. As it was supposed early by S. W. Kieffer and C. H. Simonds
[1980] and in [Impact craters.., 1983], strongly-shocked (molten and vaporized) material
from inner part of any growing crater may be ejected with velocities as large as 4—7 km/s.
Recent numerical simulations of the Popigai impact event [Vishnevsky, et al., 1996] con-
firm these estimations and show that strongly-shocked target rock material was ejected with
the velocities up to 5.4 km/s; moreover, vaporized material of projectile was ejected with
the velocities up to 14.6 km/s, and ~1.2 % of Popigai meteorite mass was able to escape the
Earth. This data show that: 1) Popigai impact event was able to provide the extensive
Yakutite PIDs strewn field observed; 2) once the PIDs derived from melt and incipient
vaporization zone of the event (shock pressures up to 140 GPa) were ejected so far out of
crater, so the much more strongly shocked target material from inner part of the crater,
where vaporization of graphite takes place, should do the same. That’s why, an assumption
by F. Langenhorst and V. L. Masaitis [1996] about the vapor condensation origin of Popigai
volume-xenomorphic IDs broadly widespread in tagamites and suevites, seems not valid in
this aspect also.
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Fig. 23. Zone (a dotted area) of the formation of ID paramorphs derived from carbon (graphite and
coal) in the Popigai crater (radial cross-section of the target, with isobars of the shock wave we
estimate for 5 km in diameter stony meteorite with total energy of impact 6.4 x10% J).

Post-origin history of the PIDs may be described as follows. While origin, still under
the shock load PIDs should experience “annealing” of lonsdaleite (the longer a shock load,
the more intensive the process, i.e., there is a direct dependence on the scale of an impact
event); in addition, “diamond on diamond” epitaxy overgrowth may have taken place in
melt [Val’ter, et al., 1992]. To this, on the basis of data by T. Evance and D. H. Santer
[1961], J. W. Harris and E. R. Vance [1974], and M. I. Karklina and Yu. A. Maslakovetz
[1968], the PIDs should be subjected graphitization and etching of by the action of OH™,
Na, K, and free oxygen after unloading. In the presence of free oxygen, graphitization
should develop actively at temperatures > 800 °C. However, as the absence of free oxygen
is common for the terrestrial impact melts [Dolgov, et al., 1975; Fel’dman, 1990; and oth-
ers], graphitization of PIDs may be insignificant, occurring ocally. Etching appears to be the
main destructive process for terrestrial PIDs. The speed of diamond etching in impact melt
is estimated to be ~ pms/hour at 1800 °C [Val'ter, et al., 1992], so that, up to 20 days is
required to dissolve completely a 1 mm-size grain of ID. When the impact melt cools down
to subsolidus temperatures (~1200 °C), the speed of etching should decrease down to 2
orders of magnitude. However, even a large, up to 1 mm in size, ID grain may be com-
pletely dissolved in thick buried sheets of the impact melt. That’s why, quenched impact
melt rocks are the best candidates for preservation of PIDs.

Except for three carbon polymorphs described (graphite, cubic diamond-+lonsdaleite
and chaoite/carbine), a so-called “E-phase of carbon” is supposed to be present in terrestrial
impactites. This phase [Batsanov, 1986] may have a kind of transition structure between
graphite and diamond, in which graphite “layers” are orderly alternated with diamond
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“bridges”. If real in nature, this carbon “E-phase” should be originated by shock compres-
sion of poorly-crystallized carbon [Batsanov, et al., 1965; Val’ter, et al., 1992].

Nano- and micrometer-size IDs (NMIDs)

The cubic nanodiamonds found in meteorites [Lewis, et al., 1987a,b; Huss, 1990;
Newton, et al., 1995; and others] have anomalously light carbon isotopic composition
(8"Cppp down to —30 %o ... —40 %o [Lewis, et al., 1987a; Ash, et al., 1988]; and even down
to =261 %o, if possible influence of SiC is excluded [Ash, et al., 1988]), impurity of nitrogen
with extremely negative isotopic composition (8'°N = —343%o * 16 %o, data by [Gilmour, et
al., 1992]; and even down to —574 %o ... —1000 %o, data by [Lewis, et al., 1983, 1989]),
impurity of anomalous hydrogen (8D = 180%o % 11 %o) and xenon. With so obvious differ-
ences against co-existing meteoritic carbon matter (poor- or non-crystallized carbon and
graphite), these nanodiamonds are not impact in origin and may be a product of carbon
condensation from vapor in an interstellar space [Saslaw and Gaustad, 1969]. Only the
condensation process can provide such a strong isotopic fractionation [Fedoseev, et al.,
1971], which is impossible in case of impact transformation of carbon. These nanodiamonds
are very sensitive to thermal metamorphism, being transformed to graphite at ~500 °C
[Lewis, et al., 1987b].

As for the nano- and micrometer-size diamonds found in terrestrial environment (K/T
boundary layer of the Northern America, and Ries crater), they are considered to be of im-
pact origin [Gilmour, et al., 1992; Hough, et al., 1995a,b; and others], i.e., they are NMIDs.
Data on carbon isotopic composition for K/T NMIDs are characterized by discrepancy:
“Interstellar” 613CPDB = -48 %o by [Carlisle and Braman, 1991; Carlisle, 1992] vs.
“terrestrial” 8"Cppg = —11 %o to —19 %o by [Gilmour, et al., 1992; Hough, et al., 1995c].
However, a terrestrial source of carbon for these NMIDs is confirmed by nitrogen isotopic
composition (8N from —17 %o to +8,5 %o, data by [Gilmour, et al., 1992]). NMIDs of the
Ries crater have terrestrial carbon isotopic composition, with 8Cppg ranging from —16 %o
to —22 %o [Hough, et al., 1995b].

By opinion of I. Gilmour, et al. [1992] and R. M. Hough, et al. [1995b] NMIDs from
K/T boundary and Ries crater were most likely produced during impact of asteroids with the
Earth, probably in a vapor or even plasma fireballs resulted from Chicxulub and Ries im-
pact events correspondingly. These vapor or plasma fireballs, containing H, C and Si in
elemental or ionized form, were served as a feed stock for NMIDs (as well as for SiC in the
Ries crater). In case of the Ries, the isotopic composition of NMIDs is in keeping with what
might be expected from mixing of carbon from carbonates (8”Cpps ~0 %0) and or-
ganic/graphitic matter (8"Cpps ~—28 %o) derived from target rocks or from the impactor
itself. Concerning to origin of NMIDs, these authors favour a chemical vapor deposition
mechanism (CVD), operating in plasma fireball. However, data by P. R. Burki [1996] and
P. R. Burki, et al. [1996] show that the role of CVD as a formation process for NMIDs may
be overestimated, and the formation process of homogenous nucleation (HN) in plasma
seems more valid. Really, CVD-origin of diamonds in plasma requires several limitations:
a) presence of substrate (“no diamonds without substrate™); b) supersaturation of plasma by
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atomic H and a limited range of gas-phase composition (typical: 1 % CH,, 99 % H,);
c) a limited temperature range: 700-1200 °C (“no diamonds at different temperatures™). To
the contrary, HN-origin of diamond in plasma is less restricted: nucleation and growth of
diamond nuclei takes place in free gas phase, from simple precursor molecules of C,_,Hg 4
type (“no surface is necessary”); plasma with CHy may be free of atomic H and diamond
origin is possible in nitrogen atmosphere; atmospheric pressure and temperatures below
1000 °C are enough (in experiments, synthesis of diamond particles of 6 nm to 1,8 pum di-
ameter was achieved). Together with data by P. Badziag, et al. [1990], which show that
nanometer-size (3—5 nm) diamond particles are more stable than graphite “without requiring
the high pressures or extreme kinetic conditions usually associated with diamonds”, the
origin of NMIDs during impact by HN-nucleation does not require any special high pres-
sure and temperature conditions. Perhaps, the presence of free elemental carbon produced
by various dissociation (for example, shock decay of target carbonaceous rocks, CaCO; —
CaO + COs, and thermal dissociation of CO,: CO, — CO + O) and restoration (oxidation of
iron metal, FeS, FeS, and other components derived from target rocks and projectile itself)
chemical reactions and low, down to atmospheric, pressures as well, will be enough to form
NMIDs by HN-mechanism in cooling and expanding fireball of explosion cloud. Recent
findings of NMIDs directly in Ries suevite glasses [Abbot, et al., 1996] show, that parame-
ters of usual shock melting and incipient vaporization of target rocks (shock pressures of
60-90 GPa and slightly more) are enough to produce the favourable origin conditions for
these diamonds.

Small diamonds of other origin and carbonados

In placers of Ukraine, Kazakhstan and other regions PIDs are associated often with
small diamonds of various types having irregular, cubic or octahedral morphology
[Kashkarov and Polkanov, 1964, 1972; Kvasnitsa, 1985]. Some of them from placers of
Kazakhstan (cuboids and cubo-octahedra with a size varying from 70 um to 200 pum) are of
metamorphic origin [Sobolev and Shatsky, 1990], whereas the diamonds in other regions
may be of endogenic but still indefinite origin. However, despite of the general similarity of
all these diamonds and PIDs in isotope composition (i. e., despite of a common crustal
source of carbon for all these diamonds), the PIDs are distinguished from all of them by
presence of lonsdaleite, fine-grained structure and preferred orientation of crystallites.

Another group of diamonds, convergent in any way to the impact ones, are the car-
bonados, fine-grained polycrystalline aggregates of a cubic diamond known from Brazil
[Trueb and Bitterman, 1968] and Central Africa [Trueb and De Wys, 1971]. The origin of
carbonados is still unclear. They are supposed to be of impact origin [Ezersky, 1986; Smith
and Dawson, 1985], or are considered together with Yakutite ID [Kaminsky, 1992]. The
data of N. V. Sobolev, et al. [1989] suggest metamorphic origin for carbonados. However,
despite of the true origin of these mysterious diamonds and of their similarity to PIDs in
isotopic composition (which is an evidence of a common crustal source of carbon, after
[Galimov, et al., 1985]), the carbonados differ from PIDs by lack of lonsdaleite and pre-
ferred orientation of crystallites on the one hand, and are characterized by much more
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“coarse” structure (the size of their crystallites is up to 10-20 tm). Thus, the known mecha-
nisms of the PIDs generation are inappropriate to explain the origin either of carbonados, or
small diamonds from indefinite sources found in placers.

SIGNIFICANCE OF IMPACT DIAMONDS

Impact diamonds are of scientific, general cognitive and possible economic interest.
In Meteoritics (as well as in forthcoming planetologic investigations of the Moon and other
Planets) PIDs are an evidence of shock events in the Universe. As it was documented by
PIDs and by other evidences, these shock events took place during the formation of meteor-
itic matter for Ureilites and for some of iron meteorites, where this shock stage occurred
after silicate and metal-sulfide episodes of their origin. However, in the Canyon Diablo iron
meteorite PIDs were formed during impact with the Earth.

Impact diamonds of both PID and NMID groups are also important mineralogical
criteria of shock metamorphism in terrestrial cratering geology and petrology, which is
useful for recognition of impact rocks and craters on the Earth. These diamonds help to
estimate the P-T conditions of shock metamorphism, cooling history of impact melts, etc.
Besides this, both PIDs and NMIDs may be an important indicative minerals (in addition to
Ir anomalies, grains of shocked quartz, microtektites, etc.) for the tracing the boundary
layers of distal ejecta deposits, derived from large impact craters at regional or global scale.
In accordance with the impact extinction hypothesis by L. W. Alvarez, et. al. [1980], these
boundary layers are the remarkable signs of catastrophic changes in life and climate of our
Planet documented in sedimentary record. We suggest, that PIDs may be present in the
same boundary layers, which are traced by: Czech tektites-moldavites (Ries ~14 Ma-age
impact event); Eocene/Oligocene Ir anomaly in Massignano cross-section, Italy (Popigai?
~35 Ma-age impact event); iridium anomaly in K/T layers of the Northern and Central
America (Chicxulub 65 Ma-age impact event); and in some other boundary layers. The
extensive strewn field of Popigai PIDs (up to 500 km far from the crater [Vishnevsky, et al.,
1995]) is the background for such a supposition. As for NMIDs, these diamonds are already
found in K/T boundary layers of the Northern and Central America

Finally, PIDs may be the only evidence of shock metamorphism for the rocks of old
Pre-Cambrian impact structures and their distal ejecta deposits, reworked by regional
metamorphism and tectonics. Report about PIDs in eclogites [Holovnya, et al., 1977] is a
possible example of so kind.

Except for scientific and general cognitive interest, PIDs may be of definite economic
concern [Grieve and Masaitis, 1994; Masaitis, 1989].

CONCLUSION

Impact diamonds can be originated as paramorphs derived from parental carbon
matter (graphite, coal, or poorly-/non-crystallized carbon) by shock waves as a result of
high-speed collisions, and are now known in various parental (meteorites and the rocks of
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terrestrial impact craters) or secondary (various sedimentary collectors) occurrences. These
paramorphs (polycrystalline grains of several pm to 10 mm in size) are made up of fine
(crystallites ~1 um down to first nm in size) cubic or cubic + hexagonal phases of diamond,
often with preferred orientation of crystallites. PIDs can inherit sometimes the morphology
of source graphite crystals, coal plates or xenomorphic segregations of non-crystallized
carbon, as well as isotopic composition of parental carbon is always inherited. Depending
on graphite or coal source, the terrestrial PIDs distinguish from each other in morphology,
hexagonal phase (lonsdaleite) content, carbon isotopic composition, impurity of paramag-
netic nitrogen, etc. Being unstable, lonsdaleite is sensitive to duration of shock event and
often can be “anneled”, partially or completely, to cubic diamond; that’s why the smaller the
impact crater, the higher lonsdaleite abundance in ID grains.

The PIDs derived from graphite have originated both by martensitic and diffusion
transformation (shock pressures of ~30 GPa to 140 GPa, residual temperatures of ~700—
4,000 K and more); the transformation of coal or non-crystallized carbon to PIDs is
achieved by diffusion way only (shock pressures of ~25 GPa to 60 GPa and more, residual
temperatures of ~2,500-4,500 K). Duration of shock load (i. e., a scale of the impact event)
is important for initiation and completeness of the transition.

Another than PIDs nano- and microdiamonds recently found in K/T boundary hori-
zon of the Northen America and in the Ries crater, are a principally new group of IDs.
These, exclusively cubic, diamonds are characterized by broad, but terrestrial in general,
carbon isotopic composition, as well as by impurity of terrestrial nitrogen, and are supposed
to originate from elemental carbon in explosion cloud fireballs of large impact events. Ori-
gin conditions for these IDs are still unclear, but a mechanism of homogenous nucleation
seems valid for their formation at relatively low parameters (temperatures down to 1300 K
and less, pressures down to atmospheric).
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JleB BacunseBuu @upcon
(1926—1981)

Beioaiowuiics yuéneni, zeonoz u zeoxumuk, nosm u XyOOCHUK, ROOAUHHbLL Axademuk no
MEOPHECKOMY NOMeHYUANY U UCKAIOHUMENbHO NOPAOOUHbLI YeN0BeK, HO npedicoe 6cezo — Ilampuom
u 'pasxcoanun Poccuu.

Humepecor u desamensHocmo Jloéa Bacunvesuua npocmupanuce om npobiaem 3010moHOC-
Hocmu Bepxosiess 00 u30monHou yenepooHoll 2e0XpoHON02UY, COBEPULBULET NOOTUHHYIO PeBONIO-
Yuio 8 apxeono2ul.

ITocmosnno naxoosace Ha nepedHem Kpae HAYKU U NPEKPACHO YYBCMBY MAUCMpanbHele HA-
npasnenus eé passumus, Jlee Bacunvesuu néc becyernbiil 6knad 6 CMAaHoGaeHue U pa3gumue ome-
yecmegenHoll “umnaxkmonozuu’. Emy npunaonexcum omkpuimue nepgou 6 Poccuu acmpobiemor —
ITyuenxc-Kamynckozo kpamepa, coenannoe 6 1965 2. Coemecmio ¢ akademuxom A. JI. Anusrinoim o
ewé 6 1964 2. enepavie npednonodcun umnakmioe npoucxoscoerue Ilonueaiickott cmpykmyper. He-
COMHEHHO, Ymo 3Mo apeymeHmuposarHoe npeononoxicerue Jlva Bacunvesuua coizpano iniovegyio
poae 6 omkpermuu Ilonueaiickoil acmpobnemor Opyeumu uccaedosamenimu 6 1970 e.

ITamame o Jlese Bacurvesuye gcezoa ¢ memu, kmo umen cuacmoe 06uamecs ¢ HUM.

C. Buwnegckut
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OT penakTopa

Knura C. A. Buminesckoro, B.Il. AdanacseBa, K. II. ApryHoBa u H. A. [Tanbuuk
“MIMnakTHblE aJMa3bl: UX OCOOEHHOCTH, POMCXOXKAEHHUE U 3HAYeHHE”, rae JaHO Noapo6-
HOE M3JI0KEHHE Pe3yJIbTaTOB UCCIIEN0BaHUA UMIAKTHBIX aJIMa30B, B 0OCOOEHHOCTH, Ha MpH-
Mepe aiMa3oB ruranTckoro Ilomuraiickoro MeTeopuTHOro kpatepa Poccuu, sABisercs, B
CYIIHOCTH, OJJHHM M3 MePBbIX (@ B aHTJIOA3BIYHOH JIMTEpaType — MepBbIM) 00001LIeHHEM 110
JaHHOMY BOIpOCY.

B cBA3M C 3TUM y ME€HS MMEIOTCA HEKOTOpPblE MPUMEYaHHs, KO'TOpble OTHOCATCS K
paHHel UCTOPUU U3yUeHHU ITOH KPYIHONH HayYHOM NpoOIeMBl.

1. 3apoaro mo nepBoro 3KCNEPUMEHTAIBHONO CHHTE3a ajMa3oB NMPHU JUHAMHUYECKHX
napyienusx X. X. Haitnunmkep [Nininger, 1956] B cBoeii MoHOrpaduu “ApHU30HCKHIA Me-
TEOPHUTHBIN KpaTep: Mpoljoe, HacTosuee 1 Oymyiee” najg 000CHOBaHHE TOrO, YTO ajMa3bl
B Meteopute Canyon Diablo o6pa3oBasuck npu B3pbiBe BO BpeMs ynapa METEOpHTa O 3eM-
qo. [TaTe net cnycts 3T0T BeIBOA noaTepauan M. E. Jlunwyn u 3. A. Annepc [Lipschutz
and Anders, 1961], koTopble mokazaju, 4TO anaMa3bl U B 3TOM METEOPUTE, U B YIJIMCTBIX
XOHIpPHUTaX-ypeusnTax obpa3oBajuCch MMMAKTHBIM CIIOCOOOM, MPUYEM B YpPEMJIMTAX OHH
KPUCTAJUIM30BaJIUCh MTPU COYAAPEHHUH TeJl B KOCMUYECKOM MPOCTPAHCTBE. 3@ 3TO MCCIIENO-
Banue M. E. Jlunmyw, B Te roasl acnupanT O. A. AHIepca, NoJay4yu1 npeMuo uMeHu Haii-
HUIDKepa. DTH UIEU B MOCIEAYIOLIME rOIbl 0Ka3aJliCh BECbMa IJIOAOTBOPHBIMU, B PE3YJib-
TaTe 4yero ObLIM YCMEINHO CHHTE3MPOBaHbI ajiMa3bl MPU B3pbIBE U HUCCIENOBaHbI (HHU3MKO-
XMMHMYECKHE YCITIOBUA UX 00pa30oBaHHUA.

B nponomxenue meteoputHelx uccienoBaHud I1. H. UupBunckoro u 3.T. Via-
KOBOH, MOCBALIEHHBIX pycCkoMy MeTeopuTy KauHca3 M M3JI0XKEHHBIX B MX MyOJMKaUUU
1946 rona, MHOI0O M3yyaJlChb METEOPUTHBIE anMasbl B nepuon 1962—1975 rr. [Ina artoii
LIEJIH [ UCTIOJIb30BaJl MPaKTUYECKH BCIO UMEBLIYIOCA aHAJIMTHUECKYtO 6a3y MIHCTHTYyTa reo-
XUMHMH M aHaJMTUYeCKOH XMMHHU B MockBe. Pe3ysbTaThl MOMX HCCIEIOBaHHUMH, OMyOJIHKO-
BaHHbIE B MOHOTrpadusaX, CTUMYJIMPOBAJIM OTEUECTBEHHbIE UMITAKTHBIE MCCJIEIOBAHHS, NPH-
BeILINE U K 00HApY>KEHHIO HOBBIX B3PLIBHBIX METEOPHTHBIX KPaTEepOB, U K HAXOIKaM HM-
NaKTHBIX aJIMa30B B WX Noponax — BHavaJie B [Tonuraiickom kpatepe BocrouHoit Cubupw,
a 3aTeM Ha YKpauHe W B Apyrux Mectax. OTBETCTBEHHOMY PENaKTOpY NPHATHO, YTO €ro
MHOTOJIETHSAA aJIbTPYMCTHYECKAs NesATeIbHOCTh MPHHECa M0Jb3Y.

2. [TonpoOHBIE MHOTOJIETHHE HCCIIEN0OBAaHUA MMMAKTHBIX ajIMa30B B METEOPHUTHBIX
KpaTtepax, npoBenéHHble C. A. BUIIIHEBCKMM € KOJIJIEraMH U M3JI0KEHHbIE, B YACTHOCTH, B
JaHHOH KpyMHOH pabore, ¢ yOeIUTENbHOCTBIO M0Ka3adM YIapHOe MPOMCX0XKIEHHE aIMa30B
B 9TUX 00BEKTaX.

MeHee o/1HO3HAaYHa, 10 MHEHHIO PElAaKTOpa, MHTEPIpeTalus MMIAKTHOro oopa3oBa-
HMA aIMa30B B KAMEHHBIX METeOpUTax (ypeusiurax M XoHApUTax). Pan ocobeHHOCTElH 3THX
METEOPHTOB U CJIOXKHOCTH MX CTPOEHMS MOKa He MO3BOJIAIOT paccMaTpUBaTh TOJILKO OIHH
KakoH-JIM60 npolecc, OTBETCTBEHHBIH 3a 00pa30BaHHE aJIMa30B B KAMEHHBIX METEOPUTAX.



it BOAY U3yue-

3. U3-3a KkpynHOi KOHBIOHKTYPHOCTH, BO3HUKIIEH Yy MOHUX KOJIJIET l:i?z l;ldoanﬁ);SOB})’ -

HUS METEOPUTHBIX (opM yraepona (BHE3EMHbIX OpraHM4eCKHX CO%I?{P(I)P;ZH e enon.
nouse 0coBoii peKamHO-CoLHaNbHOH npuBJeKaTeIbHOCTH M0N0 p

Cclle0BaHUS METEOPUTHBIX ajMa30B.
i MEHHO NpeKpaTHTh CBOH HC
Hitil, 8 cudn HYXHBIM Bpe pexp B asnoont ysean. B o

i OpHUTHbIE
Iloatomy B 1975 r. s nogapui CBOU MeTe p D onons) i apyrel ¢ ABodTEsH

- 10. A. INonkaHoB (
CTHOCTH, KO MHe ob6pallanichb :
[pEAOCTABHTb HM npenaparTbl MeTEeOpUTHBIX alTMa3oB s u3yuyeHus. ITockonbky 3TH npe

f1apaThl yHHKaIbHbI, HHXKE A coobLIato, e B HACTOSLIEE BPEMS HAXOAATCA MO o0pa3ubl
McTeo;r)\:li;?:;le”e Wpasue aBCTpaMicKoro M (GUHCKOrO YPEUIIUTOB, MOJYYEHHBIE MHO!O,

KompTeTa o MeTeopiTam AKaleMuH HayK CCCP, B nopsaxe 114HOr0 o6MeHa
KaK lmeuoivllkm 13 My3eeB ABCTpaiH 1 OUHNAHANY, S noAapui B 1975 r. B MeTeopUTHYIO
%Hgﬁo Axanemun Hayk B MOCKBe. DTH METEOPUTHbIE 00pa3Lbl BK/IIOUEHD! B MeTeo-
PHTHbIi KATAOT PoCCHiiCKOH AKaleMHUH HayK, OQHaKO 0e3 CChLIKK — OT KOro OHH nony:
qeHpl B gap. [lpemapar aiMasa M3 JKEJNE3HOro MeTeopura Canyon Diablo, nonyueHHbli
muoto ot npo¢. K. b. Moopa (ApH30HCKHUII YHUBEPCUTET), A MOJApUI CEMbE akaleMHKa
B. C. Cobonesa (H. B. CoboneBy u E.B.Coboney) B Hosocubupck mno npocs6e
E. B. Co6onea.

Bce cBoM IpenapaTsl ajMa3oB M3 ypeHJIUTOB i oduuManbHO nmojapun B 1975r. B
MeTeopuTHy!O KOJIeKUunio KoMUTETa N0 METEOPUTaM ¥ KOCMOXMMHHU NP AKaleMHH Hayk
Vkpaunsl B KueBe, mockonbky coctoto uneHoM atoro Komurtera ¢ 1967 r. OnHako B Tekc-
Tbl MeTeopuTHOro Katajora YkpauHsl, onyonukoBaHHele B Kuee B 1980 u 1996 rr. sTH
MOM MpernapaTsl He ObIJTH BKIIOYEHBL.

Hauunas ¢ 1995 r. B pycckoii U aMepuKaHCKOM TuTepaType Oblia onyOiHKoBaHa ce-
pus crateit A. B. ®HCEHKO ¢ KOJIIEraMy Mo pe3yabTaTaM HX HCCIIENOBaHUH METEOPHTHBIX
anMa3oB, BKJOYas U anMasbl U3 YPEeUJUTOB, OAHAKO KaKoro-iubo ynoMHHaHUS Ha CIOCO-
Obl M3BJIEYEHHS aJIMa30B M CChbIJIOK Ha METEOPUTHYH KOJUIEKLIHMIO, OTKYZAa MOoJyyeHbl 00-
pasubl, B 3TUX MyOJNMKaUUiX HeT. DTO NaéT MHE OCHOBaHME MPEANOJIOKHTh, UTO MOU fpe-
napaThl aJMa30B U3 ypeunuToB Obiin nepenaHsl U3 Kuesa ans A. B. ducenko B UepHoro-
noBky (MockBsa).

JIOKTOp reoJioro-MUHEPaNOruueckux Hayk /. [7. BooswikiiH.

31 maprta 1997 r., MockBa




BBEJIEHMUE

Brnaronaps 3HauMTeNBHBIM yCrE€XaM, JOCTUrHYThIM 3a NMOCJIeAHUE 3——4 NeCATUNEeTUA
B IJIaHeTOJIOruK (KccnenoBaHus JIyHbl U OPYTUX IJIaHET), METEOpUTHKe, HU3HKE yAapPHBIX
BOJIH, F€0JIOTUU M OPYruX €CTeCTBEHHOHAYUHbIX AUCLMIUIMHAX, CTAJI0 SICHO, YTO BBICOKO-
CKOPOCTHbIE CTOJIKHOBEHHS MeX 1y HeOeCHbIMHU TeJaMH SBJISIIOTCS OJHUM M3 caMbIX ¢GyH-
JaMEHTaJIbHBIX MPOLECCOB, KOTOpbIEe MpoTeKkatoT B COJIHEUHOH CUCTEME.

OTH mpolecchl, Ha3BaHHble MMMAKTHBIMH (OT impact (aHMJ.) — CTOJIKHOBEHHE,
ynap), UMeJin 00JbIOE 3HAYEHHE U1 3apPOXKIEHHA, POCTa M IBOJIIOLMH [UIAHET, BKIIIOYas
nubdepeHIMalNI0 UX BellecTBa. He BbI3bIBAET COMHEHHI, UTO BELIECTBO 3€MJIH, TaK XK€
KaK W Ipyrvx MJaHeT 3€MHOIi IpyIIbl, B IPOLIECCE aKKPELIMH M0BEprajochk MHOTOKpaTHOM
UMIaKTHOH mnepepaborke. HemaBHO crano siCHO, YTO 3BOJIIOLIMA KM3HM Ha 3emiie TOXe
KOHTPOJIMPOBAJIaCh UIMIAKTHBIMU MPOLIECCAMH.

[MonaBnstoiee  OONBIIMHCTBO  BBICOKOCKOPOCTHBIX —CTOJIKHOBEHMH JOCTATOYHO
60J1b1IMX HEOECHBIX 00BEKTOB METEOPUTHOrO HJIM KOMETHOrO THIIA C MJIaHETaMU PUBOIUT
K 00pa30BaHHIO MMMAKTHBIX KpaTEpOB Ha UX MOBEPXHOCTU. B HacTosliee BpeMs Ha 3emiie
n3BecTHO Oosiee 150 Takux KpaTepoB pa3jMyHOro pasmepa, HauuHas ot ~100 M mo Gosee
yeM 200 kM B nuaMeTpe (actpobieMa Yukckynyo Ha n-oBe KOkaTaH B Mekcuke, uMerolas
BO3PacT ~65 MIJIH JIET M CYMTAIOIAACS NPUYUHON IpaHIHMO3HOrO BBIMUPAHUSA OpraHU3MOB
Ha py6exe MeJIOBOro M majieoreHoBoro nepuonos). [Tonuraiickas acrpobieMa nuameTpoM
100 kM, pacriojioxeHHas y n-oBa TaiMblp, — Opyrod KpyrnHeHIUMHA WMMAKTHBIA KpaTep C
BO3PacTOM ~35 MJIH JIET, KOTOpbIH, BEPOATHO, SIBJAETCA MPUUYMUHON elé 0OHOro 60JIbIIOro
BbIMHpaHHUsA OPraHW3MOB, 3aJOKYMEHTHPOBAHHOIO MaJIEOHTOJIOTHEH B 0CaT0YHBIX TOJIIAX
MO3/IHE30LEeHOBOro Bo3pacta. OmHOH M3 KpYMHEHIUMX sABISETCA TakkKe OTKpbITas
JI. B. ®upcoBsiM [1965] TMyuex-KaTtyHckas actpobnema auaMeTpoM 80 KM, pacrnoJio>KeH-
Has Hepaseko oT HuxHero Hosropona. Uto kacaerca JIyHel, Mapca U npyrux niuaHer ¢
HU3KHUM ypOBHEM COOCTBEHHOMH 3HIOr€HHON M 9K30T€HHOI aKTUBHOCTH, TO CJIEIbl UMMAKT-
HBIX CTOJIKHOBEHMH COXPaHSIOTCS 3[eCh NOBOJLHO NOJIO, U MOBEPXHOCTH TaKMUX MJIAHET
OyKBaJIbHO UCTIEIPEHbI MHOXXECTBOM METEOPUTHBIX KpaTepoB.

ITpeobpa3oBaHue BellecTBa B UMIIAKTHBIX MpoLeccax obecrneynBaeTcss riaaBHbIM 00-
pa3oM IneHCcTBHEM yNapHbIX BOJIH, KOTOpbIE CO3[AIOTCsS MPH BBICOKOCKOPOCTHOM yAape M
BBI3BIBAIOT YAApHbI MeTaMOpdu3M MOpon MHILIEHH. Y NapHblii MeTaMopdu3M XapaKTepH-
3yeTcsd 3KCTPeMaslbHO-BBICOKMMHM MapaMeTpaMy, BKJIHOUas HMIYJbCHbIE [NaBJIEHUA M0
3000 I'Tla u Gosiee ¥ OCTATOUHbIE MOCTYAApHble TeMnepaTypbl 10 30 000 °C, koTOpsle MO-
TYT CO31aBaThCst B M3MeHseMol nopone. Takue 3KkcTpeMasbHble MapaMeTpbl HUKOTAA He
JOCTHrarOTCs MPHU JIFOOBIX 3HOOre€HHBIX MPOLECCaX y MOBEPXHOCTH IJIAHET.

BcnencrBue ynapHoro Metamopdu3Ma opoasl MUIIEHH B MpeaesiaX BOSHUKAIOLIEro
METEOPUTHOrO KpaTepa MOABEPraroTCs pa3sIMuHbIM M3MeHeHUAM. [Iporpeccupyroumuit psn
TaKUX creuuduueckux U3MEeHEeHHUH, OT cnabbIX 0 CHJIBHBIX TpaHC(OpMaLMii, mociaenoBa-
TeJIbHO BKJIOYaeT B ce0a qpobneHue 1 OpekunpoBaHUe NOpo.bl; 00pa3oBaHUE OHAIJIEKTH-
4eCKUX MHHepaJsoB (ynapHas BUTpUHKaLKA MaTepyaa B elé TBEPIOM BUIe, Oe3 miasie-
HUA); HayaJbHOE, a 3aTEM IOJIHOE MJIaBJIeHHe MOpOAbl; e HauajbHOE U Jajiee MOJIHOe HC-
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napeHue; HakoHel, MPOMCXOAUT AUCCOLMALAA BellecTBa Mopoabl A0 YPOBHA 3JEMEHTAp-
HBIX XMMHUYECKHX eIUHHLL, U HauBBICILEM YPOBHE y1aPHOro meTaMOppn3Ma 10CTHraeTes
TaKke MOHM3auus BeuwlecTsa. Haubolee MHTEHCHBHbIE TPE0OPa3oBaHUA MPOTEKAIOT BO

7 THOrO COOBITHA.
BHYTp(;l(‘;:::Kizgz:ﬁMgz§6enHocmo yaapHoro MeTaMop$u3Ma 11 HEKOTOPbIX MHHEpaJlo-
[HUEeCKUX CHCTeM ABIAIOTCA (ha3oBble MPEBpalCHHA, NpUBOISLINE K MOABJIEHHIO BBICOKO-
apitecknx noauMop¢os. HauGouee M3BECTHBIM NpUMEpPOM TaKOro THINa ABJAKOTCH (a3o-
Bple TNpeBpalleHds B CHCTEME KpeMHe3éma, MpH KOTODBIX 00pasyloTcs CTHILIOBHT
(6apomeTp YaapHbIX nasiexudt > 12—15 l"Hua) 1 KOICUT (6apoMeTp ynapHbIX naBieHHH
> 30 [[1a). Pa3osbie NpeBpalleHus MOA ACHCTBHEM CHJILHEIX Y/IapHBIX BOJH H3BECTHBI
TaKoKe U AU CUCTEMBI yrilepoaa; B pe3ylbTaTe Takux NpeBpalleHUH U3 HCXOAHOr0 yrijepo-
qucToro Bewectsa (rpadur, yroJe, aMopGHbIN WM c1ab0 OKPUCTANIM30BaHHbIN yriepon)
BO3HMKAIOT HMIAKTHBIC aJIMas3bl.

OTKprTMe U HU3y4Ye€HHEe UMIMAKTHBIX aJIMa30B B Ka4€CTBE MHUHEPAJIOTHYECKOTr0 HHIHU-
KkaTopa yIapHOro METaMopd3Ma, MOMUMO YHCTO MO3HABATENLHOTO 3HAYCHUSA, CTalo BaX-
HBIM BKJAZOM B TEOPETHYECKYIO U MPAKTHYECKYIO T€O0JIOTHIO, a TAKXKE B APYTHE eCTECTBEH-
Hple Haykd. KpoMe TOro, HMNakTHbIE aIMa3bl MOTYT NPEACTaBIATh SKOHOMHUYECKHI HHTe-
pec. Hudke OMUCHIBAIOTCA MPUPOIHBIE MPOABJICHUA MMIAKTHBIX ajMa3oB, OCOOCHHOCTH
3THUX MUHEPAJIOB, UX MPOUCXOXKIEHHE U 3HAUCHHE.

IMMPOSIBJIEHUSI HUMITAKTHBIX AJIMA30B

MmnakTtHble anmasel (MA) M3BECTHBI B pa3IMUHBIX MPUPOIHBIX 00BEKTAX KAk MaTe-
PHUHCKOTO (METEOPUTBI ¥ MOPOAbl 3€MHBIX WMMAKTHBIX KpaTepoB), TaK U BTOPHUYHOTO
(ocanouHsle mopoas! ) Tvna. [TepBas Haxonka MA (X MUMIaKTHOE MPOUCXOXKIEHHUE YCTaHO-
BUJIM MO3kKe) caenaHa B Mereopute Hosbiii VYpeit B 1888 . npodeccopamu
M. B. Epodeesbim u I1. A. JlaunHoBbIM (puc. 1). DTa Haxoxka MOCTYXKUJa CTUMYJIOM K
JanibHEeHIIMM TMOMCKaM, M BCKOpe CO CChlIKOii Ha pnaHHble M. B. EpodeeBa wu
1. A. JlaunHosa [1888] amepuxanckue reosoru [Foote, 1891] obHapyxunu MA B 06110M-
Kax eJyiesHoro meteoputa Canyon Diablo u3 ApusoHckoro kpatepa (puc. 2). letansHoe
u3yuyeHue anmaszoB u3 Mereoputa Canyon Diablo Bbmomnuan K. k. Kcanpa u
E. I1. l'ennepcon [Ksanda and Genderson, 1939]. ITo3xe MA Obuti oOHapy»eHbI B pa3iny-
HbIX ypeunurtax: Goalpara [Urey, et al., 1957], Dualpur [Lipschutz, 1962] u npyrux
[Bnoseikus, 1967, 1969a,6, 1970, 1991; Vdovykin, 1976], a Takke B aHTapKTHYECKOM
xene3HoM Meteopute ALHA-77283 [Clarke, et al., 1981].

[lepBas Haxonka MA B nopomax 3eMHBIX METEOPHUTHBIX KpaTepoB Oblia caesiaHa
B. JI. Macaiitucom B 1971 r. [Macaiituc u ap., 1972] B Ilonuraiickoii actpobneme. He-
ckosbko no3zxe B. JI. Macaiituc u C. A. BUIIHEBCKUI HE3aBUCUMO ApYr OT Apyra rnokasa-
a4, yto MA 1mmpoko pacnpocTpaHeHbl B 3TOM kpaTepe. HekoTopele pe3ysbTaThl Hallero
onpoOoBaHUsA noka3aHsl Ha puc. 3. Bckope MA Obut HaliieHbl B HECKOJIBKMX MyHKTaX
kpatepa Puc (xapbepsr Otting u Bollstadt [Poct u mp., 1978]) u B Kapckom kpatepe
[Ezepckuii, 1982]. OnHOBpeMeHHO U HeckoJibko no3xe, B 70—80-x ronmax, Haxomku MA
ObLIM CAENaHbl M B HEKOTOPBIX APYTrUX METEOPUTHBIX kpaTepaX Obiuiero CCCP [Val'ter
and Er’'omenko, 1996]. ITo3xe 3Tu naHHble Ob11M omy6uykoBaHs! Ay ObosoHckoro, Mib-
uHeukoro U 3anaaHoro kpatepoB [Gurov, et al., 1995; Val’ter and Er’omenko, 1996], a
Taioke a1 TepHoBckoii acTpobnems! [Val'ter and Er’omenko, 1996].




Puc 1. Ilepeas  cTpaHHua

KypHalla, B KOTOpOM Ipo- Y PE AN S

¢peccopa M. B. Epopees 1
[1. A. Jlauunos omy6JaHKOBa-
JIM CBOIO HaxoJKy ajiMa3oB B

s e QRMRO-NINRSECRATD OBIECTEA

npa HuneparoporoMs C.-IleTepSyproxoMs Y HEBEpPCHTETH

PYCCHEATO

HenaBHo  cnucok
aJIMa30HOCHBIX acTpobJieM
nononHuiacs  Ilyuyex-Ka- TOM'I: XX.

TYHCKOH CTpykTypoit [Ma-

pakywes u 1p, 1993] u, OTAEIEH NMEPBEILL
Kak ykasbiBaloT A. A. Basb-

TEP U K EpéMeHKO HIZAEE DOAB PERABLIEID
[Val'ter and Er’omenko, H MEEIIYTEHAHA,

1996], naxonku WA BO3-
MOXHbl BO MHOTHX acT-
pobieMax, 3aJI0)KEHHBIX Ha
KpUCTaJJIMYECKOMH MH-
weHd. CpeaM Takux acr-
pobseM MOXHO Ha3BaTh
Rochechouart u Lake Mien
B EBpore, a Taixe actpob-
nembl  Holleford, Brent,
Skeleton Lake, Charlevoix,
Mistastin,  Manicouagan,
Pilot Lake, Sudbury wu
HEKOTOpble Ipyrue HM-
MaKTHbIE CTPYKTYpbl, 3a-
JIOXKEHHble Ha rpauTco-
Jepxalux nopoxax I'peHBHIIbCKOH M Opyrux cepuit KaHanckoro wura. OnHAako Hallu
noucku MA B pacriaBHbIX MMNAaKTHBIX noponax acTpodiems! Rochechouart (dpanuus) u
kpatepa Gardnos (Hopserust) Ob111 6e3ycneruns! [Buinesckuit, 1994, Heony611koBaHHbIE
JaHHble]; OTpULATENbHbIE pe3yJbTaThl coobaroTcs mys acTpobiemsl Rochechouart u
kpatepa Lake Mien (1LIBeuus) u npyrumu aBropamu [Hough, et al., 1995d].

Hawmm Haxonku M A B kpatepe Puc [Poct u np., 1978] Oblnu HeaBHO NOATBEPKAEHBI
opyrumu uccienoBatenamu [Hough, et al, 1995a,b; Masaitis and Shafranovsky, 1994;
Abbot, et al, 1996]; onHako cChIIKM Ha HawM pe3ynbTaThl B Mmybiukauusax P. M. Xora
[Hough, et al., 1995a,b] cnenaHbl HeanekBaTHO, @ YTO KacaeTcs OBYX HPYrMX YKa3aHHBIX
paboT, TO B HUX HAaLUW JaHHbIE HE YIIOMHHAKOTCS BOBCE.

HMnakTHble anMassl 0OHapy»xeHsl Takke B Topdax U3 Mecta B3pbiBa TyHryccKkoro
MeTeopHuTa U Han&xHO auarHoctupoBaHel [KBacHuua v np., 1979]. HenasHo ata pabora
6b11a moBTopeHa P. M. XoroMm [Hough, et al., 1995¢] u onaTh 6€3 cChIIKKM Ha NpeablayLne
naHHple B. H. KBacHuus!l ¢ kosuteramu [KBachuuma u gp., 1979). Ilo coobuieHuro
P. M. Xora, Ha MecTe kaTtacTpodbl HallIEHO HECKOJIbKO MEJIKUX TBEPIbIX, XUMUYECKH YC-
TOWYMBBIX HaCTHLl yrjepona, KOTopble ¢ 0O0JbIIOH BEpOATHOCTBIO SIBJIAIOTCS ajiMa3aMH,
OJTHAaKO JJ1 OKOHYATEJIbHON IHarHOCTUKK He0OXO0IMMbI IOMOJIHUTEJIbHbIE HCCIIEIOBAHHUS.

Hoppexrypy Aepwann B. Tuwenko u A. Boaxkos®.

C.-IIETEPBYPI'B.

Ton. B. [{ewaxosa, Hosml mep., g. 7

1888.




Puc. 2. ApusoHckuit MereoputHblii kpatep, CLLIA. Aapogortocunmok 1. B. Cobonesa, Hucruryr
MuHepanorud u nerporpaduu CO PAH, HoBocubupck.

[TepeoTnoxeHHsle UA MoryT ObIThb OBYX THUNOB. [lepgeiti mun CBA3aH C NalbHUMHU
3aKpaTepHBIMH BbIOPOCAMU M3 GOJBIUIMX METEOPHTHBIX KpaTepOB, B pe3yJbTaTe Yero B
pPEruoHaJbHOM H, BO3MOXHO, Jaxe B rJ100aNbHOM MaciuTabe, BO3HUKAIOT OOIIMpPHBIE MOJIA
paccestHusl MMIMaKTHBIX aiMa30B. M3BECTHBIN MpHUMeEp TaKoro Mo paccesHHs CBs3aH C
[TonuraiickiM MeTEOPUTHBIM KpaTepoM (puc. 4); 3akpaTepHble BbIOPOCH! 3TOr0 MOJIA, BO3-
MOXHO, 4YaCTHYHO nepepaboTaHbl (GJIIOBHATIBHBIMH MpolieccaMy. Bmopoii mun nepeoTiio-
keHHbIX MA cBsizaH ¢ (IIIOBHANbHBIMM M OPYTMMH TIOBEPXHOCTHBIMU MPOLIECCAMM; TaKHe
nepeoTioxkeHHble A M3BECTHBI B PBIXJIbIX KaifHO30HCKMX 0CaJOYHBIX MOPOAAX Pa3jIMuHbIX
perrnoHoB [KBacuuua, 1985; ITonkaHoB u ap., 1973; FOpk u np., 1973; u np.]. B HekoTopsIx
cnyyasx (Hanpumep, ans Ilomwras — Haw xommenmapuil) epeoTioxeHHsle A Moryt
06pa3oBbIBaTh pocchiny [Masaitis, 1995]. M0oXHO NpennoyiokuTh, 4to Onaromapsi cBoei
YCTOHYMBOCTH U OOMJIMIO aJIMAa30HOCHBIX acTpobJiieM, nepeoTioxkeHHble A 060MX THIOB
IIMPOKO pacnpoCTpaHeHbl B PA3JIMYHBIX OCaJIOYHbIX OPOAAX 3EMHOH KOPBI.

VIMIaKTHbIE aMa3bl, HaliIeHHbIE B IPEBHIHX MeTaMOpQUUecKHX nopoxax [[0IoBHs
U np., 1977], BeposATHO, ABJIAIOTCS OOKEMOPUICKUMH MEPEOTIOKEHHBIMU aJIMa3aMH, XOTs
HEKOTOpble HcclienoBaTesu [MacaliTic, ycTHOe cOOOLeHHe] CYMTAIOT, YTO B 3TOM Cllydae
MIMEJIO MECTO MCKYCCTBEHHOE 3apa’keHHe W3y4aBLINXCA 00pasLoB.
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Puc. 3. Haxonku aJMa3oB
(4épHble KpPYXKKH) B HMMIIaK-
tutax [lonwuraiickoit actpob-
neMbl  (Genble  TEPPUTOPHH).
Heony6n1koBaHHbIE NaHHbIE
C. A. Bumnesckoro, 1973.

fxpa‘rep

Ionuraiickuii &

TN

MOPE JIAIITEBBIX

Puc4. Tlone pac-
CEHMA HMMITaKTHBIX
aJIMa30B-SKYTHTOB
(HaXOIKH MOKa3aHb!
YEPHBIMM  KpYIKKa-
MH) B OKPECTHOCTSX
[Tonurakickoro kpa-
tepa. Jlanubte [Vish-
nevsky, et al., 1995].
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Kak Obl10 yCcTAaHOBJIEHO B IMOCJIEIHEE NECATUIIETHE, OOJIbIIOE KOJMYECTBO HEMETa-
MOp(}H30BAHHBIX METEOPHTOB COAEPXKAT TaK Ha3blBa€Mble “KOJJIOMIHBIE” KyOHueckue
anMasbl BeJquuuHoi 0.4—7 HM [Lewis, et al., 1987a,b; Huss, 1990; Newton, et al., 1995;
Huss and Lewis, 1995], nns KOTOpBIX MpearnosiaraeTcs Mex3BE3NHOE MPOMCX0XIEHHUE.
OnHaKo CXOJHbIE MO OJJHUM XapaKTepUCTHKAaM, HO OTJIMYHBIE 110 IPYTUM CBOMM OCOOEHHO-
CTSAM MHUKpOajMa3bl OblJIM HETaBHO OOHApYKEHBI B Psilie 3¢MHBIX 00BEKTOB H CBA3aHbI JINOO
¢ MMMaKkTUTaMu (kpatep Puc, MeJKue YacTHULBI aIMa30B pa3MEPOM 10 HECKOJIBKHX HECAT-
koB MUKpoMeTpoB [Hough, et al., 1995a,b]), nubo ¢ morpaHUYHLIMHU CJIOSIMH Ha pyOexe
Mena-naneoreHa B CeBepHoit AMepuke (MHKpoanMasbl BennyuHod 3—5 HM [Carlisle and
Braman, 1991; Gilmour, et al., 1992; Hough, et al., 1995c]), npuypoueHHbIMH K UHKCKY-
JyOCKOMY MUMIIaKTHOMY cOoObITHIO. [Ipeanonaraercs, 4To “KOJJIOMAHbIE” U CYOMUKPOHHbBIE
aJiMa3bl B 3eMHOM MaTepHalie UMEIOT UIMIaKTHOe MPOUCXOXKAEHHE U MPENCTaBIA0T coboii
NPUHUMIIHANBHO HOBYIO rpynmy HA, CBs3aHHBIX C yNapHO-B3PBIBHBIMU IIPOLIECCAMM.
CXoQHOE MNpPOMCXOXIEHHE TMPEeanoJiaraeTcss Takke IJII MHUKPOCKOMMYECKHUX CpacTaHMit
Kybuyeckoro anmasa M kapbuna kpeMHHUs, oOHapy»keHHbIX HeaBHO B kpaTtepe Puc [Hough,
et al., 1995a,b].

PA3MEPbBI, MOP®OJIOTI' U1 H OKPACKA UMITAKTHBIX AJIMA30B

3épHa A U3 ypensuToB M XKEeJEe3HbIX METEOPHUTOB OOBIYHO MMEIOT pa3mepsl oT 0.1
J0 2 MM, u3penka 10 5 MM, obnaznaroT Oesioi, cepoit M TEMHO-cepoii OKpackoit U Xxapak-
TEPU3YIOTCS MPEMMYLIECTBEHHO HENMpaBHJIBHOH 00BbEMHO-KCEHOMOPGHONH HWIIM OKPYrJEH-
Holt opmoii (puc. 5, 6). OmHako myist HekoTopbix MA u3 Mereopura Canyon Diablo us-
BECTHBI TakOke KyOouIHbIe 1 KyOoOKTasapryeckue GopMbl, yHacsenoBaBLIMe MOP(OJIOruio
ucxonHoro rpadura-kaudTonuTa [Brett and Higgins, 1969]. Bce MA, o6HapyxeHHbIE B
MeTeopHUTax, ABJIAITCA NMapamMopdo3aMy M0 HCXOIHOMY POAMTENHCKOMY YIJEepOIHCTOMY
BEILECTBY, T. €. NpeacTaBiAoT [THA.

ITonuraiickue HA,
BO3HHUKIIHME M3 aKLeccop-
Horo rpaduta TrHeEHCcOB
MULIEHH, TaKXe ABJIAIOTCA
napamopdoszamu  (TTHA).
OObIYHbIE  pa3Mepbl  HX
3épeH BapbupyoT oT 0.1
no 0.5Mm (u3penka, no
1—5 mMm). Kak coobmaet
B.JI. Macaiituc [Masaitis,
1996], enuHHU4HBIE 3EpHA
IMUA (u3 Ilonuras? —
Haw KoMMeHmapuit) uMe-

Puc. 5.  O6néMHO-KCEHO-
MOp(HbIE 3¢pHAa UMMAKTHbBIX
anMa3oB (4ucTas (ppakuHs
anMmasa), BbLIEJEHHBIE W3
vereoputa HoBelif  Ypeid.
Otpaxénnsiit  cer. [lo
[". I1. BooBbikuHy [1967].
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Puc. 6. M3omeTpuuHoe 3ep-
HO  MMIIAaKTHOrO  a/Masa
(cepoe BbLIEJICHHE B LIEHTPE)
B METEOPUTHOM  HKejese
Canyon Diablo. Mukpogo-
torpa(us A. El-Goresy,
oTpax€HHbIH  cBeT.  [lo
E. Anders [1965].

10T HEOXKUIAHHO O0JbLINe
pa3mepsl, 1o 10 mm. [Ins
nonuraickux [THA cBoii-
CTBEHHAa pa3jM4yHas OKpa-
cka: OecLBeTHbIe, Oenble, XKENThIE, Cepble U TEMHO-CEpble N0 YEPHBIX; KENThIE H TEMHOOK-
pamieHHele 3&pHa Hauboinee pacmpocTtpaHeHbl. B 3emHbix [IMA, mo nmaHHBIM
A. A.Banbrepa u ap. [1992], xénTble LBeTa OKpacky ajiMa3oB CBA3aHbI C MPUMECHIO JIOH-
cueinura, B TO BpeMs Kak TEMHbIE MPHUITHCBIBAIOTCA NpuMecH rpadura. ITpo3paynble 3épHa
I[THA yacTo aHM3OTPOIHBIE, OTHOOCHBIE TOJIOKHUTENbHBIC, MICOXPOUPYIOT U UMEIOT MBY-
npenomierue ot 0.005 no 0.020, koTopoe 3aBUCUT OT COAepKaHUs JIOHcHeHanuTa [Banbrep
u 1p., 1992]. Isynpenomnenue [TMA u3 3ananHoro kpatepa Bapsupyet ot 0.003 1o 0.018
[Gurov, et al., 1996]. ®. Jlanrenxopct u B. JI. Macaiituc [Langenhorst and Masaitis, 1996]
coo0LaT, 4TO Ja)ke NepBOHAYaJbHO TEMHBIE U HempocBeunBarolue nonuraickue ITMA
CTAHOBATCS MPO3PaYHBIMU U OOHAPYKUBAIOT aHOMAJIBHOE NBYIPENIOMIIEHHE TOCJ]E yTOHe-
HUA NPH NOATOTOBKE K MPOCBEUHBAIOLLIEH 3JIEKTPOHHOH MUKPOCKOITHH.

OcHOBHBIMH MOp(ONOrHYecKUMH THNaMH ronuraickux [THA aBisoTCs yrniomeEH-
Hble U 00bEMHO-KCeHOMOpdHBIE 3¢épHa (puc. 7). Kak 3To Habmopaercs nna [TUA, obpaso-
BAaBIIMXCA MO rpaduTy B CHJIBHO MMIIAKTMPOBAHHBIX apXeHCKMX rHeiicax MHILeHH, oba
3TUX MOPGOJOrHYECKUX THIA anMasHbIX 3EPEH BO3HHUKJIM B pe3yJibTaTe MO3auyHOH ¢par-
MEHTaLUH UCXOOHOro rpadura Bo BpeMs ero (¢a3oBOro mpeBpalleHUus B yNapHOH BOJIHE.
ITpK 3TOM MO OTHOCHTEJLHO TOHKMM YellyiKkaM M MIacTHHKaM rpadura obpa3yroTcs mio-
ckue yryosatble 3¢pHa [TMA (puc. 8), B TO BpeMs Kkak M0 OTHOCUTEJBHO TOJICTHIM BblEJE-
HUAM rpaduTa pa3BUBarOTCA 00BEMHO-KCeHOMOPdHBIE 3¢pHa. OUueBHIHO, YTO Takas ¢par-
MeHTalus CBsi3aHa ¢ 0ObEMHOI ycankoil B mpouecce $ha3oBOro mpeBpalieHus UCXOTHOTO
rpadura.

CxonHble pa3Mepsl U okpacka oTMeuaroTcs U 14 3épeH [TMA u3 kpatepa Puc, koto-
pble TaKXe BO3HHKJM W3 MCXOTHOro rpadura, 0MHAKO B MOP(HOJIOrHYECKOM OTHOUICHHH
3¢pHa aJMa30B B 3TOM KpaTepe XapaKTepH3YITCS HOMUHHPOBAHHUEM YIUIOLIEHHBIX GOPM
(puc. 9).

B HexoTopbix ciydasnx 3€pHa [IMA u3 [Tonuraiickoro kpatepa W kpatepa Puc yHac-
JIeJOBaM MOJHYIO HWJIM YacTUYHO-TeKCaroHalbHyl0 (GOpMY POIMTENBCKHX KPHCTAJIOB
rpaduTa 1 ocobeHHOCTH cpacTanuil 3TuX kpuctayuoB (puc. 10). Uspenka, B ciydae xopo-
1110 00pa30BaHHBIX KPHCTAJLIOB POAMTENBCKOrO rpaduTa, npaBHibHbIE (OPMBI 3TUX KpH-
CTaJJIOB U OCOOEHHOCTHM CpacTaHHi TakXKe YHaclleqOBaHbl ajMa3HbIMH MapaMopdo3amu
(puc. 11).

Hnas, yem Haia, Mopdosoruyeckas ¥ reHeTH4eckast kJacCUpUKaLus MOMUraickux
HUA HenmaBHo mnpemyoxeHa @.JlanrenxopctoM u B. JI. Macaiitucom [Langenhorst and
Masaitis, 1996]. OTu aBTOpBI BHIACNSAIOT OBa OCHOBHBIX THIA ajiMa3oB: |) umuoMopdHsIe
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Puc. 7. JIBa OCHOBHBIX MOp-
(ONOrMUECKUX THMNA  HM-
MaKTHBIX anma3oB M3 [lomu-
ralickoro kparepa:

a — YellyeBHIHbIE HIH
yrJI0BaThIE YIIOMEHHBIE
3¢pHa, BIUIOTh AO JIMCTOBa-
THIX; 6 — 0OBEMHO-KCEHO-
Mop@uele 3épHa. OTpaxén-
ubiit ceeT. I[lo C. A. Buw-
HeBckoMy [1978].

MUIACTMHKM MJIM Tak Ha3biBaeMble “napamopdosbl” (cooTBeTcTBYIOLIMEe HawmM [THA yno-
IIEHHOrO THMA, yHacJieNoBaBIIKM (GopMy Oosiee-MeHee 00pa30BaHHBIX POIMTENBCKUX KPH-
cTajuioB rpadura), 2) kceHoMOpdHbIE MOJUKPUCTATITMYECKHE arperaTbl HHOTO MPOUCXOX-
neHus (cM. pasgen “IIpoucxokIeHHe UMNAKTHBIX anMa3oB’). OQHako maHHas Kjaccubu-
KalMs He BKJIIOYAeT LIKUPOKO pacrnpocTpaHEHHbINH B TlomuraiickoM KpaTepe THIN YMIJIOLIEH-
HBIX YIJIOBAThIX U OCKOJIbYATBIX 3EPEH, MOA00HBIX N0Ka3aHHbIM Ha pUC. 7a. DTH e aBTOPbI
CUHTAIOT, YTO KCEHOMOpGHBbIE 3EPHA aIMa30B HAXOIATCA B pacIlIaBHbIX UMIIAKTHTAX, B TO
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Puc. 8. Ilapamop(o3a um-
MakTHOro anaMasa Mo MJa-
CTHHYAaTOMY BBIIEJIEHHIO HC-
XoOHOro rpadura (4EpHBIH
YelUlyeBUAHbIH  arperaT B
LEHTpE) B  MEpeKpHcTal-
JIM30BAaHHOM JHaIlIeKTHHeC-
KOM  KBaplLEBOM  CTeKJe
(Genast BMeluarollas Macca.
ylapHble 1aBiaeHus oT 35 1o
50 ['TIa).

3a cuer 0OBEMHOM Yycalaku
Npy NpeBpalleHHH MIaCTHH-
ka rpagura Oba (parmeH-
THpoBaHa ¢ 00pa3oBaHHEM
YMJIOWEHHBIX  OCKOJBYAThIX

.’i* ‘

3épeH MMMakTHOro anmasa. CoryiacHo peHTreHOCTPYKTYPHBIM JaHHBIM, B 3TOH Mapamop(go3e Habmo-
JIAlOTCS IBE€ acCOUMallMM MHHEPAJIOB yrjepoja: a) pa3yrnopsilodeHHbIH rpauT + kyOudeckuit an-
Ma3 + JOHCHeHnUT + yaout; 6) KyOuueckuit anMas + JoHCHeHauT + daouT. [lonuraiickuii kpatep,
obpasewt Ne 486, orpaxénnslit cet. [To C. A. BumneBckomy 1 H. A. ITanpuux [1975].

Puc. 9. [Tapamop@o3sl  UM-
MaKTHOro ajiMa3a no rpagu-
Ty U3 kpaTtepa Puc: uyemrye-
BUJHbIE MM OCKOJIbYAThIE
YIJIOWEHHBIE MPOCBEYUBALO-
mue 3€pHa, NEMOHCTPUPY-
IOIHE CJIOKHOE IIACTHH-
4aTOe BHYTPEHHEE CTpo-
eHHe B npoxondueM (a) M
oTtpaxkéHHoM (6) csete. [lo
P. Pocty u np. [1978].
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Puc. 10. YHacne10BaHHOCTD
MOp(OJOTHH M CpacTaHHit
HCXOIHOrO MHHepana [is
napamop(0o3  MMMaKTHOro
anmasa no obBbIYHO pacrpo-
CTpaHEHHBIM  KpHCTaJulaM
rpaura (a, 6): 3épHa anMa-
30B MMEIOT I'eKCaroHaJbHYIO
unu 6u3Kylo Kk Heit opmy
(MaTpHLEH MOCIYXHIH OT-
JIeNIbHBIE MIACTHHBI WM MX
NpaBHILHBIE CPacTaHHUA IO
nosepxHoctd (0001) ucxon-
Horo rpagura). [lomurai-
CKUH KpaTep, OTpakE€HHBIH
cget. [lo C. A. Bumnes-
ckomy [1978].

Puc. 11. Penxue nmpumepsl
yHac/JeJOBaHHOCTH  Mapa-
Mop(03aMH  HMITAKTHOIO
anMaza  MOp(QOJOTHH U
cpacTtaHuii xopotio o6pa3zo-
BaHHBIX KPUCTAJIJIOB MCXOJ-
HOro rpagura:

a) napa’suiesbHble CpacTaHHs
no nosepxHoctd (0001);
6) napaJiesbHble CpacTaHus

1o nosepxHoctH (1070 );



B) nBoiiHMkH  B. C. Becenos-
CKOT'O no MOBEPXHOCTH
(0001); r) cpacrande JIBYX
kpuctamioB  (0001) | (1070)
¢ HanpasneHusmu  [0001].
NEpNeHAUKYJSPHBIMU  ApYyT
npyry. [TonydeHo ¢ noMous1o
CKaHUpYIOLIEH 3NEKTPOHHOH
mukpockonuu (COM), Mac-
wrab 100 mxm. [To A.A. Bans-
Tepy v ap. [1992].

Puc. 12. SIKyTHTBI, UIMITAKTHO-
NEepeoTOKEHHbIE anMasbl M3
JaJIbHAX 3aKpaTepHBIX BbIOPO-
coB [lonurafickoit actpobic-
Mbl.  TunuuyHel  0OBEMHO-
KCEHOMOp(HbIE W YIIONUIEH-
HbIE yrjioBaThle 3épHa; HHOTAa
yHac/ieJOBaHbl ~ I'eKCaroHalb-
Hble ()OPMbI HCXOIHOTO rpa-
¢uta. Ilo B. U Kontumo
[1994].

BpeMs Kak HIMOMOpGHBIC
MJIACTMHKK colepXxaTcsi B
00JI0MKax HMMNaKTHPOBaH-
HbIX THelcoB. OOHaKo, Mo
HalIUM JaHHBIM, 00a THma
MUMIMAaKTHBIX aJIMa3oB, Kak
KCceHOMOp(GHbIe, TaK U YII-
JowEHHble (BKJIOYas MOJ-
THI HMOMOMOPGHBIX YIUIO-
LIEHHBIX napamop$o3s),
NPUCYILM AJIA CaMbIX pas-
JUYHBIX pacrJIaBHbIX [O-
pon [Ilomuraiickoro kpa-
Tepa, TaKk e KakK KCeHO-
MopcdHble  3EpHA  MOTYT
BCTpeYaThCst B 0OJIOMKax
MMIIAKTUPOBAHHBIX  THEl-
COB.

OnucaHHblE  BbILIE
ocoberHoct IITMA w3
MUMIaKTHUTOB XapaKTEpPHBI H
s AKyTUTOoB (puc. 12) —
aJIMa30B, BHIOPOIIEHHBIX K3
[Tonuraiickoro kpatepa H
06pasyolux BOKPYT HEro
obmmpHoe none paccesHus. [letanbHble ONMMCaHUs MOPGOJIOTHH, OKPAackU M BeJHYHHbI
3THX aJIMa30B MPUBOAATCS B HECKOJIBKUX MyOnnkauusax [["anumoB u ap., 1980; KaMuHckuii
u ap., 1985, 1987; Pymsnues u ap., 1980; u ap.].
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Puc. 13. Toroputsl, napa-
MOpGO3bl UMITAKTHOrO ajiMa-
3a Mo Yrio. KceHoMopdHoe
3epHo. Kapckuit  xparep,
OTpaKEHHBIH CBET.

Puc. 14. [lepBuuyHass wITpUXOBKa |
nosepxHoctH (1120) MCcXOQHOrO MH-
Hepalla, yHacieloBaHHas Napamopdo-
30 MMITIAKTHOro anMasa no rpagury.
COM. Ilo A. A. Banetepy 1 ap. [1992].

Tak Ha3blBaeMble TOTOPUTHI,
Wi napaMopdo3bl  UMIMAKTHOTO
ajiMasza 1o yrJisaiM, 6butn oOHapyxe-
Hbl B uMnakTurax Kapckoro kpate-
pa [Ezepckwuii, 1982, 1986, 1987].
OHM BapbUpYIOT MO pa3MepaM OT
0.1 mo 3—5wMM, umeroT Oenyo,
KOPUYHEBYIO MJIM YEPHYIO OKpacky
W MpeACTaBJieHbl B OCHOBHOM 00b-
E€MHO-KCEHOMOPGHBIMU  3EpHAMHU
(puc. 13), B KOTOpPBIX HET WIH
OYEHb pEOKO OTMEeYaeTci CJio-
ucroe crpoenue [Ezepckuii, 1982].
[Tapamop¢o3bl UMIIAKTHOrO a/jMa3a no rpadury XapakTepH3YHTCs IIHPOKO pa3BUTOM
IITPUXOBKOH. DTa IITPUXOBKA BeCbMa TOHKas (MOJIOCHI LIMPHHOM 2—5 MKM M MeHee) U
npeacTaBieHa OJHOM MM HECKOJBKMMM CHCTEMaMM INpSMbIX NapauleJbHbIX JIHHUH; HHO-
ra OTMEYalTCsA TaKXKe CHCTEMbl H30THYTHIX JIMHUI. JIMHUM LITPUXOBKH XOPOLIO BbIAEJNSA-
I0TCs Mo LIBeTY, OJecky U penbedy. CUUTAeTCA, UTO HEKOTOpPbIE M3 IUTPHUXOBOK ABJIAIOTCA
PEJNMKTOBBIMHU, MJIM NEepBUYHBIMU [Basbtep U mp., 1992], u HacnenqyloT cTpyKTYpHbIE 0CO-
6eHHocTH McxomHoro rpadura (puc. 14). JIpyrue IITPUXOBKH pacCMaTpHBAIOTCS 3THMHU
aBTOpaMH KaK BTOpPUYHbIE B KAa4yeCTBE IJIAHAPHBIX 3JIEMEHTOB, 00pPa30BaHHBIX BMECTE C
anMasHoii mapamopdo3oii (puc. 15). TpeTbM MTPUXOBKM CBS3aHbl C IJJACTHHYATBIMH
BKJIFOUEHUAMM rpaduTa UM ke ABJIAIOTCA pe3ysIbTaTOM €CTECTBEHHOrO TPaBJIEHHs ajMa3oB
(puc. 16). IlpuMepoM OTHOCHTENBHO “TpyObIX” IITPUXOBOK MOCJIEIHErO THIA MOXET CIIy-
KHUTb 4acTo Habmogaemas MOX MHKPOCKONOM CJIOMCTas CTPYKTypa alMasHbIX 3EpeH.
C MoMo1LbI0 TPOCBEYMBALOLIEH 3IEKTPOHHONH MUKpockonuK (maHHble [Langenhorst and
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Puc. 15. BTopuuHas
LITPUXOBKa, 1Mo A. A. Banb-
Tepy u ap. [1992]: nna-
HapHbIE  3JIEMEHTHl B
napamop(o3ax MMNakT-
HOro ajnMasa no rpaury.
MukpogoTorpaduu B
npoxoasem (a) U OT-
paxxéHHOM  (6)  cBerTe,
[Tonuraitickuit kpartep.
[To C. A. Buunesckomy
[1978].

Puc. 16. CnoxHble BHYT-
pEHHHE  IUIACTHHYaTbIe
CTPYKTYpBl (MOJI0CHaThIE
M BeepooOpa3Hble) B
napamop(po3ax  HMMaKT-
HOT0 anmasa no rpaury,
BBIPA)KEHHBIE  [LUITPHXOB-
KOM M JOCTYyNHbIE IS
HabmoaeHuss Gnarodaps
MOBEPXHOCTHOH  KOppo-
3un. Mukpogororpadus
B OTpaXEHHOM  CBETE,
[Tonuraickuit KpaTep.
[To C. A. BuuraeBckomy
[1978].

Masaitis, 1996]) oOHapy»xeHa Takke CBEpXTOHKas MoJiocyaTras BHYTPEHHSs CTPYKTypa
aJIMa3HbIX 3€PeH C TOJIIMHON HHIMBUAYaNbHbIX nojioc oT 0.1 no 0.5 MkM.

[Tpu 60NBIIKMX yBEJNMUYEHHAX Ha MOBEPXHOCTH aJIMa3HbIX 3€PEH MHOr 1a 0OHapyKHBa-
eTcs cyOMMKpOHHas CTPYKTypHas CKYJBbNTYpa, MpeacTaBieHHass MeJbualllMMH KpHCTal-
JUTaMH KyOHMYecKoro anmasa, KOTOpble MMEIOT MpPEeArnoYTHUTENbHY OPHEHTHPOBKY, KOH-
TPOJIMpYyeMYI0 KpucTajulorpaduueckuMU O0COOEHHOCTAMHM HcXomHoro rpadura (puc.
17).
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Puc. 17. CBepXxTOHKas
CKYJIBIITYpa napamop§o3
MUMIaKTHOTO ajiMmasa: KpHC-
TaJUIMThl  KyOHYeckoro an-
Ma3a Ha noBepxHocTH (0001)
ucxonHoro rpagura. [lo-
BepxHocTH (100) 3THX KpH-
CTAJITUTOB napaniebHbl
creny (1120)  mcxonnoro

rpagura (4€pHast JTHHHSA).
COM. ITo A. A. BaneTepy 1
ap. [1992].

Puc. 18. PactBopenue 3épeH
HMMIMaKTHOTO ajlMa3a: CBEpX-
TOHKas MOBEPXHOCTHAs KOp-
po3ust. COM. Ilonuraitckuit
kpatep. [lo C. A. Buunes-
ckomy [1978].

Muorue I[THA wu3
acTpoOJieM HECyT Clelbl
pacTBOpPEHHs,  KOTOpOE
NPOMCXOIUJIO B Meperpe-
TOM MMMAaKTHOM pacrJja-
Be non nedcrteueM OH™,
Na, K u 1pyrux areHTos.

B uenoM cnensl
TpaBJieHHs IMpeACTaBlie-
Hbl TOHYaNILIEH MaTUPOB-
KoM, obpasyrolieit sueu-
CTBIi COTOBHMIHBIH MHK-
popenbsed (puc. 18).
HHorma B nobaBneHue K
Tako MaTHUpPOBKE Ha-
6momaloTcs  JIOKaJIbHbIE
Y4acTKH MHTEHCHBHOTO pa3belaHusd, 00pa3ylolMe rpynmnsl OOJBIINX KaBEPH W IiyOokHe
NpUYY IJIMBbIE BPE3bL.

O6napyxeHHas B kpatepe Puc [Hough, et al, 1995a,b] HoBas rpynna MukpoaaMa-
30B, OTJIMYANOLIAACS OT ajMa3HbIX Mapamopdo3 no rpadury M yrisMm, XapakTepusyercs
pa3MepaMH 3€peH OT MEPBbIX MUKPOMETPOB IO MEPBBIX NECATKOB MMKPOMETPOB M HE I0C-
TYIIHA AJIs JeTaJIbHbIX MCCIIeI0BAaHUI MOJ ONTUYECKUM MUKPOCKOTIOM.
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PEHTI'EHOBCKHE U 3JIEKTPOHHO-MHUKPOCKOITHYECKHE
OCOBEHHOCTH UMITAKTHbBIX AJIMA30B

OTKpBbITHE JIOHCIEHINTA, reKcaroHaJbHOro nojuMopda anmasa [Frondel and Marvin,
1967; Hannemann, et al., 1967], crano ogHMM W3 KpYMHEHIINX BKJIAaJOB B HCTOPHIO U3y4e-
HUA MA. OnHako 10 CHX MOp HET €AMHOAYIIHOTO MHEHMA MO MOBOAY TOro, ABJIAETCS JIU
JIOHCHEHIUT NpOCTO MOJUTHUNOM KyOuueckoro anmasza [[‘omoBukos, 1975; KypmoMos,
IMunsHkeBuy, 1979] unu xxe 310 HOBBIH MUHepan [Epémenko, ITonkaHos, 1978; MacaiiTuc
u ap., 1990]. Tem He MeHee JIOHCIEHIUT Kak BaxkHast TUIIOMopdHas ¢aza UMMNAKTHBIX aJl-
Ma30B ObLI MIIOZOTBOPHO MCIOJB30BaH U1 NOATBEPXKIEHHS WX YIapHOrO MPOHCXOXKACHHS.
Kak nokasano P. [Ixx. XaHHeMaHoOM ¢ koJuteramu [Hannemann, et al., 1967], rnaBHble Mex-
NJIOCKOCTHBIE PACCTOAHHUSA JIOHCOCHIUTA HAa pEHTreHOrpaMMax Takue ke, YTO U AJs KyOu-
yeckoro anmasa (d/n, Hm): 0.206; 0.126 u 0.1076, HO ¢ m0OaBJIEHHEM HECKOJBKHX HOBBIX
JUHUMH, Takux kak (d/n, HM): 0.218; 0.193; 0.150; 0.116 1 0.109. B cTpykTypHOM acriekre
JIOHCOEUJIUT SBJIETCS BIOPTUMTONONOOHBIM nojMopdoM yriepoma. Kak nokasaHo
A. B. KypmomoBsiM U A. H. [TunaHkeBuyeM [1979], Takue CTpyKTypbl, KOraa OHU CJOXe-
Hbl aTOMaMH OJTHOT0 XUMHUECKOI 0 3JIEMEHTa, 0ObIYHO HEYCTOIUMBBI U JIETKO pa3pylialTcs
Npy OTXKUTe U B Apyrux mpoueccax. B 3épHax MA kybuueckuit anMas W JIOHCHEHIUT
CIOBOWHMKOBAHBI MO IIMKHEJIEBOMY 3aKOHY [Masaitis, 1996].

PeHTreHoBckHe NaHHbIE MO3BOJIAIOT OLEHUTH COAEpXKaHWE JIOHCAEHIUTa B 3E€pHaX
ITHA, uMerouX KOMILJIEKCHBII cocTaB (cMech KyOMYecKoil U rekcaroHaibHOM (a3 anMa-
3a). 114 KOJMYECTBEHHOH OLIEHKH COlepKaHus JIOHCAEHINTa OblIM NMpenJIokKeHbl OJIM3KHe
Mexnay coboii Mmeromukd A. A.Banbrepa ¢ kosjuteramu [Bambrep u gp., 1992] u
B. M. ToBcroraHa c¢ koJyuteramd [ToBcroraH u nap., 1977], xoTd, kak ykazaHo
A. B. KypmomoBsiM 1 A. H. [TunsHkeBuuem [1979], 3meck MOTyT BCTpeyaThCsi HEKOTOpPbIE
OrpaHHYeHHUs B CBA3M C TekcTypupoBaHHOCThIO [THA. 1o A. A. Banstepy [Banbstep u np.,
1992], xoHuenTpauus soHcaeinura C (%) MoxeT ObITh OLlEHeHa MO CIEAYIOUIUM 3aBUCH-
MOCTSM:

C = A/(0.75A + 0.5) x100 %;

C=A/(A+05)x100 % (c yuéToM BIMAHUA TEKCTYPUPOBAHHOCTH);

C=A/(A +0.34) x100 % (c koppekL el Ha OIHOMEPHYIO CTPYKTYp-
HYIO pa3ynopsI0YeHHOCTh JIOHCAEHIINUTA),

raoe A — 3TO OTHoLleHHe (HOTOMETpPUYECKH 3aMEpEeHHOH Ha peHTreHOrpaMmax MHTEHCHB-
HOCTHM JIMHUH | raBHBIX MEXIJIOCKOCTHBIX paccTOAHMI MMnakTHoro anMasa: 0.218 HMm
[(1010) noncneiinura] k 0.206 HM [(111) ky6uueckoro anmasa + (0002) moHcnaeiinural,
T. €., A = I1g.218 uny/1(0.206 uney

[TorpelHoCTH B OLIEHKE, AOMYyCKaeMble BCEMH TPEMsI 3aBUCHMOCTSIMH, HE TMpeBbILIa-
10T 00BIYHOM OMIKUOKH (HOTOMETPHUUECKUX HAOJIOOCHHIA.

Ob6a Mopdonoruueckux tuna mnonuraiickux I[IMA no wucxomHoMy rpadury
(yrunowwéHHble U 00 BEMHO-KCEHOMOP(hHBIE 3EpHA), CONEpKALLIUECS B paCIaBHbIX MUMIAKT-
HBIX MOpOJax, OOBIYHO XapaKTEPH3YIOTCH MPUMECHIO JIOHCHEWMTA, XOTS WHOrOa TaKue
38pHa COCTOSAT TOJIKO U3 KyOuueckoi ¢asel (Tabu. 1). MHorma B 3THX anMasax Habmonaert-
sl TaKXKe MaJjas MpUMech BOZMOXHOTO YaouTa M rpadura (CM. MEeXIJIOCKOCTHbBIE paccTos-
Hua 0.412 u 0.370 uM 1514 yaouta U 0.335 HM nnd rpadura, NPUBOJHUMBIE HA PEHTIEHO-
rpammMe 3epHa Ne 59w B Tabs.1). I'paduToBble 3¢pHa, cogepkalvecs B 3THX ke CaMbIX all-
Ma30HOCHBIX MOpOAAax, HECYT pa3jIMuHYyI0 CTeNeHb yaapHoro Meramopdusma, ¢ BapHaLUiMU
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Tabnuua 1./leGaerpamMmbl nonHraiickHx napamop¢o3 HMNAKTHOrO 2,IMa3a Mo rpadHTy, coaepKAIUHX TOJIbKO KyOHYecKYI0 a3y HJIH MpeacTaB/ISIOMHX cMeCh
3T0i assbl ¢ JoncaeianTom (no C. A. BuunHeBckomy [1978])

3epHo Ne 617 3epHo Ne 618 3epHo Ne 201 w 3epHo Ne 241 3epHo Ne 59w 3epHo Ne 16w Ky6uueckuit
anMas +

TNepBuuHbiii  peHT- | [TepBuuHbiit  peHT- | [TepBuuHblii  peHT- | [TepBuuHbIi peHT- | [TepBuuHbili  penT- | [Tepsuunelii  pent- | [TepBuunslit pentre- | JIOHCACHIHT
TCHOBCKHH MNYYOK | TEHOBCKMH  Ny4YOK | FEHOBCKHI  MYYOK | FEeHOBCKMH Ny4OK | FEHOBCKMIi  Ny4OK | FEHOBCKMM  My4OK | HOBCKMM ny4ok Obin (Frondel and

ObLT MPOM3BOJIBHO | 6BLT  NMPOM3BOJIBHO [ GBI NPOM3BONBHO | 661 || Kk cnomc- | 661 Lk cnoMc- | 6eu1 || k  ciouc- | L k cnouctocTy Marvin, 1967]
OPHEHTHPOBAH OpHEHTHPOBAH OpHEHTHPOBaH TOCTH TOCTH TOCTH
I d/n, HM 1 d/n, Hm 1 d/n, um I d/n, HM 1 d/n, HM I d/n, Hm 1 d/n, um 1 d/n, um
e = S S — — — — 3 0.412 — — — — — —
S o e — — — — — 2 0.370 — — o — — —
e — — — — — — — 1 0.335 — — — — — —
o — — — 5 0.219 3 0.218 4 0.217 4 0.218 3 0.219 4 0.218
10 0.206 10 0.207 10 0.206 10 0.207 10 0.207 10 0.208 10 0.2061
o — — — 2 0.194 1 0.194 1 0.193 2 0.197 1 0.197 2 0.1933
= — o — 2 0.140 2 0.140 — — — — 2 0.140 1 0.1500
8 0.126 8 0.126 6 0.126 7 0.126 6 0.126 6 0.127 7 0.127 6 0.1257
e — 1 0.119 1 0.119 — - —- — 2 0.119 1 0.117
7 0.1077 7 0.1077 4 0.1080 5 0.1075 3 0.1071 5 0.1082 6 0.1082 3 0.1056

[Tpumeuanue. 3épHa Ne 617, 618 (06bEMHO-kCeHOMOphHAA pa3HOCTH) ObIIM M3BIEYEHBI M3 PACNIABHBIX HMNAaKTHTOB (TaramuThl THnma T1); 3épHa Ne 20 1w,
(06BEMHO-KCceHOMOphHOE) M 241w, 59w, 16w (yniowEHHBIN THN CO CIOMCTOM Mopdonordeit) OpH U3BNEUYEHBl W3 pocchinHoro Matepuana. Mznyuyenne CoKg, Fe-dunstp.
YKka3aHO HanpasJeHHE NEPBUYHOIO PEHTIEHOBCKOrO My4Ka NO OTHOLUEHHIO K MOP(}OIOrHH anMa3os.
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Tab6nauua 2 JleGaerpaMmbl pa3IH4HO pa3ynopsiA0UeHHbIX rpadHTOB H3 PaCNIaBHBIX HMIIAKTHTOB
IMonuraiickoii acTpo6emsl [Bumuesckuii, 1978]

O6pazeu Ne 517 O6pazeu Ne 816 | O6pasew Ne 1548 ['padur no Yraepon (pa3yno-

B. U. MuxeeBy pALOYEHHBIH rpaduT), Mo
[1957] [XRDPF, 1969]

I d/n, Hm I d/n, HM I d/n, Hm I d/n, HM I* d/n, Hm hkil
10 0.335 10 0.334 10 0.336 10 0.335 100 0.337 0002
= — 1 0.247 — — — — — — —
— — — — — — 3 0.224 — — —

1 0.214 1 0.2112 — — 5 0.213 2 0.213 10 10
3 0.2041 2w 0.2021 1 0.2042 5 0.2036 3 02036 10 11
e — — — — — 4 0.1848 — — —
= — 2 0.1804— | — 3 0.1801 1 0.1800 10 12
e — — — — — 2 0.1700 — — —
5 0.1682 3 0.1677 1 0.1670 8 0.1675 8 0.1682 0004

1 0.1551 — — — — 6 0.1541 2 0.1541 10 13
— — — — — — 5 0.1274 — — —
— — — — — — 5 0.1274 — — —
3 0.1234 3 0.1230 1 0.1236 9 0.1230 6 0.1232 11 20
3 0.1158 2 0.1157 1 0.1161 9 0.1154 6 0.1155 11 22
2 0.1128 — — — — 6 0.1117 2 0.1120 0006
— — — — — — 4 0.1093 — — —
— — — — o — 3 0.1014 — — —
3 0.9980 — — 1 0.9960 8 0.9910 — — —
— — — — — — 6 0.9880 — — —

[MTpumeuanue. Hanyuenne CoKg, Fe-dmnbTp; * MHTEHCHBHOCTB no crobanneHOH AudpdpakTo-
METPHUECKOH LLKae; W — pediekc pa3MbIThIH.

OT 3épeH CO CPaBHHUTEJILHO COXPAHMBILEHCS CTPYKTYypoi rpaduTta 10 3¢peH CHJIBHO pasy-
nopsgodeHHoro rpadura (tabs. 2). B cHiIbHO MMMAKTHPOBAHHBIX, OIHAKO HE YTPAaTHBLIMX
CBOEH MHAMBUIYaJILHOCTH OOJIOMKaX THEHCOB, CKOIUIEHHsA rpadura 4acTHYHO (TOHKO-
3€pHUCTBIE arperaThl pa3ynopsao4eHHOro rpadura + KyOuueckuii anmas + JIOHCAEHIUT +
yaout) Wi nosHocteio (ITMA, cocrosime U3 cMecH KyOHueckoro ajaMasa + JIOHCAEHIUT +
YAa0HWT) 3aMelleHbl UMMAKTHBIM aJMa3oM. PeHTreHorpaMMbl HEKOTOPBIX TAKHX CJI0XHbBIX
rpaduT-anMa3HbIX accolHalmii npuBoasATcs B Tab. 3 (obpaseu 486, cM. puc. 8).

[Tapamopo3bl UMNAKTHOrO ajnMasa no rpaduty U3 Kparepa PHc Takke XapakTepu-
3yIOTCA KaK CMecH KyOudeckoro anmasa + JoHcaeHnuT (tabi. 4). AHaJOrMYHBIH COCTaB
uMmeroT U napamoptossl MA no rpadury B METEOPUTHBIX KpaTepax YKpauHCKOro LiuTa
(3ananHbiii, ObonoHckui, MnprHeukuit 1 TepHOBCKHIA KpaTepbl, AaHHble [BansTep U Op.,
1992; Gurov, et al., 1995, 1996; Val’ter and Er’omenko, 1996]) u ITyyex-KaTyHckoit acT-
pobyemsl [Mapakymies u ap., 1993].

Kak cnenyer M3 peHTreHOCTPYKTYPHBIX NaHHbIX, mapamopdo3sl MA mo pomuTesns-
CKOMY rpaduTy B METEOPUTHBIX KpaTepax SBJSIOTCS MOJMKPHCTANIMUECKMMH TOHKO3€ep-
HUCTBIMM arperaTaMmi, C pa3MepamMHd KpHUCTAJUIUTOB OT HECKOJbKHX HAaHOMETPOB 10
~1 MKM.
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Ta6nuua 3. JebaerpaMMbl 4AOHTCOAEPKAIWMHX YACTHUHBIX HJIH MOJIHBIX NapamMop03 HMIAKTHOFO
a/Ma3a 1o yAapHo-MeTamMopdH3oBaHHOMY HcxoaHomy rpaduTty B Ilonnraiickom kpaTepe
(mo C. A. BuwHesckomy, H. A. ITaasunk [1975])

VI nepoaucToe BEIECTBO 3epHo Ne 2061 Yrnepon Ky6uueckuit Yaowur,
13 0GIOMKA APXEHCKHX THEFCOB UMNaKkTHOro | (pasymopsmoueH- |  anMa3s + JIOH- no [El-Goresy
6 No 486 (puc. 8 anMasa u3 Hblii rpadmT), Mo CAEHNHUT, Mo and Donnay,
ofpazen N2 486 (pi. &) poccein | [XRDPF, 1969] | [Frondel and 1968]

3epHa rpaduta | 3epHa anmasa Marvin, 1967]

I d/n, Hm I d/n, um I d/n, um | I* d/n, Hm I d/n, HM J** d/n, Hm
5 0447 | 6 0449 | 2 0448 | — = = = 10 0.447
— = 6 0426 | — = = = - = 10 0.426
2 0.413 8 0407 | 5 0410 | — = - = 8 0.412
— = 1 0377 | 2 0370 | — = = = 4 0.371
10 0337 | — = - == 100 0337 = = — —
= = 2 0320 | — == = = = = 4 0.322
== = 30303 | — = - = — — 6 0.303
= - 1 0293 | — - - = = = 1 0.294
== = 1 0285 | — = - = - - = =
(1 3 0257 | 1 025 | — = = = 6 0.255
4w 0.255 4
L] 3 0249 | — — - - - - 4 0.246
- - 1 0227 | 4 0228 | — - = = 6 0.228
== = == = = = = - = = 4 0.224
] 0218 | 3 0217 | 4 0217 | — = 4 0218 | — —
— - = = = = 2 0.213 = = = =
3 0.2075 | 10 02070 | 10 02073 | — — 10 02061 4 0.210
— — == — = 3 0.2036 - — — —
- = = = = = - = = = 1 0.1980
= = 1 01940 | 2 01940 | — = 2 0.1933 | — -
- = = = = = 1 0.1800 - = — —
= 1 01699 | — — — o = — - =
2 0.1687 | — = = = 8 0.1682 - = = =
- = = = 1 01667 = - = = =
— — — — — — 2 0.1541 — — — —
4w 01514 | 3 01503 | 1  0.1506 | — == 1 0.1500 1 0.1496
= == == = 1 01390 | — == - - 1 0.1370
1 0.1201 | — - — — - — = == 1 0.1289
1 01263 | 6 01257 | 8 01263 | — _ 6 0.1257 1 0.1260
1 0.1238 | — - = 6 0.1232 — - — —
- - == — 2 01197 | — = = = 4 0.1197
= = = = = = = = — — 4 0.1184
— = — = = = = = 1 0.1170 | — =
= — = = = o 6 0.1155 - = — —
= — o = == == 2 0.1120 - = — —
1 0.1077 | 4 01076 | 7 0.1080 | — — 3 0.1075 1 0.1080

[IppyMeyaHue: W — IMUPOKHE IMHUK HA PEHTrEHOrpaMMax; * MHTEHCHBHOCTh MO CTOOANNBHOM
audpakTOMETpUUECKON wkane; ** natubannsHas wkana nHTeHcHBHOcTH, o [El-Goresy and Donnay, 1968],
nepecydTaHa Ha AeCATHOANIbHYIO: OUeHb O4eHb cHNbHas = 10; oueHb cunbHas = 8; cunbHas = 6; cpelHsas = 4
u cnabas = 1.
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B uejloM 3TH mnapamopdosbl Tab6nuua 4. ebaerpamma napamMop¢o3bl HMIAKTHOTO
NpeICTaBJIAIOT coboii  cMech asiMasa mo rpaduTy H3 kKpaTepa Puc (no P. Pocty 1 ap. {1978])

KyOM4ECKOH M reKcaroHaJbHOH
¢a3 anMasza [BansTep W mp., YI01ERHOE 3epHO Ky6uueckuii anmas + JOHCAEHIUT
1992:  BuiIHEeBCKUii 1978: u3 kpaTepa Puc [Frondel and Marvin, 1967]
Bumnesckuit, [Tanpunk, 1975; I d/n, um I d/n, nm
KavMHHCKPIH u ap., 1985; Ma- 3 02170 2 02180
caiituc u np., 1972; IlonkaHoB 10 0.2067 10 0.2061
W ap., 1973; PymsaHues u mp., - — 2 0.1933
1980; u np.]. KyGuueckas ¢asza ! 0.1852 - —
00BIYHO JOMHHHPYET, BIUIOTH ! A T 0 Eoo
0, - - .
no“100 %, B TO BpeMs Kak JIOHC- 8 01262 6 01257
nehnuroBass ¢asza  obpasyeT . — 1 0.1170
npumecs  (0—25 %), penko 6 0.1076 3 0.1076

nocturas 50—80 % [BanbTep
u gp., 1992; Valter and
Er’'omenko, 1996]. B [IMA u3 pa3nuyHbIX KpaTepOB YCTAHOBJIEHBI CJEAYIOLIHE COAepKa-
HUs JIOHCAeiuTa: 3ananHslii kpatep — oT 5—10 1o 40—50 % [Gurov, et al., 1995,1996];
B ITyuex-KaTyHckoit actpobieme — ot 10 mo 70 % [Mapakyiues u ap., 1993]; B ITonuraii-
ckoii actpobyieme — ot 0 no 30 % [Val’ter and Er’omenko, 1996]. A. A. BanbTep ¢ kose-
ramu [1992] Taroke ycraHoBUIH, uTO B [TMA M3 ManbIx KpaTepoB colepkaHue JIOHCIOEHIIH-
Ta Bble (B cpenHeM ~35—40 %), yem B IIMA M3 kpynHbix actpobnem (B cpenHem
<30 %), T. e. NPONOIHKHTEIBHOCTD Y IapPHO-HArPYKEHHOr0 COCTOSIHUA BaXHa 11 COXpaHe-
HUA rekcaroHanbHoi ¢aspl. DTO CBA3aHO C HECTAOMIIBHOCTBIO JIOHCAEHINTOBOM CTPYKTYPBI,
KOTOpast JIErKO OTXHraercs B KyOuueckuit anMa3s [KyparomoB U np., 1984; ITonumopdHsie
Monudukauuu.., 1994].

B HexoTopeix 3épHax [TMA u3 [lonuraiickoro kpartepa, BO3HHKIIMX MO rpadury B
CHJIBHO MMIMAKTUPOBAHHBIX 00JIOMKaX rHeHCOB M UMEIOILMX CJIOXHBIH cocTaB (KyOU4ecKHii
anMa3s + JIOHCHEHJIUT + rpadur) CooepKUTCA MPUMECh 4aoMTa, T. €. IPUPOJHOro kapbuHa
(cM. Tab. 3). JIuHUK ¢ MeXMIIOCKOCTHBIMH paccTosHuaMH 0.412 1 0.370 HM, 0OHapyKeH-
Hble Ha peHTreHorpamMme 3epHa 59u (cM. Tab. 1), Takxke, CKOpee BCEro, CBSI3aHbI C HaOU-
TOM. B HekoTopsIX ciyuasx nonuraiickue MA ¢ npuMmecsro yaouTa oOHapy»eHbl B yIapHO-
pacniaBHBIX MOpoAax M B pocchlmax (cM. Tabin. 3 M maHHble [BuiuHeBckui, Ilanpuuk,
1975]). Apyrue Haxoaku yaouta (TabJ1. 5) U3BECTHBI JIUOO B aCCOLMALMKM C UIMIIAKTUPOBaH-
HbIM rpadutom B [lonuraiickoM kpatepe [BuiiHeBckuii, ITanpumk, 1975] 1 B HEKOTOPBIX
YKpauHCKUX acTpobyeMax [BanbsTep u op., 1985], nubo kak ymcras ¢paza — B pacrjiaBHBIX
UMMaKTHBIX noponax kpatepa Puc [El-Goresy and Donnay, 1968]. Haxonku wyaouTa u3-
BECTHBI U B AKYTHTaX [ ApryHoB, HeonyOJIMKOBaHHbIE JaHHbIE].

CorniacHO peHTTeHOCTPYKTYPHBIM HaHHbIM B. A. E3epckoro [1986, 1987], mapamop-
o361 A 1o yriaM, WM TOrOPUTHL, MOTYT ObITh ABYX THMOB. OJMH U3 HUX NpeICTaBlIeH
3€pHaMH, JlayarpaMMbl KOTOPBIX COAEPXKAT TOJIBKO OJHO y3KOe KOJIbLO pedieKCoB, COOT-
BETCTBYIOIMX MEXIUIOCKOCTHOMY paccTosHHI0 0.206 HM oT noBepxHocTH (111) kyOuue-
ckoro anMa3sa; 3T1 [THA Moryt ObITh HHTEPIPETHPOBAaHb! KaK arperatbl CBEpXTOHKHX IMPO-
M3BOJIHO OPHEHTHPOBAHHBIX KPUCTAJIUTOB. [{pyrie TOrOpUThl XapaKTepH3YITCs MOJHbIM
HabOpOM MEXIIOCKOCTHBIX pedJIeKCOB KyOMUeCKOro ajaMasa Ha JlayarpamMmmax, K KOTOpbIM
MHOrza B BUAe cnaboif nMHUM nobGaBiseTcs raBHbIH pediekc joHcaeinura 0.218 HM,

COOTBETCTBYIOIIMH OTpaxkeHusiM oT noBepxHocT (1010)3Toit dha3el. PeHTreHoCTpyKTYp-

Hble JaHHBIE MO TOrOpUTaM MpUBOIATCA B Tabn. 6. TakuM 0Opa3oM, M3penka JIOHCOEHIIUT
MOeT HabJI0aThCs U B aiMa3ax 3TOro THIIA.

[Tpumeuatue. Uanyuenne CuKy, Ni-dunstp.
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Ta6nuua 5 PeHTreHoMeTpHYecKast XapaKTePHCTHKA Ya0HTa H ero acCOUHALHI ¢ pa3/IHYHO Pa3ynops-
A0YeHHBIM rPadHTOM B HMNAKTHTAX Pa3/IHYHbIX KPaTepoB

Yaour + rpadut u3 | YaouT + rpadut | CunreTHueckui | I'ekcaroHanbHeti

UYaom 13 kpatepa Puc' [Monuraiickoi M3 YKPAHHCKHX yaouT® rpaduT’
acTpobneMsr’ acTpobnem’

I* d/n, um hkil 1 d/n, um 1 d/n, um 1 d/n, um 1 d/n, M
10 0.447 11 20 = = 1 0.460 5 0.447 — —
10 0.426 11 21 5 0.427 3 0.425 4 0.426 = =
8 0.412 10 13 5 0.412 3 0.380 10 0412 = -
4 0.371 10 21 2 0370 | — = 3 0.371 = =
= = g 10 0.336 10 0338 | — - 10 0.336
4 0.322 10 14 - - 2 0.323 10 0322 = ==
6 0.303 20 20 - - 3 0.300 1 0.303 - -
1 0.294 21 30 - = - - 1 0.2905 = =
6 0.255 30 30 2 0.254 3 0.2555 2 0.253 = ==
4 0.246 21 33 2 0.247 2 0.2462 1 0.246 == -
= = - 1 0236 | — — - - - -
6 0.228 20 25 2 0228 | — - 2 0.228 - -
4 0.224 22 40 1 0.224 1 02159 |05 0223 = -
- = - 2 02134 | — - - - 1 0.213
4 0210 30 34 1 02094 | — = 1 0210 e =
- - = 2 0.2042 1 02018 | — - 5 0.2031
1 0.1983 20 26 1 0.1976 | — - = - = =
- - — 3 0.1821 1 0.1815 1 0.1820 1 0.1805
- - = 1 0.1701 | — — - - 2% 0.1700
- - - 5 0.1657 | 3 0.1664 | — - 3 0.1678
= = = 4 0.1546 | 4 0.1541 | — = 2 0.1545
1 0.1496 22 47 1 0.1480 1 0.1513 I 0.1496 | — -
1 0.1370 41 56 5 0.1378 | 4 0.1377 1 0.1370 | 4**  0.1358
- - = 1 0.1334 | — — — - 0.5  0.1321
1 0.1289 60 60 1 0.1291 | — = = - - -
1 0.1260 33 66 1 0.1256 | — — 05 01260 | — -
- = - 8 01233 | — - — = 4 0.1230
4 0.1197 33 67 1 0.1201 1 0.1198 |05 0.1197 | — =
4 0.1184 42 67 1 0.1185 1 0.1184 |05 0.1184 = =
- = = 8 0.1157 | ? ? ? ? 9%*  0.1154
= = - 2 0.1121 ? ? ? ? 6**  0.1117
1 0.1080 1 0.1082 | ? ? ? ? ? ?
- - - 1 0.1016 | 2 ? ? ? 3% 0.1014
= = e 5 0.0994 | 2 ? ? ? 8**  0.0991

Mpumeuanue. [Haumsle no 'A. El-Goresy and G.Donnay [1968]; 2C. A. BuwHeBckomy u
H. A. Tansunk [1975]; *A. A. Banstepy u ap. [1985]; ‘B. B. Co6onesy u ap. [1985]; ’A. B. Kypaiomosy
[1972]; 7?7 — maHHbIe He coobLIAlOTCA.
* TIaTnbanneHas wkana nHTeHcHBHOCTH, 1o [El-Goresy and Donnay, 1968], nepecuntana Ha necaTH6anibHyIO:
Ou€Hb O4eHb cuNbHass = 10; oueHb cunbHas = 8; cunbHas = 6; cpenuss = 4; cnabas = 1; ** 1OMONHUTENBHBIE
nuHuM rpaduTa, no B. K. Muxeesy [1957].

26



Ta6nuua 6. PenTrenoBckas xapakTepHcTHKA ToropuTos (mo B. A. Ezepckomy [1986])

Ky6uueckuiit anma3

AHanuz | AHanmus 2 AHanuz 3 (o B. K. Muxeesy [1957])
d/n, um I d/n, Hm I d/n, M I d/n, Hm hkl
0.206 100 0.205 100 0.206 10 0.206 111
— 12 0.1259 44 0.1259 8 0.126 220
— 5 0.1075 7 0.1072 7 0.1072 311

[Tpumeuanue. Qubpakromerp IPOH-5, HepunbTpoBaHHOE H3nyuyeHHe CuKq. Kaxaslit aHanu3 Bel-
nonHeH A 20-—40 3€peH, pacnpe/eNeHHbIX Ha Molaau ~7 MM,

AHaJIorM4HO 3eMHBIM napaMopdo3am MA no yriepoaucToMy BeLIECTBY HM3KOE CO-
Jep>KaHhe HJIM TMOJIHOE OTCYTCTBHE JIOHCHEHJIMTa YCTaHOBJEHO B HekoTopbix [THMA u3
YPEUIIUTOB, 00pa30BaHHBLIX MO aMOPGHBIM MM €J1a00 OKPUCTAJIM30BaHHBIM (hopMam yr-
Jepoaucroro BewecTBa — A0 10 % B anmasax Goalpara, u 0% B anmazax Dualpur
[Lipschutz, 1964]. HanpoTuB, conepxaHue JoHCAeinuTa B napamopdosax A u3 xenes-
HBIX METEOPUTOB, KOTOPbIE BO3HUKJIM N0 OKPUCTAJIM30BAHHOMY yrjiepony — rpadury —
JIOBOJIHO Bbicokoe, m0 30 % (oueHkn mia mereoputa Canyon Diablo nmo naHHBIM
[Hannemann, et al., 1967]). [1o naHHEIM 3THX k€ aBTOPOB, pa3Mep KPHUCTAJIIMTOB B 3EPHAX
anMasa u3 Mereoputa Canyn Diablo oueHuBaeTcs BeauuuHaMu nopsinka 9—I10 HM [t
KyOuueckoii ¢a3sl, U Mopsiaka 5 HM 11 rekcaroHajbHoi ¢assl.

B paitone TyHrycckoro B3peiBa WA HaiimeHel B “katacTpodHOM” clioe MXOB B
1908 r. [KBacHuua u np., 1979]. UeTblpe MHIMBUAYANBHbIX 3€pPHA ajMa30B, KOTOpPbIE 3/1€Ch
0OHapy»XeHbl, SBJIAIOTCS MOJUKPHCTAJUIMYECKUMHU TOHKO3EPHUCTBIMU (pa3Mepbl KpucTall-
autoB oT 0.1 mo 1 MKM) arperatamy, COCTOSIUMMH M3 KyOuueckoil asbl anmasa ¢ Mpu-
MeCbI0 JIOHCIeHuTa, rpadura U Tporsmra. I1o CBOMM OCOOEHHOCTAM 3TH ajMasbl TaKXke
ABJIAIOTCS napamMopdo3aMu IO YriepoIUCTOMY BELIECTBY, KOTOpOe ObLIO, MO-BUIMMOMY,
OKpHCTAJJIM30BAHO. PEHTreHOCTpYKTYpHbIE NaHHble MO TyHrycckuM IIMA mnpuseneHsl B
Tabu. 7.

Bce napamopdossl UA, obpa3zoBaHHbIE MO UCXOOHOMY rpadHTy, MpOSBISAIOT pas-
JUYHYIO CTeNeHb TEKCTYpPHPOBAaHHOCTH, BIUIOTh IO COCTOSAHUA “MOHOKpHcTanma” [BanbTep
U ap., 1992; Buwmnesckuii, 1978; Kamunckuit u ap., 1985; Macaiituc u ap., 1972; Poct u
ap., 1978; u np.]. IIpuMeps! pa3sau4yHO BbIpa)K€HHOH TEKCTYPHPOBAHHOCTH MOMUraiCKUX
IMTHUA noka3zaHbsl Ha puc. 19. [IpocTpaHCTBEHHbIE CTPYKTYpPHbIE B3aUMOOTHOILEHHUS MEXIY
KyOHUeckUM ajiMa3oM M JioHcaeinuToMm u3ydanuch M. . Coxop u C. U. ®yreprenasep
[1974], a B3aUMOOTHOIUEHHS MEXAy aJMa3HbIMU (azaMH M HCXOOHBIM rpaduToM —
JI. . Toporouxkoii u ap. [1989] u A. A. BansTepom u np. [1992]. ABTOpBI MOCIETHUX ABYX
paboT YCTaHOBHIIM, YTO HOBBIE BbICOKOOapuueckue (a3bl yriepoaa 3aKOHOMEPHO U ynops-
JO4YEHHO OPUEHTHUPOBAHBI 110 OTHOLIEHHIO K CTPYKTYpe HCXOQHOro rpadura, Hanpumep:

(1010) noucmeitnura || k (111) ky6uueckoro anmaza u k (0001) MCXOmHOro
rpadura;

[1120] nowucneiinura | k [110] kyGuueckoro ammasa u k [1210] MCXomHOro
rpadura;

[1010] noucmeitnuta | k [111] kybuueckoro anmaza u k [0001] ucxomHOro
rpaduTa.
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Tabnuua 7.PeHTreHorpaMmMbl TYHryCCKHX HMNAKTHBIX aiMa3oB (no B. H. Ksacuuue u ap. [1979])

3epuo 1 3epHo 2 3epHo 3 3epHo 4 ['padur* Anmaz* Jloncaeitnut* Tpounut*

I d/n, HM I d/n, M I d/n, um 1 d/n, M I d/n, Hm 1 d/n, M 1 d/n, M I d/n, Hm

4 0414 2 0415 2 0.420 3 0.412 — = = =

2 0.369 4 0.372 2 0.374 3 0.374 — — — 3 0.382

7 0.332 9 0.330 4 0.336 7 0.335 100 0.336 — e o=

1 0.296 1 0.295 1 0.302 1 0.300 — — — 6 0.2968

3 0.269 5 0.265 2 0.268 2 0.265 — — — 7 02644

1 0.239 1 0242 1 0.243 1 0.252 — — — 1 0.2531

6 0.230 6 0.230 3 0.230 3 0.231 — — e —

8 0217 6 0218 4 0.219 3 0219 10 0.213 — 100 0.219 —

10 02067 10 02072 10 0.2087 10 0.2080 50 0203 100 0.206 100 0.206 10 0.2085

2 0.1930 2 0.1940 2 0.1953 1 0.1926 — — 50 0.1920 4 0.1921

2 0.1798 1 0.1834 2 0.1814 2 0.1824 S 0.1800 — e o=

2 0.1732 2 0.1724 1 0.1738 2 0.1730 — — — 2 0.1755
— — — — — — — 9 0.1720

4 0.1646 6 0.1652 3 0.1654 3 0.1647 80 0.1678 — — S 0.1637

1 0.1511 1 0.1518 3 0.1500 2 0.1520 10 0.1544 — 25 0.1500 —

1 0.1474 1 0.1460 — 3 0.1470 — — — S 0.1472

2 0.1400 3 0.1394 3 0.1414 3 0.1394 — — — 3 0.1448

1 0.1335 1 0.1347 — 2 0.1359 — — — 8 0.1328

8 0.1257 8 0.1256 6 0.1256 S 0.1257 30 0.1232 25 0.1261 75 0.1260 6 0.1319

2 0.1189 3 0.1186 1 0.1189 2 0.1193 — — — 4 0.1182
e 1 0.1163 1 0.1164 1 0.1162 50 0.1158 . 50 0.1170 —
— 1 0.1135 - 1 0.1146 20 0.1120 — — e

S 0.1070 S 0.1075 3 0.1076 5 0.1075 16 0.1075 16 0.1075 25 0.1075 —
— 3 0.1000 1 0.990 2 0.998 — — —

40 0.994

[pumeuanune. [ebaerpammel, HedunbTposauHoe uanyuenne CuKe. * Otanoms! cpasnenus, no [XRDPF, 1973].



Puc. 19. PaznuyHast cTeneHb TEKCTYPHPOBAHHOCTH MOMMracKMX napamMop(o3 MMIAKTHOrO ajiMmasa
(mayarpammbl, MoKy): a) ymepeHHO BblpakeHHast (06BEMHO-KCEHOMOP(HOE 3EpHO); §) XOpOIIO
Habmonaemas (CJIOHCTOE 3EpHO, CI0XKEHHOE CepHel pa3BEPHYTHIX OTHOCHTENLHO APYT Apyra napai-
JIeJIbHBIX TUIACTHH; MEPBUYHBIA PEHTIEHOBCKHHM My4oK ObIT L K 3THM MJIAaCTHHAM); ) MPEBOCXOIHO
BbIp@XKEHHAs, KaK JUIi MOHOKpHCTaIa (MJIOCKOE XOpOLIO OrpaHEHHOE rekcaroHajlbHOE 3€pHO; Mep-
BHUYHBIH pEHTT€HOBCKHMH Myyok Ob1 L K yrnomenuto). [To C. A. Buwneckomy [1978).

BnusiHME TEKCTYpHMPOBAHHOCTH NpPOSABJAETCA Naxe Ha nebaerpammax, Koraa B 3aBH-
CHUMOCTH OT pa3JIM4HON OPUEHTUPOBKH NEPBUUYHOIO PEHTTEHOBCKOr0 MyyKa N0 OTHOLIEHHUIO
K MOpGOJIOrUy anMasa OHO M TO JKe 3€pPHO UMEET pa3jiMyaloliecs peHTreHOrpaMMsl (CM.,
HanpuMep, DaHHble 11 3epHa Ne 161 B Tabn. 1).

B cnyuae napamopdo3 UA no aMophHOMY MM 1JI0XO OKPHUCTAJUIM30BAaHHOMY Yriie-
POAMCTOMY BELIECTBY TEKCTYPHUPOBAHHOCTb BbIpaXkeHa cyabo UM e€ BoBce HeT. [Tpumepsl
TAaKOro pojJa M3BECTHBI Ui TOroputoB [Ezepckuii, 1982] u nng anMaszoB M3 HEKOTOPbIX
ypeunutoB (MeTeopuT Dualpur, o [Lipschutz, 1964]). Hanpotus, B ITHA u3 npyrux ypeu-
nutoB (Meteoput Goalpara, o [Lipschutz, 1964]) u u3 xkene3HbIX METEOPHTOB, '€ POIH-
TEJIbCKOE YrJIepOJMCTOE BEILIECTBO OKPHUCTAIIN30BAJIOCh O COCTOAHMS rpaduTa, oTMeva-
eTCsl BbIpakeHHas TEKCTYpHUpPOBaHHOCTb. Pasznuuue B CTENEHH TEKCTYPHUPOBAHHOCTH I
ajMa3oB M3 YPEWJIMTOB COMPOBOXIAETCA M pa3jM4HbIM pa3MepoM KpPHCTAJUIMTOB B 3THX
anMasax: nopsaka 10 HM s anMasoB Goalpara, U > 30 HM g Dualpur (o naHHEIM
[Lipschutz, 1964)).

Mukpoanma3ssl U3 kpatepa Puc [Hough, et al.,, 1995a,b] npencraBneHs! ckeneTHBIMH
arperaTaMu, KOTOpbIE COCTOAT M3 CpacTaHHil KyOuuyeckoro anmasa (KpUCTaJIMThl BEJIMYHU-
HOH OT HECKOJIbKMX JECSTKOB HAHOMETPOB 10 2 MKM) H Pa3JIMUHBIX 110 pa3MepaM KpHCTall-
mutoB SiC, mpencraBieHHbIX, BeposaTHO, 4H oSiC-TunoM (Mo naHHbIM MPOCBEYMBAIOLIEH
3JIEKTPOHHON MHKPOCKONHUK). JIOHCOEHIUT B 3TUX 3€pHaX He obHapyxeH. “KosnounnHbie”
anMasbl M3 MOrpaHUYHOro MeJ-najeoreHoBoro ropusonta CesepHoit AMepuku [Carlisle
and Braman, 1991] mo pe3ynpraTaM pPEHTT€HOBCKMX M 3JIEKTPOHHO-MHKPOCKOMHUYECKUX
HCCIIeIOBAHMI TaKXKe XapaKTepU3yIOTCs UCKIIIOUHTENbHO KyOHueckuM (a3oBbIM COCTABOM;
M0 JaHHBIM MPOCBEYMBAIOLLEH 3JIEKTPOHHOH MHUKPOCKOMHM 3TH alMasbl UMEIOT BEJHYHHY
nopsiaka 3—S5 HM M MPEeUMYIUECTBEHHO OKTaj3apHyeckyro ¢opMy. [{nsi cpaBHEHHS MOXHO
OTMETHUTb, YTO “KOJUIOMIHbIE” aJMa3bl U3 METEOPUTOB TAKXKE COCTOAT U3 KyOHUecKoii da3bl
[Lewis, et al, 1987b]; 371€KTpOHHO-MUKPOCKOMMYECKUMH HCCJIE0BAaHHSMH YCTAHOBJIEHO,
4yTO0 opMa ITUX ajMa30B HeNpaBUibHAsA, O€3 ClIeIOoB AMUTAKCHH, HO AJId ajiMa3oB M3 Me-
teoputa Orgueil, cornacuo [Buseck and Barry, 1988], Oblin 06Hapy>xeHbl TBOWHHKOBBIE
cpoctku o (111).
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JAPYI'HE OCOBEHHOCTHU UMITAKTHBIX AJIMA30B

HekoTopele 0CO6EHHOCTH TUNOJIOMMHK 3eMHbIX [TMA 1o MCXOZHOMY yriaepoauCTOMY
BEILECTBY PacCMaTpUBAIOTCA HWXKE M MpHUBOIATCA B Tabsa. 8. Kak MOXHO BHAETb, MEXIY
[THA, ob6pa3oBaHHBIMH MO rpaduTy U YriAM, HaOMOOAIOTCA CYLIECTBEHHbIE OTJHYHUA B
MJIOTHOCTH, CMEKTpax (OTOIOMHHECLEHLMH, TPUMECH MapaMarHUTHOrO as3oTa, B Hayaje
BO3rOpaHMs U U30TOIHOM coCTaBe yrjepona. Kak nmokas3aHo BbllI€, TAKHE OTJIMYUA COMpPO-
BOXIAKOTCA TaKKe pasHbIME 11 06eux rpynm [THA ocobeHHOCTAMH MOp(OJIOrHH, CTPYK-
Typbl ¥ a3oBoro coctaBa napamopo3s. Pazinuus Mexay o6eMMH rpynnami ajmasoB Mo
M30TOIMHOMY COCTaBY yrjepoja U MpUMeCH a3oTa noka3aHsl Ha puc. 20.

B uwenoM H30TOMHBI cocTaB yriepona 3eMHbIX mapamopdo3 MA “nérkuit”, c
8"Cppg, BapbupytowuM oT —9 10 —24,57 %o [Buiunesckuit u ap., 1974; Tanumos, 1984;
HsanoBckas, 1982; Kamunckuit u np., 1977; Kontune u nmp., 1994; u mp.]. U3oTonHsle
cocTaBbl aiMa3oB [Tonuraiickoro kpatepa U AKyTHTOB ITOKa3bIBaOT, YTO OHM MMEJIH OOLINH
C UCXOIHBIM rpauTOM UCTOUHMK yriepona (cM. puc. 20a). To xe caMoe crpaBelJMBO U
s apyrux napamopgos 3emMHoro MA no rpadury [Banstep u np., 1992; I'puuuk u np.,
1989; Kamunckuii v 1p., 1977; Macaiituc u xp., 1990; 1 1p.]; TOrOpUTHI TakxKe HACIEAYIOT
M30TOMHBIA COCTaB yriepoaa UCXOJHOro yrjuMcToro BellecTBa. TakuM o6pa3oM, B mpoliec-
ce oOpa3oBaHHA 3eMHbIX mMapamopdo3 MA cyliecTBeHHOro H30TOMHOro (hpakUHOHHPOBa-
HHUA yrjeposa He MPOoUCXO0IHII0.

Ta6nuua 8 THnoJIOrHA 3eMHBLIX HMIAKTHLIX aJIMa30B

[Tapamopdo3el HMMAKT-
HBIX a/IMa30B

[Tapamopo3bl MMMAKTHBIX aMa30B MO rpauTy ,
[Tonuraiickuit kpaTep

OcobeHHoCcTH

B 11OpoJax Kpatepa

B JalbHUX 3aKPaTEPHBIX
BbIOpOCAX (AKYTHTHI)

no yrnsM (TOrOpPHTEI),
Kapckuit kpatep

TnotHocTs, r/em’

DOTONOMUHECUEHLUS:
— HHTEHCHBHOCTh

— UBET

— MOJIOCKI MOTJIOLLIE-
HUS, HM

[Tpumech napaMarHMTHO-
ro a3oTa
(C-uentpos/cm’)

Hauano Bo3ropanus, T °C

301bHOCTH, BEC.%

8"Crps, %o

1o 3.51

cnabas WM HET

KEJITO-OpaHXKEB I

600, 693, 718, 777

<1015

580—760

?

or-12.30 no -18.67

3.44—3.55

cnabast UM HET

KUPNUYHO-KPACHBIH,
3€JICHOBATO->KEThI i

600, 693, 718, 777

2.15
oT-9.9 no -20.1

2.5—3.1, uspenka 1o
33

cnabas UMK HET

KHPNHYHO-KPACHO-
OpaHXKEBbIH

640, 660, 680*

n-10°—10%

520— 650

or0 mo 2—3

oT —22.57 no -24.57

[Tpumeuanue. Tabnuua coctasneHa no naHHsIM B. K. Kontuns [1994]; cm. Tawke [Vishnevsky, et
al.,, 1995]. * Nauusie B. JI. Macaiituca u ap. [1990].
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KonnownagHble
a
1 anMasbl =] 2

Toroputbl [:‘

I AkyTUTbI I

Nonuranckune anmaibl

| Monuranckne rpaduThi I

0 210 .20 .50
513 C,pps, %o

l ToropuTel I

AKyTUTHI

-

Monwuranckmne anmMassl

1073 1015 1017 1019 1021

C-u.empoa/cr\/l3

Puc. 20. CpaBHenne napamop(o3 uMmnakTHoro anmasa mo rpagury (Ilonuraickuit xpatep) u no
yrnam (Kapckuit kpaTep): @ — 1o H30TONMHOMY COCTaBy Yriepoaa; 6 — 110 MPUMECH MapaMarHUTHO-
ro asora.

Ha puc. 20a npusenens! Taioke “3emHoit” (1), mo [Gilmour, et al., 1992] u “mex3Bé3aHsbit” (2), no
[Carlisle, 1992], u3oTomHblE COCTaBbI yriepola “KOJUIOMAHBIX” ajMa30B M3 IOPaHHYHOrO Mel-
najeoreHoBoro cyioss CeBepHOH AMEPHKH.

Hannble no napamopdozaM MA B MeTeopurtax 6ojiee cKyaHbL B cpaBHeHHHM C 3eM-
HeiIMH [IMA, M30TONHBI coCTaB yrjiepona B aiMa3ax meteoputa Canyon Diablo Oosee
“TSOHKENBIN” (SBCPDB = —5.8 %o, enuHU4HOE onpeneneHue [BaoseikuH, 1971]) u 630K K
TaKOBOMY 171 MCXOAHOro rpadura B 3ToM Meteopute (8"Cppp Bapeupyer ot —5.0 10
—8.2 %o [BnoBbikuH, 1971]). Tako# ke U30TOMNHBIHA COCTaB (513CPDB = —5.7 %o, [BOOBBIKHH,
1967]) 6b1n onpenenén ang napamopdo3 MA B ypenwnurax M 0JM30K K COCTaBY Kak MHAH-

BUIYaJIbHbIX 3EPEH POAUTENILCKOrO yriepoaa (8"Cppg = —6.3 %o [BroBbikuH, 1967]), Tak 1
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K BaJIOBOMY COCTaBy (6'3CPDB ot -1 mo —10 %o, no manHeM [Grady, et al., 1985]) aroro
yrjiepona B Ha3BaHHbIX MeTeopuTax. Kak u 171s 3eMHBIX apamop(o3, B METEOPUTAX TaKkKe
He ObI10 M30TOMHOro (pakLMOHMPOBAHUSA Yriiepoa Bo BpeMs yaapHoro obpazoBanus HA.
Hukakux cernapalMOHHBIX 3¢ deKkToB He HabmogaeTcs ¥ NpH yIapHOM CHHTE3e ajiMasa Io
yriepony [MBaHoBckas u np., 1981]. Conepxanus 61aropoIHbIX ra3oB B HEMMMIAKTHpPO-
BaHHOM aMOp(HOM YTJIEPOIHCTOM BELIECTBE YPEUIHTOB B HECKOJIBKO IECATKOB pa3 BBILLE,
4yeM B COCYILUECTBYIOIEM rpadure M3 TeX ke caMblXx MeTeopuToB [Wacker, 1986]. Otor
(bakT DOBOJBLHO BaXkeH IJIA OHUMaHMA reHesuca kak napamopdos MA (pa3Hble HCTOYHHKH
yriepoaa) B TAKUX YPeUJIUTaX, TaK IJ1s paciiipoBKH paHHEH HCTOPHH CAMUX 3TUX METEO-
PUTOB.

“KosonzaHble” anmasbl, 00HapyKEHHbIE B METEOPHTAX, UMEIOT aHOMaJbHO “NErKHit”
M30TOIHBIH COCTaB yriepoaa (S'SCPDB cHkeHo 10 —30 ... 40 %o [Ash, et al., 1988; Lewis,
et al,, 1987a]), a Taxxe npuMecu N, H, He u npyrux 6naroponHsix razos. IIpuMeck azota B
3TUX ajMa3ax XapaKTepu3yeTcs HCKIIOYUTENBHO HEraTHBHBIM M30TOIMHBIM COCTABOM, C
8N = —345+16 %o (no maunemM [Gilmour, et al., 1992]) u maxe ¢ 8"°N or =574 mo
—1000 %o (mo manHeIM [Lewis, et al., 1989]); npumecs Bomopona Takxke obnamaeT aHo-
MaJIbHBIM M30TOMHBIM cocTaBoM, ¢ 8D =180 £ 11 %o [Lewis, et al., 1989].

H30TOMHbI cOCTaB yrjiepoaa “KOJUIOUIHBIX” U CyOMUKpPOHHBIX ajMa3oB M3 3€MHBIX
nposABJeHUH (MorpaHU4Hble CJIOW Mena-najeoreHa B CeBepHON AMepHKe, CBA3aHHbIE C
YnkckyTyOCKHM HMIAKTHBIM COOBITHEM) XapaKTepH3yeTcs HeCOrjlacOBAHHOCTBIO NaHHBIX
[Carlisle and Braman, 1991; Gilmour, et al., 1992; Hough, et al.,, 1995c], yto noka3aHo Ha
puc. 20a: “Mex3BE3IHbIe” cocTaBbl yriepona ¢ 8°Cppg = —48 %o [Carlisle and Braman,
1991; Carlisle, 1992] npoTuB “3eMHBIX”, C 6'3CPDB ot —11 10 —19 %o [Gilmour, et al., 1992;
Hough, et al, 1995c]. Opnako, kak coobuwaer f.['mamop c¢ komneramu [Gilmour,
et al.,1992], noMUMO “3eMHBIX” COCTABOB yrJiepoa IJis 3TUX aJMa30B XapaKTepHa Takxke U
“3eMHas” mpuMech asoTa (8'"°N Bapsipyet oT —17 10 +8 %o). CyOMHKPOHHBIE 1 MUKPOCKO-
nuyeckue aaMassl B cpacTaHuax ¢ SiC W3 MMNIAKTUTOB kpaTepa PHUC MMEIOT M30TOMHBbII
cocras yrnepona 8" Cppg =—16 u —22 %o [Hough, et al., 1995a,b].

HHbpakpacHble CEKTpPbl MOrJOLEHHs 3eMHbIX napamopdo3 MA no rpadury noka-
3bIBAOT OOBIYHBIN CMEKTP “aIMa3HOl CUCTEMBI” U IEMOHCTPUPYIOT ONpeAeIEHHYIO UYBCT-
BUTEJILHOCTh METOZA K COIEpKaHHIO JIOHCAEeHIUTa B 00JacTH NoJjioc norjoueHus 1219—
1230, 1080 1 1030 em™! [BanbTep u ap., 1992; Kamuuckuii u op., 1985].

®otomomuHecueHuusa 3eMHbIX [TMA u3ydanace pasHeiMM aBTOpamu [Bokuit u np.,
1986; Banbtep u np., 1992; 'neBywues u ap., 1973; Macaiituc u np., 1990; u ap.]. Cornac-
HO YTBEPXIEHHIO 3THX aBTOPOB, CeKTpbl napamopdo3 A no rpadury (crnekTpaibHbIH
uHTepBas 650—780 HM) oTyMyarOTCs OT criekTpoB [THA mo yrisaMm (cnekTpajbHbIH HHTEp-
Baj 640—680 uM). [To naHHeIM A. A. Banbrepa ¢ konneramu [Banstep u ap., 1992), nns
3eMHbIX napamopdo3 MA mo rpaduty HabiromaeTcs TpU THIA CIEKTPOB, YTO 3aBHCHUT
rJIaBHBIM 00pa3oM OT OKpacKkH ajMa3oB: THIT 1| — Haubosiee pacrnpocTpaHEHHbIN (KENThIE
aJiMa3bl) — XapaKTepH3yeTCsl CUCTEMOH TMOJIOC B CEKTpanbHOM HHTepBase 590—775 HM;
THI 2 — IWKPOKO pacrpocTpaHEHHbIH (cepble W MHOra OJeIHOOKpAILEHHbIE aMa3bl) —
CHCTEMOIf I0JIOC B criekTpajibHOM HHTepBasie 600—750 uM; Tun 3 — penkuii (G6ecLiBeTHbIE
1 GeJible aiMa3bl) — XapakTepU3yeTcst HHOM, YeM B MpeAbIAYILEM Cllyyae, CUCTEMOI 10J10C
B 3TOM € crekTpaibHoM HHTepBasie 600—750 uM. Kak ykassiBaeTcss A. A. BanbtepoM ¢
koJteramut [Banbtep M np., 1992], nonyyeHHble NaHHblE MOTYT OBITH UYBCTBHTEJBHBIM
MHCTPYMEHTOM JJI IHAarHOCTHKHM JIOHCAEHINTA M KayeCTBEHHOH OLIEHKH €ro COAepKaHHMs.
I'. b. Bokuit [Bokuii u op., 1986] u A. A. Banstep [Banbtep U ap., 1992] Taxxke nokasai,
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4TO CMEKTPbl GOTONOMUHECLIEHUMH MO3BOJISIIOT M3y4aTh pPa3jMUHble JUCIOKALMH B CTPYK-
Type TTHA. ®oTomomuHecueHuus napamopdo3 A uz Meteopura HoBblif Ypeit 10BosIbHO
6JM3Ka 1o cBoeMy pUCYHKY (cmekTpaibHble moJiockl 640, 660 1 680 HM) K anoyroibHbIM
napamopco3am ajiMaza — Toropuram [Macaiituc u ap., 1990].

VnbTpacduoneroBas JIOMHHECLUEHLIMS B LIEJIOM MPUCYIIa 3eMHbIM MapaMopdosam A
M MPOSBIIAET 3aBUCMMOCTH OT UX (ha3oBOro cocrasa (comepaHue JOHCAEHINTA) U OKPaCKH
3épen. [To A. A. Banbtepy u np. [1992], aTa moMuHecUeHLUs, B cIyyae e€ BO30y K IeHHs
JUTMHHOBOJIHOBOM 4acTblO YJIbTPaduOIeTOBOr0 CreKTpa, MpeAcTaBjeHa XENTO-OpaHxke-
BbIMHU LiBeTaMu. [Ipu 3TOM 11 moctatouHo HUu3koro (o1 0 no 10 %) kosuuecTBa JIOHCHEH-
JUTAa MHTEHCHBHOCTb CBEYEHMs HapacTaeT MpsAMO IPOMNOPLUOHAIBHO €ro CoJepXKaHHIo.
OnHako NnpH KoJuuecTBe JoHcaeHaura > 10 % nroMuHecUeHUMs ociabeBaeT U npornanaer
COBCEM MpH copepkaHuax 3Toi ¢asnsl > 30 %.

TepMosroMUHECLEHLMS 3eMHBIX apaMopdo3 MA He mposiBUIach HU MPHU OJHOKpAT-
HOM Tpolleype HarpeBa, HU NMPU MHOTOKPATHBIX MOMbITKaX €€ Bo30YXKIEHHUs MyTEM Harpe-
BaHUS B COYETAHHU C PEHTTEHOBCKHM 00J1yueHueM (naHHble A. A. BanbTepa u ap. [1992]).

KartononoMuHecleHIMs 3eMHbIX napamopdo3 MA 6;1u3ka no cBoMM 0COOEHHOCTAM
yAbTpadrOJIeTOBOM JTIOMHHECLIEHLIMH, HO XapakTepu3yeTcs 6ojiee BbICOKOW MHTEHCHBHO-
cTbio [BanbTep u np., 1992].

PeHTreHoBckast JIOMHHECLEHUMs 3eMHbIX mnapamopdo3s HMA (mannele K. II. Ap-
I'YHOBa, NpHBeJeHHbIe B paboTe A. A. Banstepa u np. [1992]) noBosnbHo cinaba no coeit
WHTEHCUBHOCTH B CPaBHEHHH C TOH, KOTOpas MpUcyLla AJIs KUMOepJIMTOBbIX alMa3oB (1—
14 otHocuTenbHbIX equHUL 18 [TMA npotuB 6osee yueM 300 OTHOCUTENbHBIX €JUHULL IJIS
KUMOepIMTOBBIX anMma3oB), n1bo He Habmonmaercst Bosce. 1o aTuM ocobeHHocTaMm [THA
OJIM3KKM K OPYr¥M TOHKO3EPHHUCTHIM MOJHUKPUCTAUIMYECKMM ajiMa3aM pa3jMyHOro Mpouc-
XoxIeHus. Hanbospiuas MHTEHCHBHOCTb PEHTTEHOBCKOW (oTomoMHHecueHuun (mo 14
OTHOCHUTEJIbHBIX €IMHHUL) Habmonanach A x&EnTeix [IMA, B To BpeMs kak B UEPHBIX pas-
HOCTSX 3THX aJIMa30B OHa CHHXXaJlach 1O OJHOH OTHOCUTENIbHOH € IMHHLIBL

Kak cuntanu M. A. ['HeBy1weB ¢ kosneramu [1973], oTCyTCTBHE CTPYKTYpHOH MpH-
MecH a30Ta ABJIfeTcsa TUoMopdHOl ocobeHHocTho napaMopdo3 HA. Onxako, o nociaen-
HUM IOaHHbIM [BasbTep U ap., 1992; Macaittuc u ap., 1990], B HekoTopbix ITMA comepxut-
cd MpUMech a3oTa. J[aHHbIE 3JIEKTPOHHOrO MapaMarHWTHOro pe3oHaHca [BanbTep u mp.,
1992; Kontuab, 1994; Macaiituc u ap., 1990] yka3blBaloT Ha 3HaUHUTEJIbHbIE CTPYKTYpHbIE
nedextsl B 3eMHbIx [THA (oT 10"%cm’® 1o 102°/cm3); B 3THX ajMa3ax Takxe oOHapykeHa
npuMech MapamarHuTHOro asota (ot < 10" no 10°° C-uentpos/cM’). B nocnensem oTHO-
weHun napamopdossl MA no rpadury M yrisM CyLIECTBEHHO pas3jIMyHbl MexXay co0oii
(cM. puc. 206). ITo naHHBIM 3JIEKTPOHHOTO MapaMarHUTHOrO pe3oHaHca [BnossikuH, 1967],
B napamopdosax A no yriaepoauctoMy BellecTBy B MeTeopuTe HoBbi Vpeit Hapsamy c
00IIMM BBICOKMM YPOBHEM CTPYKTYPHBIX Ie(eKTOB yCTAaHABJIMBAETCS TAKXKe NMPHUMECH Ma-
paMarHuTHOro azora (C-LeHTpbl).

PamaHOBCKas CreKTpOCKONUsA, KaK 3TO ObLIO BHepBble MMOKA3aHO M1 UMIAKTHBIX all-
Mma3oB H. B. PeweTHsk u B. A. Ezepckum [1990], BecbMa mnosie3Ha i UX OTJIMYUS OT KUM-
OepJIMTOBBIX U CUHTETHUECKUX aJIMa30B; KpOMe TOro, Mexx1y napamopdoszamu MA pasznuu-
HOTO MPOMCXOXAEHUS TAKXKe BBIABIAOTCS OTAMYMA (puc. 21). [To MHEHMIO 3THX aBTOpPOB,
METOJ UYBCTBUTEJEH K MPUMECH JIOHCAEHINTA, YTO MPOABJIAETCSA B YLUMPEHHH Y 115 IJIaB-
HOH anMa3Hoi PaMaHoBcko# TIMHKUK. OQHako corjacHo uccienoBanusam E. H. ®énoposoit ¢
koJieramu [Fedorova, et al.,, 1996], npuBoauTCst HHas MHTEPIIpPETALMs TAKOro YIIMPEeHHUs, a
UMEHHO: aCUMMETPHUYHOE YIIUpEeHHE I aJIMa3HbIX napamMopdos, kak no rpaduram, Tak 1
M0 YrJIAM, €CThb pe3yJbTaT HaJlOXKEHHUS HECKOJIbKMX JIMHMH, BO3HHMKAIOIIMX B pe3yjbTaTe
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Puc. 21. PaMaHOBCKME CHEKTPBI MPUPOAHBIX (KUMOEPIMTOBBIX M MMIAKTHBIX) M CHHTETHMYECKHX
anMasoB: a — rJjaBHas PaMaHOBCKas NUHUS KUMOEpIMTOBBIX (/) M UMINAKTHBHIX (2) anmasos; aJid
HMMIIaKTHBIX MapaMop(o3 HabmoaaeTcs yHUHpeHHe 3TOH JMHHUM Y, KOTOPOE MPSIMO MPOMOPLHUOHAILHO
COJIEPKAHHIO JIOHCAEHINTA, YCTAaHOBJIEHHOMY 110 PEHTI€HOCTPYKTYPHBIM NaHHBIM; 6 — V—Y rpaux
JUIS TIPUPOJHBIX U CUHTETUYECKHX aaMa30B (/ — HMITaKTHbIe aaMa3sl MeTeopuTa HoBellt Ypeit; 2 —
TOTOPHUTHI, TapaMop()O3bl UMIIAKTHOrO aiMasa 1o yriam, Kapckuit kpatep; 3 — mapaMop(o3sl UM-
MaKTHOro anMasa 1o rpaury, [lonuraiickuit kpatep; 4 — KMUMOEpIUTOBLIE aAMa3bl; 5 — CHHTETH-
yeckue anmasbl). [To H. b. Pemmetnsk u B. A. Esepckomy [1990].

pacLuenIeHHs rJaBHOM aJIMasHO JTMHAK Ha Tpu Apyrux: 1323, 1329,5 u 1336 cM ' y Toro-
putos 1 1326, 1331 1 1336 cM™' y nonuraiickux anorpaguToBeX mapamophos. [Ipu 3ToM
paclienieHHe ¢ TuHHeil 1336 cM™', BEpOATHO, CBA3aHO CO BHYTPEHHUMH HaNpKEHUAMH B
cTpyktype UA, B TO BpeMs Kak HU3KOYaCTOTHOE paclLIErIEeHHe MOXET ObITh CBA3aHO JIHOO
C IPUMECHIO JIOHCIEHMNTa, NGO C BIUSHUEM CBEPXTOHKMX Pa3MEpOB alMa3HBIX KpHCTall-
JIUTOB.

KpoMme pasziuyHbIX MHHepajioB yrijiepoza B mnapamopdosax WA u3BecTHbI Ipyrue
MMHepaJjbHble BKJIIOUEHU: KBapll M CUJIMKaTHbE MUHepabl (nonurakickue [THA); kamacut
(TTMA u3 meteopura Canyon Diablo); kBapu, nuput, aneMenTapHele Cu 1 Ni (TOropursl);
TPOUJIUT (aMasbl U3 paiioHa TyHrycckoro B3pblBa); KaMacuT, TPOMIUT U XpoMHT (TTHA u3
ypeunutoB). Kpome Toro, 3neMeHTapHbIMH NPHUMECAMH B 3€MHBIX MMIAKTHBIX ajMa3ax
sastorest Si (mo 1 Bec.%), Ca (mo 0.8 Bec.%), u Fe (no 0.6 Bec.%). Mukpomnpumecu Mg,
Al, Zr W gpyrux KOMIIOHEHTOB Takxe OTMeueHbl B mnapamopdoszax WA (maHHbIE
A. A. Banbtepau np. [1992]).

NMPOUCXOXKAEHHUE UMITAKTHbBIX AJIMA30B

B cOOTBETCTBHM C M3BECTHBIMM JaHHBIMU BCE MMIIAKTHBIE aJIMa3bl MOXKHO pa3leinTh
Ha JBe NMPUHLMNHAJIBLHO pa3Hble rpynmnsl: 1) napamopdo3st MA no ponurenbckoMy yriepo-
JUCTOMY BELIECTBY, BO3HMKLIME B pe3yJibTaTe BO3AEHCTBUA ynapHOW BosHbL, MiM [THA;
2) HenaBHO OOHapy»KEHHbIE “KOJUIOMOHbIE” U CYOMHKPOHHBIE MMIAKTHBIE ajMasbl, MJIH
KCHA, uMerolie HHoe NPOMCXO0XK IEHHE.
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Hctopuuecku nepsblie [TMA (MX MMNAaKTHOE MPOMUCXOXKIEHHE OBIIO YCTaHOBJIEHO
no3xe) ObUIK HaiineHsl B yrauctoM xoHapure Hosolit Vpeit [Epodees, JlaunHos, 1888] u
xene3Hom MeTeopute Canyon Diablo [Foote, 1891]. ITpoucxoxaeHne 3TUX ajMa30B HOJITO
IOUCKYTHpOBAJoCh, MOKa HE OBbIIM MpPOM3BENEHBbI NETAJbHBIE HCCIEIOBAHUA METEOPUTa
Canyon Diablo u ero anMazoB [Lipschutz and Anders, 1961; Anders, 1965; Anders and
Lipschutz, 1966; Brett and Higgins, 1969; u np.]. [IpuMepHO B 3TO k€ BpeMs YCIIELIHO
OCYLIECTBNEH ynapHbli cuHTe3 anmas3oB [Bundy and Kasper, 1967; Hannemann, et al.,
1967; u ap.]. Bce 3TH JOCTHXKEHHS YBEPEHHO H0Ka3ajll UMNAKTHOE MPOUCXOXKIEHHE OIMH-
CbIBAa€MBIX aJIMa30B KaK yAapHbIX mapaMopdo3 1Mo UCXOTHOMY YIJIEpOIUCTOMY BEILECTBY.
[ToaToMy B HacTosllee BPeMs CUMTAETCs, YTO TEKCTYPHPOBAHHOCTb arperaToB M MPHUMECh
JIOHCIEHIIUTA ABJIAIOTCA NOKa3aTeJbCTBOM HMMIAKTHOrO MPOUCXOXKIAEHUA TaKUX aiMa3oB
[Lipschutz, 1964; Hannemann, et al., 1967]. Ilporpecc B W3y4eHUH UMMAKTHBIX aJMa3oB
CTHUMYJIUPOBAJl UX HOBBbIE HaXOHKH, CHEJIaHHbIE B OPYTUX MeTeopurtax [BmoBbikuH, 1967,
1969a,6; u np.]. Y napHoe npoucxoxaeHne LA B MeTeopuTax MOATBEPXKAAETCS TaKKe MHO-
TOYUCJIEHHbIMU CllelaMH yIapHOro MetamopdusMa, HaONOZaeMbIMH B BELIECTBE ITHUX
meteoputoB. [To P. T. lonny [1986], Takue ciensl ynapHoro MeramopdusMa HDOBOJBHO
pa3Hoo0pa3Hbl ¥ BKIIOYAIOT OpekunpoBaHUe, 00pa30BaHHe THAILIEKTHYECKOrO MIaruokJia-
30BOr0 CTeKJia — MackenuHuTa (ynapHele naBneHus nopsaka 23--—40 I'Tla [Reimold and
Stoffler, 1978]), paznnunele ynapHble 3QQeKTsl B OJMBUHE (TPELIMHOBATOCTD, AABJIEHHS IO
45 I'Tla; BOTHUCTOE M MO3aWYHOE MOracaHue W rpaHyisuus, naBaeHus go 45 I'Tla; nepe-
KpUcTannu3auus, nasnedus nopsaka 60 I'Tla u Beiie [Reimold and Stoffler, 1978]) u nmu-
pokceHe (IpeBpalleHre OPTOMHUPOKCEHa B MEXaHMYECKH CIBOHHHUKOBAHHBIN KJIMHOITMPOK-
CeH B XOHApHUTaX), HelitMaHOBEI TMHUK B KaMacuTe U3 pa3jIMUHbIX XKEJIE3HbIX METEOPUTOB,
NPU3HAaKU MUMIAKTHOro ruasjeHus. K aToMy MoxkHO 106aBUTh, Hapsany ¢ caMuMu A, Ha-
XOIKH BbICOKOOapUYECKMX MHUHEPAJIOB BO3MOXKHOI0 Y IaPHOTO MPOUCXOXKAECHHS, TAKUX KaK
PUHIBYIMT (MJIK “OJIMBHH” CO CTPYKTYpOIi LUMHHEIN), MEHIKOPUT (3KBUBAJICHT MUPOKCEHA
[Mg, Fe]SiO; co ctpykTypoii rpanarta) u npyrue [Jonn, 1986].

Anmazsl Meteoputra Canyon Diablo, kak nokazano B paborax [Nininger, 1956;
Lipschutz and Anders, 1961], obpa3oBanuce no rpadury BO BpeMs CTOJKHOBEHHUS 3TOrO
MeTopuTta ¢ 3eMiiél, B To Bpemsa kak [IMA u3 apyroro xenesHoro mereoputra, ALHA-
77283, Bo3HukM npu cronkHoBeHHH B Kocmoce [Clarke, et al., 1981]. McTouHukom Belie-
ctBa 1 [TMA B ypeunuTax MociyXuio, No-BUIMMOMY, aMOpGHOE MM c1abo OKpHCTal-
JIM30BAHHOE YrJIEpOIMCTOE BELIECTBO, €CJIH MPUHATh BO BHUMAaHHE CXOAHBIH HW30TOIMHbI
COCTaB yrjepona Kak 3TOro BEIEeCTBa, Tak M ajiMasoB. Kak mpennonaraetr A. A. Banbrep
[Bambrep U mp., 1992], MOXXHO MpeACTaBUTb MO KpalWHeH Mepe OBa CLIEHApUs yIapHOro
npoucxoxnaenus [THA B ypeunurax. B nepBoM ciyyae NpUMHTHBHOE HEOKpPHCTAJIM30BAH-
HOE YrJIepOOUCTOE BellecTBO, 00oramgéHHoe “KOJJIOMIHBIMKU® aiMa3aMu (Kak 3aTpaBKoii,
CTUMYJIMpYIOLIEH YyHapHbli pocT anmasa), Obulo Mpeodpa3oBaHO B OTHOCHUTEJIBHO
“rpy6o3epHUCTbIe” HeTekcTypupoBaHHble TIMA (anmasbl Tuna Dualpur). Bo BTopoM ciy-
yae MeTaMophU30BaHHOE IO yIapa, T. €. B TOH MJIM MHOH CTENEHH OKPUCTAJUTM30BAHHOE, U
6enHoe “KOJITTOMIHBIMHM alMasaMH™ yriaepoJuCTOe BelecTBO ObUIO Mpeobpa3oBaHO B OTHO-
CUTEJIbHO “TOHKO3epHUCThIE”, HO TekcTypupoBaHHble [TMA (anmasbl Thna Goalpara). Ilo
naHHeIM [Huss, 1990; Lewis, et al., 1987b], meTamopdu30BaHHOE 10 yaapa yriepoaucToe
BELLECTBO METEOPUTOB B CBA3M C TEPMHUYECKOH HECTOMKOCTBIO MENKHX ajMa3oB TOJKHO
JNEeHCTBUTENIPHO MMETh HHU3KOE CONEpXKaHHe “KOJUIOMIOHBIX ajMa3HbIX 3aTpaBoOK” JIHMOO He
HUMETb UX COBCEM.
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BOMBIIMHCTBO METEOPHTOB OBLIO, BEPOATHO, BBIOPOIIEHO MpH yNapax M3 MpUIo-
BEPXHOCTHO# 4acTH POAMTENbCKUX TeJl. 110 NaHHbIM . Menoua [1994], npH kaxJI0M KOH-
KPEeTHOM MMIMAKTHOM COOBITHHM YIapHBIH MeTaMophU3M U 3CKaBaLMA MPUITOBEPXHOCTHOIO
MaTepuana, B CpaBHEHUH C NMPeoOpa3oBaHUAMH 6oJiee riryOOKO3aEraloUMX MOPOJd MHUILIIEe-
HH, XapaKTepu3yeTcs CIEdyIOUMMH OCOOEHHOCTAMM: 1) MeHbIIAsA MPOIOJKUTENBLHOCTD U
Gornee HH3Kas MHTEHCHBHOCTh YHAPHOro MeTamMopdusma; 2) BeIOpOC MMMAaKTHPOBAHHOTO
MaTepuana C HaMGOJIBIIUMH CKOPOCTAMH. Taknm obpa3oM, BpeMeHa npolecca, Tak XKe Kak
U ero 3aBEpLIEHHOCThL NMpH obpazoBaHuu [TMA B METEOPHTAX, NOBOJBHO OJIM3KH K TaKo-
BBIM, KOTOpbIE HOCTHTalOTCsA MpPH yAApHOM CHHTe3e ajiMa3oB. CylIecTBYIOLIAs B 3KCHEPH-
MeHTe MpobjieMa 3akajku yIapHO-MeTaMOp(H30BAaHHOTO YIJIEPOJA C LENbK H30€XaTh
OTXKUra U COXpaHEHUS BO3HUKLIMX ajIMa3HbIX mapamMopdo3 MOXET UMETh TaKoe XKe 3Haue-
HHe U 11t coxpaHHOCTH [TMA B HEKOTODBIX U3 aJIMa30HOCHBIX METEOPHTOB.

Haxonxu [TMA B MeTeopuTax MoCy>KHJIM JIOTHUYECKOH OCHOBOM IUIA MOUCKOB U OT-
KpbITUs IA B 3eMHBIX MMMAKTHBIX kpaTepax [Macaituc u ap., 1972; u gp.]. Ha ocHoBe
MHOTOUYHUCJIEHHBbIX METPOJIOTMYECKUX HCCIIENOBAHUI U MPU3HAKOB YIapHOro MeTamophus-
Ma, BBIABJIEHHBIX B MOpoaax acTpobieM, UMIaKTHOE MPOUCX0XAEHHE I3TUX aIMa30B HbIHE
npencTaBifeTcs HeCOMHEHHbIM. OnmHako B cpaBHeHMM ¢ [IMA M3 METEOpUTOB YCIIOBHA
obpa3oBaHus 1y MA B 3eMHBIX METEOPHTHBIX KpaTepax XapaKTepU3YHOTCS HEKOTOPBIMU
oTimyuaMH. Takue OTJIMYMA Naxke NMPU OQMHAKOBBIX OapUYeCKHUX W TEMIepaTypHbIX Mapa-
MeTpax mnpouecca BKJIoYaloT: 1) Oosiee Mpoao/DKUTENbHbIN NMepHo yaapHO-HarpyKeHHOro
COCTOSIHUA (KOTOPBINH COCTaBNSET AJ KPYMHBIX MMMAKTHBIX COOBITHH OT ~0.1 mo 1c u
npubmkaeTcs yXe K BpeMeHaM KBa3UCTaTHMYEeCKOoro npouecca); 2) 6onee 3aBeplUEHHOE
ynapHoe npeoOpa3oBaHue; 3) TEMJIOBYHD FOMOTEHH3ALMI0 HEOJAHOPOIHO Pa3orpeThiXx KOM-
MOHEHTOB CpeJIbl, KOTOpast MOXKET COCTOATHCS 10 AMHAMHUYECKOro pasrpyxeHus. B pe3yinb-
Tarte, elWE B YOAPHO-C)KATOM COCTOSHWM, MEXIY YaCTHLIAMH YIJIEpOAMCTOr0 BELUECTBA M
BMeLlaloleit cpefoif MOr OCYILECTBIAThCA TemnooOMeH. Takoe 3akJi04eHHe MpeacTaBis-
eTCsl peaJibHbIM, €CJIM HapsAdy C BpeMeHaMu mnpolecca (BIIOTh A0 | C) MpHHATH BO BHUMa-
HHUe U O0OBIYHBIE pa3Mepbl (0T 1 MO HECKOJNBKUX MWUIMMETPOB), @ TaKXKe MIIaCTHHYATYIO
Mopdosoruro rpadMTOBBIX HaCTHUL B roponax MuuieHH. ClenoBaTeslbHO, B KpyMnHOMac-
wTabHBIX UMMAKTHBIX npoueccax P—T ycnoBus cyuiectBoBanus 3€peH [THA, Bkitoyas nx
OTXXHTI, COXPaHHOCTb W JpYrue npeodpa3oBaHUs Kak Ha CTAAWM yIapHOI Harpy3ku, Tak W
nocjie pasrpy>eHHs, OonpeAeNaIucCh mapaMeTpaMHu COCTOSHHMs BMeLIAloLeH Cpenbl, a He
TOJIBKO MapaMeTpaMu COOCTBEHHOIO0 COCTOSIHMA, BBITEKAOLIMMH M3 MOBEIEHUA yriiepoaa
npy yAapHOM o©xaTud. HekoTopele cBeoeHMs MO 3TUM MapaMeTpam (3aBUCUMOCTH
‘“ynapHoe naBJieHHUe — OCTaTO4Has Temreparypa’) ajs HauboJiee BaXKHbIX MOPOJ MULIEHU
NpUBOIATCA Ha puc. 22A4. Cnenys 3TUM 3aBHCHMOCTAM, MOXHO BHUIETb, YTO B TMJIOTHBIX
noponax MuuieHu 3épHa UA Oblint OoJiee “ropsunMu”, yeM BMeLIarollas cpeaa, U JOJIKHBI
OBbLIM UCIBITBIBATE HEKOTOPOE OXJIAXKIEHHE MM 3aKalKy 3a c4€T TepMonuddys3un ewg no
pas3rpy»KeHus; HarmpoTHB, B MOPUCTBIX MOpOAaX MHIUEHH 3EpHA ajiMa3oB MOTJIM AOMOJHHU-
TEJIbHO pa3orpeBaThcs 3a CUET BMellaroliel cpensl. [IpUMEHUTENbHO K KpymnHOMaciTab-
HBIM 3€MHBIM MMMAaKTHBIM COOBITUAM, Oapuueckie W TeMrnepaTypHble YCJIOBHs CYyLIECTBO-
BaHus [IMA orpaHu4eHbl, C OOHOH CTOPOHBI, MOBEAEHHWEM IUIOTHBIX MOPOJ MHLIEHU
(THEHCoB U TPaHUTOB), a C OPYroil — MOBEAEHHEM MOPHCTBIX OCAJOYHBIX MOPOJ, TAKHX
Kak, HanmpuMep, MecyaHUKHU.

B 3eMHBIX MMNAaKTHBIX KpaTepax, 3ajIoKeHHBIX Ha rpadurcomepkalieil MULICHH,
[TUA TekcTypupoBaHbl. YacTo OHM HacjedylOT MOPGOJIOrHI0 POJUTENBCKMX KPUCTAJIOB
rpacduTa, BKJIOYas UX MOJIHbIE WM YACTHYHBIE reKcaroHanbHble GOPMBI, CpaCTaHUS U 0CO-
OeHHOCTH CKYJIBNTYpHI. Bblio nokaszano [Banbrep u np., 1992; Buwnesckwuii, 1978; u ap.],
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4TO TaKMe MUMIMAKTHbIE anMasbl ABJIAIOTCA napamopdosamu no rpadury, 1. e. [IMA. Hanbo-
Jlee pacrnpocTpaHEHHble B acTpobiemMax apyrue mopdosoruueckue Tumbl [THA (ynio-
IIEHHbIE OCKOJIbYaThle U 00BEMHO-KCEHOMOpGHBIE 3EpHA) — pe3yJbTaT yaapHo# ¢par-
MEHTALMH BbIOEJNIEHHH HCXOOHOro rpadura npu oObEMHOM COKpALIEHHH YriepOIHCTOro
BelecTBa 3a cyéT asoBoro mnpeBpauieHus (oo —1,6x). Takod BeIBOA MOATBEPXkIAETCA
HabmoneHuamu [TMA naHHbIX MOpPGONOrHYECKUX THUIOB, BOSHUKLIMX 10 yellyikaM rpa-
¢uTta B UMMNAKTHpOBaHHBIX rHeHcax (cM. puc. 8). HemaBHo @. JlaHreHXopcT H
B. JI. Macaiituc [Langenhorst and Masaitis, 1996] npennosoxuny, 4to 0OBEMHO-
kceHoMopdHble 3€pHa WA u3 pacrnyaBHbIX MMnakTuToB [lonuraiickoro kpatepa (Tara-
MHTOB U 3IOBHTOB) SIBJISIOTCA MNPOJYKTaMH KOHAEHCALUMH U3 yaapHoro napa. OJHaKo Takas
MHTEpIpeTauus BCTpeyaeT psax Bo3pakeHHH. O0BbEMHO-kceHOMOpdHbIe 3EpHa anMa3oB U3
[Tonuraiickoro kpatepa XapakTepU3yIOTCS: a) TEKCTYPUPOBAHHOCTBIO M YaCTOH MPHUMECHIO
JoHcaeinura; 0) HaXonkaMH B 00JIOMKaX HMMIAaKTHPOBaHHbIX THelcoB. K 3TOMy MOXHO
n00aBUTh, YTO B aJMa30COJEPXKALUMX HMMIAKTHBIX CTEKNAX KaK M3 TaraMHTOB, TaK U W3
3t0BUTOB [lonuraiickoro kpatepa JOKYMEHTHpYeTCA HealeKBaTHO HU3KHUH YpOBEHb ymap-
HBIX HAaBJIEHHH, MpPH KOTOpOM HCMapeHHe rpadurta He AOCTUraeTcs (MOJIHOE IIaBJIeHHe
rHeifcoB ¢ 00pa3oBaHHEM CMELIAHHOTO MMIMAKTHOrO CTEKJla TaraMUTOB M 3I0BUTOB IPOMC-
XOOUT MpH ynapHelx naBieHusx ot 60 mo 90 I'Tla); Bo3MOXHOE HauyalbHOE HCMapeHHe
BELLECTBA FHEHCOB, T. €. JOCTHXKEHHE yAapHbIX AaBjeHH# > 90 I'Tla ayig cTEKOJ 310BUTOB U
TaraMMTOB MOXET TOJIbKO MpearnoJiaraTbCs, MOCKOJbKY BCE 3TH CTEKJA, 32 HEMHOTMM HC-
KJIFOUEHHEM, TTOCTOSHHO HaChIILEHbl 00JIOMKaMH HEMpOIJIaBJIeHHbIX THEHCOB U UX MHHEpa-
JIOB; OCTATOYHbIE TEMIEpPaTypbl UMMAKTHPOBAHHOTO BELIECTBA MpPH TAKUX HABJEHUAX —
60—090 I'Tla unM HECKOJBKO BBIIE — SIBHO HENOCTAaTOYHBl [ HCMApeHHs YIJepona,
(cM. puc. 20a).

HMnakTHble anMasbl, OOHapy»KeHHbIE B 3EMHBIX acTpobOjieMax C YrojbColepka-
UMK nopogaMu MuweHu (Kapckuit kpatep), Takke paccMaTpHBAalOTCA Kak ajMa3Hble
napamMopo3bl Mo UCXOMHBIM yriiaM, T. e. [TMA [E3sepckuit, 1986, 1987]. Takoe 3akioye-
HHe BbITekaeT M3 Habmonaemoit B KapckoM kpatepe cepuH MpOMEXYTOUHbBIX MMPOLYKTOB,
HauMHas OT yrjiell ¥ KoHYas TOrOPUTaMH, a TaKXKe MOATBEPKAAETCA TEKCTYPHPOBAHHOCTbIO
U MIPHUCYTCTBHEM JIOHCIIEHINTA, MHOr1a OTMEYaeMbIM B 3THX ajiMasax.

OtHocutensHO [TMA no poautensckoMy rpadury npennojaraercs [XoMeHKO U ap.,
1975], uTo Takoe npeBpalleHHe BO3MOXKHO KaK MapTEHCUTHBIM (B Clly4ae KpUCTaJIHYECKO-
ro COCTOSHUS MMIMAKTHPOBAaHHOro rpadura), Tak U 1M dy3MoHHbIM (B clyyae pasynops-
JOYEHHOr0 MJM pacIlJIaBJEHHOTO COCTOSHHMS HMMIIAKTHPOBAaHHOrO rpagura) crnocobom.
HecomueHnHo, uTo 1 [TMA ¢ 3aKOHOMEPHO OpPHEHTHPOBAHHBIMH MO OTHOLUEHHIO K CTPYK-
Type UCXOOHOro rpadura KpucTajuIMTaMH ajMas3a Takoe MpeBpalleHne OblJI0 TOJBKO Map-
TEHCUTHBIM. {111 caboTEeKCTYpHPOBaHHBIX MJIM HETEKCTYpHpOBaHHbIX [THA, Cl0XEHHBIX
NpeNMYLLECTBEHHO KyOHuieckoi ¢a3oi, npeBpalleHHe MOTJIO ObITh KAK MAPTEHCUTHBIM, TaK
u 11 dy3noHHBIM. UTO KacaeTcs rekcaroHalbHOM (a3bl aMasa, TO OHa J0JKHA BO3HHKATh
TNIepBOif, HO 3aTEM YAaCTHYHO HJIM MOJIHOCTBIO OTXKHraThes B KyOuueckyto ¢a3sy el mo pas-
rpy’KeHHs OT yIOapHbIX naBiieHu# [Banbtep u ap., 1992]. [lna toropuros, T. e. [IHA, obpa-
30BaHHBIX I10 YIJIAM, NPEeBpaLIeHHe IPOUCXOINIIO TOJIBKO OTH(GY3HOHHBIM criocoboM, NpH
BBICOKHMX OCTaTOYHBIX TEMIEpATypax.

B 00061méHHOM BuIe ycioBus oOpa3oBaHMsA (yNapHble NaBJE€HHA — OCTAaTOUYHbIE
Temrnepatypsl) 3eMHbIX [T A Kkak ro rpaduram, Tak U Mo yrisaM, CIeAyIOLIMe U3 IKCIepH-
MEHTaJIbHbIX JaHHBIX U METPOJIOrHUECKUX 3aKJIOUEeHUH, MpUBOAATCA Ha puc. 225. Cornac-
HO ynapHbIM anuabatam ans rpadura [McQueen and Marsh, 1967], ero yactuuHoe mnpe-
BpalleH’e B anMa3 (CMelaHHO-(a3HbIi peXXUM) MPOUCXOIUT MPH YAAPHbIX AABJIEHHAX OT
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Puc. 22. ®aszoBas nuarpamma yriepona no @. IT. banau [Bundy, 1989] u o6pa3oBaHHe UMMIaKTHBIX
aJMa30B B 3eMHBIX YCIIOBHSX:

A — rpaduk “ylnapHoe OaBieHHE — OCTAaTO4Has TeMmmeparypa” A pa3fiH4HbIX MOPOA MHILEHH.
CnpaBa cTaJuy MpOrpecCUBHOrO yAapHOro MeTaMmopgu3Ma rpaHuTos, no [Grieve, 1987]: a — nuHa-
MHYECKHIt mpenen ynpyrocTH, 6 — miaHapHele AedopMalMH B MHHepanaXx M OpeKuHpoBaHHE, B —
ZManIeKTHYECKHe CTEKJa, I — Ha4aJlo MUIaBleHHsS MMHEpasIoB, 1 — oOllee MIaBleHHe, € — UCapeHHe.

b — P-T noJe 06pa30BaHys UMIIAKTHBIX aiMa30B N0 rpaduty u yriasm. Jauneie O napamopdos
no epagumy: 1 —cunrte3 no Jlronony, nasneHus 70—140 I'Tla, rexcaroHanpHbI + KyOH4eCKHit
anma3 [Hannemann, et al,, 1967]; II — cunre3 no Je-Kapnu, 30—50 I'Tla, Tonbko KyOuueckuit
anMma3 [De Carli and Jamieson, 1961; Hannemann, et al., 1967]. CMm. Takxe napaMeTpsbl, OKa3aHHbIE
B No 10 yciioBHbIX 0603HaueHuit. Januvie 0na napamopghos no yeasm 6 necuanuxax. 30Ha yAapHbIX
nasiennit 27—60 I'Tla [Esepckuit, 1982, 1986, 1987] + 3oma Temnepatyp 3500— 4500 K
[Tpedunos, CaBBakuH, 1979].

! — TpoiiHble TOYKH W TpaHMLbl pa3nuyHbIX (a3 B cucTeme yrieposa; 2 — nopor GbICTPOro npeBpalleHus
rpacduta B anma3 [Tpedunos, CasBakun, 1979], 3 — nunus paBHOBecHs “rpaduT — anmas” AN CBEPXTOHKHX
yactul [Tpedunos, CaBBakuH, 1979]; 4 — P—T kpuBas a1s MMnakTupoBaHHeIX rpaHuToB [Grieve, 1987]; 5 —
TO K€ caMoe A UMMaKTHpoBaHHOro keapua [Wackerle, 1962];, 6 — 1o e camoe ans necyanukos [Ahrens and
Gregson, 1964]; 7 — 10 ke camoe A1 kapOOHAaTOB W JA0JOMHUTOBBIX NMopon [Y aapHsie kpaTepsl., 1983]; § — 1o
e camoe anst nuporpadura [Coleburn, 1964]; 9 — P-T none o6pa3oBarus napamopo3 MMITAKTHOrO aiMasa rno
rpacuty; /0 — TO ke camoe, 3aI0KyMEHTHpOBaHHOe B [lonuraiickoit acTpobneme no netporpaguyeckum AaH-
HeiM [Buimnescknii, [Tansuuk, 1975; Macaiitiuc u ap., 1990]: ynapHeie naenenus 35—50I'Tla (no crenenu
ylapHoro meTtamopdu3ma BMEIAMOMMX THeiicoB) M ocTaTouHble Temmeparypsl 700—2000 K (obpasosaHue
BMELLAIOIIEro Juaniek THYECKoro kBapiesoro crekna), // — P-T none o6pasoBanus napamop$o3 HMNaKTHOrO
anMasa 1o yrisM.

40 no 60 I'T1a, a nosHOE MpeBpallEHHE B ajiMa3 — MpHU naBneHnﬂx Boiwe 60 ['Tla. B na6o-
PaTOpPHBIX IKCTIEPUMEHTaX, MMEIOLIMX PONOIIKUTENbHOCTE ~107 ¢, mpeBparenue rpagura
TOJILKO B KyOMYECKHii ajiMa3 MpOUCXOOUT NpHU naBjieHusax nopsaka 30—350 ['Tla [De Carli
and Jamieson, 1961; Hannemann, et al., 1967], B To Bpems kak mpeBpalieHue rpadura B
cMech KyOMueckoro ajiMasa C JIOHCHEHJIMTOM MPOUCXOAMT MpH AaBJeHUAX nopsnka 70—
140 I'T1a (30Ha ynapHOro Harpy»xeHus M 3akajku o Du Pont [Hannemann, et al., 1967]). B
[MTonwuraiickom kpaTtepe, rae MpoaoKUTENbHOCTh yIAPHO-CKATOr0 COCTOSIHUSA COCTaBJIsa
okoJio 1 ¢, yacTHuHble Mapamop¢o3bl KyOHYecKkoro ajMasa B CMECH C JIOHCAEHJIMUTOM MO
pPOAMTENbCKOMY IpaduTy MPOUCXOAMIM MPH yAApHbIX NaBjeHusx nopsaka 35—50 ['Tla
[BuwneBckui, [Nanpuuk, 1975; Macakitic u ap., 1990]. INpumecs yaouTa (T. €. IPUPOIHO-
ro kapbuHa), Habnmonaemas B HekoTopbix 3épHax [TMA u3 [onuraiickoro kpatepa 1 ykpa-
HHCKHMX acTpoOJjieM, mo maHHeIM A. A. BanbsTepa u np. [1985], aBnseTcs moka3aTeIbCTBOM
BBICOKHX, > 2600 K, ocTaTO4HBIX TEMMEpaTyp UMIAKTHOTO pacljiaBa.

[Tpu OOBIYHBIX YCJIOBUAX yNApHBIX KCIIEPUMEHTOB (MMITYJIbCHbIE AaBJIeHUs ~20—
100 I'Tla, ocratounele Temneparypbl 10 2500 K u BpeMeHa mpouecca ~10°¢) TTHA 10
yrisaM U ApyruM ¢popMaM aMophHOro yriepona He BOHHKAIOT, U IJIsl TOT0, 4TOObI CTHMY-
JIMpOBaTh TAKOE IMpeBpallleHHe, HEOOXOIMM HOMOJIHUTENbHBIH HarpeB BELIECTBA, YTOOBI
ocraToyHble Temrepatypbl gocturand 3500 K [Tpedunos, CaBBakuH, 1979]. B Kapckom
KpaTepe, I'ie NPOJOJKUTENLHOCTh UMITYJILCHOM Harpy3ku Oblyia nopsnka 0.5—0.8 c, Bbico-
kobapuueckue MoJuMopdsl yriiepoga — TOropHTbl 00Pa30BbIBAJIMCH MO YIJsAM, IO-
BUIMMOMY, NpU naBjieHUsX nopsanka 27—60 'Tla u octaTouHelx TeMneparypax < 3000 K
[Ezepckwmii, 1982, 1986, 1987]. [TeTponoruueckie OLEHKH AaBJIEHUH W 3KCIEPHUMEHTalb-
Hble JaHHbIE MO OCTATOYHBIM TeMIepaTypaM, HeoOXxomuMeIM 1 obpazoBanus [THA mo
YrJIsiM ¥ ApYrum aMopdHbIM GopmaM yriepona, o0 e AMHEHbI B 0011eM NoJIe Ha pUC. 225.

Bo3morkHas 30Ha ynapHoro oOpasoBanus [TMA B Ilonuraiickoii actpobieme, orpa-
HUYEHHas yJapHbIMH naBjaeHusMH oT 35 go 140 I'Tla, noka3aHa Ha puc. 23.
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Puc. 23. 3oHa (moka3aHa kpanom) obpa3oBaHMs Mapamop}o3 MMMAKTHOro aaMasa no rpadury M
yrasm B [Tonuraiickom xpartepe (paaualibHbIM pa3pe3 MHUILIEHH ¢ H300apaMH ylapHOH BOJIHBI, KOTO-
pble OLIEHEHbl HaMM JIJIsi KaMEHHOro METEOpHTa C AMaMeTpoM 5 KM M 3Heprueit B3pbiBa
6.4 x 107 I).

C IlonuraiickuM KpaTepoM CBA3aHO OOLIMpHOE, HabJIonaeMoe Ha pacCTOSHUAX 10
500 kM OT Hero, noJie paccessHUs AKYTUTOB (CM. puc. 4). BHelHAA rpaHuLa 3TOro noJis
elé He OKOHTYpEHa, U OHO MOXET ObITh ropas3o 6oJiee OOLINPHBIM, €CJIH HE TJI00aNbHBIM.
B npenenax cBoero apeana AKyTHTbI IPHYPOUYEHBI TOJIBKO K HEOr€H-4€TBEPTUYHBIM OTJIO-
KEeHUAM; B OoJiee JIpPEBHMX OCAaJOYHBIX MOpOJAX PerdoHa AKYTHTbI He OOHapyxeHbl [le-
TajlbHbl€ MCCJIEOBAaHUA MOKa3aJH, YTO BHYTPHUKpaTepHble MOMUraiickue anmasbl M 3aKkpa-
TEpHbIE AKYTHTbI aHaJIOTMYHbI 110 CBOUM OCOOEHHOCTAM M MMEIOT 00llee POHCXO0XKAEHHE.
s Toro 4Tobbl MpoJseTeTh paccTosiHue B 500 kM, anMasocoaeprkallie BbIOpOChl U3 Kpa-
Tepa M0JDKHBI HMETh HayaJlbHYI0 CKOPOCTb 3CKaBaLMK ~2.2—2.4 KM/C NpH yriax HakJOHa
TpaekTopuH B 40—60°, 06b14HO HaOJH0IaeMBIX TIPH MMIAKTHOM 3ckaBauuu [Vishnevsky, et
al., 1995]. Kak paHee mpenmnofaranock B paborax [YnapHsle kpatepsl.., 1983; Kieffer and
Simmonds, 1980], cuJIbHO UMMAKTUPOBaHHBIN (pacrUiaBiIeHHBIH U UCMIaPEHHBIN) MaTepUa
M3 BHYTpEHHeH o0/acTH pacTyllero kpaTepa MOXET BbIOpachbIBaTbCs CO CKOPOCTBIO 1O
4—7 kM/c. HenaBHee uMClIeHHOE MozeMpoBaHHe [lomuraickoro MMMAKTHOIO COOBITHA
[BuwseBckuit 1 ap., 1996] nonTBepauIio 3TH OLIEHKH U 110Ka3aJjo0, YTO CUJIBHO UMIAKTHPO-
BaHHBbI MaTepHasl MUILEHH BbIOPACHIBAJICA U3 KpaTepa CO CKOpPOCTbIO 10 5.4 kM/c; 6onee
TOro, 4acTh MUCMAapEHHOroO BELIeCTBA UMeJsa CKopocTh no 14.6 kMm/c, u nopsnka 1.2 % or
Maccel [Tonuraickoro KOCMH4ECKOro Teja OblJIo B COCTOAHMM MOKHHYTh 3€MIII0 BOOOILE.
OTH DaHHBIE NOKA3bIBAIOT, 4TO [Tonuraiickoe UMNakTHOE coObITHE OBITIO CMOCOOHO cO31aTh
ToT OOWMpPHBIH apean paccesHus [THA (skyTuTOB), KOTOpBII Habmomaercs. Kpome Toro,
BO3BpalIasACh K BOMPOCY O MEXaHHU3ME 00pa30BaHHsA ajMa30B, MOXKHO OTMETHTBb, UTO IO-
ckosibky ITMA M3 30HBI MMIAKTHOTO MJIABJIEHHS ¥ HA4aJIbHOTO UCMAapeHHs MOPOJA MUIIEHH
(ynapusle naBnenust 1o 140 I'Tla) BoiOpacbiBanuCh Ha Takue OOJIbIIME pacCTOSHUA 3a Mpe-
JeNbl KpaTepa, To OoJiee MMMaKTUPOBaHHBIN MaTepuas W3 BHyTpeHHel obyacTu kpaTepa,
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riae NpoUCXOJuIo UcrapeHue rpadura, NOJDKeH ObUT MOABEPrHYThC elE OoJbleMy pac-
cesHuro. CrenoBaTesibHO, npeanosioxeHue @. Jlanrenxopcra u B. JI. Macaiituca [Langen-
horst and Masaitis, 1996] 0 TOM, 4TO HIMPOKO pacnpocTpaHEHHbIE B pACIUIaBHBIX MOpoIaX
[Tonuraiickoro kpatepa 06bEMHO-kceHoMOpdHble [IMA KOHIEeHCHpOBakCh U3 Napa, Mnpea-
CTaBJIIETCA HEOOOCHOBAHHBIM U B OaJUINCTUYECKOM acCleKTe TOXKE.

[ToctumnaktHas uctopus [TMA MoxeT ObITh MpencTaBlieHa CIELYIOLIMM 00pa3oM.
EnBa obpa3oBaBuinch U npedbiBas elE B yNApHO-CKATOM COCTOsAHMH, [THA HchbIThIBaNIN
“OTXHI” JIOHCHEHJIUTA, MPUUYEM UYEM [IOJIbLIE MPOJOJDKATIOCh ITO COCTOSHHE, TeM Ooiee
MHTEHCHUBHBIM ObLI MpoLecc (T. €. UMeJla MECTO NpAMas CBA3b 3TOro Mpolecca ¢ MacluTa-
60M MMIAKTHOro COOBITHA); HOMOJHUTENBHO K 3TOMY B pacljaBe MOIJIO MPOUCXOAMUTh
3MUTAKCHaJIbHOE HapacTaHue “‘anMasa Ha anMmas” [Banbetep u np., 1992]. ITocne pasrpyxe-
HUA, kak nokaseiBaroT naHHble M. M. KapkauHoit u FO. A. MacnakoBua [1968], T. Evans
and D. H. Santer [1961], J. W. Harris and E. R. Vance [1974] u apyrux, [IMA morau noz-
BEpraThCs pacTBOPeHHIO M rpaduTuzauuu non aeiicteuem OH™, Na, K u cBobogHoro kuc-
Jopona. B mpucyTcTBUM cBOGOAHOrO KHCJOpoa rpaduTH3alus aaMa3a HauMHAeT MpOoHC-
XOAUTb NOBOJILHO ObICTPO mpH Temrepatypax > 800 °C. OfHaKO MOCKOJIbKY MJI 3EMHBIX
MMIMAaKTHBIX PacljiaBOB OTCYTCTBHE CBOOOIHOro kuciaopona obbiuHo [[donros u ap., 1975;
®enbaman, 1990], rpadpuruzauns [THA nomkHa Oblia ObITh HE3HAUMTENBHOH, NPOABIAACH
TOJIBKO JIOKaJIbHO. OCHOBHBIM pa3pyIIMTENbHBIM MpoleccoM aiis 3eMHbIX [THA 6b110 pac-
TBOpeHHe. CKOpOCTh €ro AJd aJMa3oB B MMIMAKTHBIX PacrjaBaX OLIEHHUBETCS BEJIMYHMHON
nopsiaka HeCcKOJIbKUX MUKpoMeTpos/dac nipu 1800°C [BansTep U mp., 1992], Tak uto ms
TOro, 4ToOb! MOJHOCTBIO PACTBOPUTH AOBOJIBHO KpynHoe 3epHO MA BenuuuHOHi B 1 MM,
notrpeboBajiock Obl 10 20 CYTOK, 4TO, MO-BUAMMOMY, M MIPOMCXOJHIJIO B MOIUHBIX MOrpe-
OEHHBIX TOJIIAX MMIMAKTHOro pacrulaBa. CKOpOCTb pacTBOPEHHs ajiMa3a CHHXXAeTcs MpH-
MEpHO Ha 2 mnopsaka, KOorjga pacniaB oOXJaxIaercs A0 CyOCOMMOyCHBIX TeMIepaTyp
(~1200 °C). TToaTOMy 3aKaJO4YHO-OXJaXKAEHHbIE PACIIABHbIE MMIAKTUTBI 06ECTeunBan
HaWJIy4dlIyro coOXpaHHOCTh HA.

Kpome Tpéx omucaHHbIX mnoauMopdoB yriepoma (rpadur, kyOuueckuit an-
Ma3 + JIOHCHEHIUT W 4aouT/KapOWH) B 3eMHBIX MMIAKTUTAX [PEIINOJaraeTcs CyIecTBOBa-
HHUe Tak Ha3biBaeMoit “E-ta3sbl yrnepona”. Ota ¢asza [bauaHos, 1986], BepodTHo, obnamaer
CTPYKTYpOH TMepexoqHOro Mexnay rpa¢uToM M ajMa3oM THIA W COCTOUT M3 rpadHTOBBIX
“CJI0EB”, 3aKOHOMEPHO YepeNYIOIIMXCS C aIMa3HbIMU “MocTHKamu”. Eciu 3Ta da3za peas-
HO CYLIECTBYET B IPUPOAE, TO OHA NOJDKHA BO3HMKATh MPH yIApHOM CXKaTHUH Cl1abooKpH-
CTaJUIM30BaHHOTO yriepoaucToro Beuectsa [bauanos u op., 1965; Banstep u np., 1992].

“KoJusionaHble” 1 cyOMHKpoHHBbIe HMNaKTHbIe aiMa3bl (KCHA)

Tak Ha3biBaeMble “KOJUIOMAHBIE” anMasbl, 0OHapy>KeHHble B MeTeopHTax [Lewis, et
al., 1987a,b; Huss, 1990; Newton, et al., 1995; u nop.], UMerOT aHOMaNbHO JErKHii U30TOM-
HbIif COCTaB yriieposa (8'3CPDB cHmkeHo 10 —30 ... --40 %o [Lewis, et al., 1987a; Ash, et al.,
1988] u maxe mo —261 %o, ecnu, no gaHHbM [Ash, et al., 1988], yunTbiBaTE BO3MOXKHOE
BiMsAHUE npumecH SiC), MpUMech a30Ta ¢ aHOMAJIbHO HEraTHMBHBIM M30TOIHBIM COCTaBOM
(8"°N =343 £ 16 %o , o nanueM [Gilmour, et al., 1992] 1 gaxe 10 —574 ... —1000 %o, 0
[Lewis, et al., 1983, 1989]), npuMecs aHomabHOro Bogopoaa (0D = 180 = 11 %o) 1 kceHo-
Ha. MMes CTOJIb OYEBMIHbIE OTJMYMS OT COCYLIECTBYIOILIETO YIJIEPOAUCTOrO BELIECTBA
(cnabo- UM HEOKPHCTAJIM30BAHHBIN Yriepol U rpadur), 3TH “KOJJIOMIHbIE” ajMasbl He
ABJIAIOTCS UMIIAKTHBIMHU H, M0 BCEH BUIMUMOCTH, MPEACTABIAIOT COO0M MPOOYKTbl KOHIEH-
calMd yriepoma u3 “Mex3BE3mHOro” mapa, 4Tto npeanofarand ewg W. S. Saslaw u
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J. E. Gaustad [1969]. Tonpko KOHIEHCAaLIMOHHBIN MPOLECC MOXKET 00eCrneYnTh Takoe 3Ha-
yyTeNIbHOE M30TOMHOe $pakuroHUpoBaHue [PenoceeB U ap., 1971], koTopoe M MPAMBIX
MMIAKTHBIX TpaHchopMalMil yriepoga MpocTO HEeBO3MOXHO. “KosnoumHsle” anMassl
0YeHb YYBCTBUTEJIbHBI K TEPMaJIbHOMY MeTaMOphU3My U MEPEeXOnsT B rpadUT MpH TeMIle-
patypax ~500 °C [Lewis, et al., 1987b].

Yt0 e KacaeTcs “KOJJIOMIHBIX ¥ CyOMHKPOHHBIX ajiMa30B, 00HApYKEHHBIX B 3€M-
HBIX MPOABJIEHUAX (MOrpaHUYHbIE CJIOM Mena-naneoreHa B CeBepHOH AMepUKe M KpaTep
PucC), TO OHM CUHTAIOTCA MMEIOLIMMH MMIMaKTHOe npoucxoxaenue [Gilmour, et al., 1992;
Hough, et al,, 1995a,b; u np.], T. e. aBnaorcs KCHA. JlaHHble MO M30TOMHOMY COCTaBy
yriepoga ans men-naneoreHoBelx KCHA XxapakTepusyroTcs MPOTHBOPEYMBOCTBIO: OJHH
aBtopsbl [Carlisle and Braman, 1991; Carlisle, 1992] onpenenunu nis HUX “MeX3BE3AHBII"
COCTaB, C SISCPDB = —48 %o, B TO BpeMs Kak MO AaHHBIM Apyrux aBTopoB [Gilmour, et al.,
1992; Hough, et al., 1995c] atot yriepon uMmeer “3eMHOE” MPOUCXOXKIEHUE C 6'3CPDB OT
—11 mo —19 %o. OnHako maHHbIE MO 3eMHOMY UCTOYHHMKY yraepoma mina KCHUA noatsep-
JKIAIOTCA M M30TOMHBIM COCTAaBOM a30Ta B 3THX anMasax (8°N ot =17 1o +8,5 %o, 1o
[Gilmour, et al., 1992]). KCHA u3 kpaTepa Puc uMeroT 3eMHoit cocTaB yriepoaa ¢ &' °Cppp,
BapbUpyIoLKUM 0T —16 10 —22 %o [Hough, et al., 1995b].

ITo mueruto L. Gilmour, et al. [1992] u R. Hough, et al. [1995b], Haubonee BeposiTHO,
yto KCHUA u3 MeJ-najeoreHoBoro norpaHM4Horo ropusoHnta CeBepHolt AMEpUKH U KpaTe-
pa Puc BO3HMKJIM BO BpeMs MMIAKTHBIX COOBITHI B OFHEHHOM Liape YHKCKynyOckoro u
Pucckoro MMnakTHbIX COOBITHH COOTBETCTBEHHO. OTH Iuapbl IIa3Mbl WJM HCMapEHHOIO
BellecTsa, cogepxatune H, C u Si B aneMeHTapHON UM HOHU3UPOBaHHON dopme, mociy-
KUK MUTArOUM HcToyHukoM Bewecta 1 KCHA (kak u pna SiC B kpatepe Puc).
B cnydae kpatepa Puc msoronssiii cocraB KCHMA cOOTBETCTBYET TOMY, YTO MOTJIO Obl
MOJTYYHTBCA MPH CMELIEHNH Yrepoaa 13 kapooHaToB MuieHH (8 °Cppp ~0 %o) U OpraHu-
Yeckoro yriepomucroro BemiectBa (8°Cppg ~28 %o), MOCTYMHBIIEr0 M3 TMOPOJ MHIIEHH
UM U3 caMoro Meteoputa. OTHocUTeNbHO npoucxoxaeHnss KCHUA 3TH aBTOpPbI CKJIOHAIOT-
Cs K MEXaHM3MY XMMHUeckol KoHaeHcauuu u3 napa (XKII), koTopslii neiicTBOBal B Or-
HEHHOM Liape B3pbIBHOrO obJiaka. A

OnnHako nanHble P. R. Burki [1996] u P. R. Burki, et al. [1996] noka3bIBatoT, 4TO
pons XKII kak npouecca obpasoBanus KCHA nepeoueHuBaercs, W 0OoJjiee BepOATHBIM
NpEeACTABIAETCSA NMPOLECC rOMOreHHoi Hykneaunu. M neiicrBurensno, XKII-cnoco6 obpa-
30BaHMA aJIMa30B B IJ1a3Me TpeOyeT HECKOJIBKMX OrpaHUYeHHH: a) NPUCYTCTBUA cyOcTpaTa-
noasioxkku (“0e3 MoaJIOKKK HeT anMasoB”); 0) cyrnepHachIlIeHHs IJ1a3Mbl aTOMapHBIM BO-
JOpPOIOM W OrpaHMYEHHOrO COCTaBa raszoBeIX cMeceil (tumuuHo: 1% CH, 99 % H,);
B) OrpaHHYeHHOro nuanaszoHa temmeparyp: 700—1200 °C (“mpu WHPOKKUX KoJIeOaHHAX
TeMmrepatyp HeT ajMa3oB”). Hampotus, oOpa3oBaHMe aima3oB CrocobOM TOMOTreHHOMH
HyKJIeallud MeHee OrpaHH4eHO: HyKJealus H poCT ajMasHbIX 3apoibliliel MPOUCXOIUT B
cBoboaHOI ra3oBoif ¢ase M3 MpocTeHIIMX NpeAllecTBOBaBIIMX MoJekyn tvna C;,Ho,
(“cBoboaHas moBepXxHOCTh” He Tpebyercs), miasma ¢ CH, MOXeT He MMEeThb aToOMapHOro
BOIOpOAa, a 00pa3oBaHKe ajMa3a BO3MOXKHO B aTMoctepe a30Ta; JOCTaTOYHO HMETh aTMO-
chepHoe naBneHue U Temreparypsl Hibke 1000 °C (B 3KCrepUMeHTax ¢ TAKMMH MapaMer-
paMH Tnpolecca OOCTHUrajics CUHTE3 ajlMa3oB pa3mMepoM oT 6 HM 10 1,8 MkM B muamerpe).
CoBMecTHO ¢ naHHeIMM P. Badziag, et al. [1990], kxoTopble MOKa3bIBAIOT, YTO aJIMa3bl
“KOJUTOMIHOK” pa3MepHOCTH (3—S5 HM) OoJiee yCTOHUMBEI, YeM rpaduT, U He TPeOyIOT MpH
3TOM HH BBICOKHMX AaBJIEHHH, HU 9KCTPEMaJIbHBIX apaMeTpoB, KOTOpble 0OBIYHO aCCOLIUH-
pYIOTCSA C anMa3aMH, MOXKHO 3aKJIIOYUTh, uTo obpa3oBaHHe KCHA crnocoboM roMoreHHoi

42




HyKJleallud BO BpeMs MMIIaKTHOrO Mpolecca Takxke He TpedyeT kakux-J1ubo BbICOKOOapH-
YeCKHUX WJIM BBICOKOTEMIIEpPATYpHBIX YCJIOBH. BeposTHo, mis obpasoBanus KCHA croco-
©0M roMOreHHO HykJleallul B OCTBIBAIOIIEM M PACIUMPSIOLIEMCS] OTHEHHOM Lape B3pbIB-
Horo o6naka OymeT DOCTaTo4yHO CBOOOOHOrO 3JIeMEHTapHOro yriepojaa, oOpa3oBaHHOrO
Pa3NMYHBIMU peaKUHMsIMH JHUCCOLMALMK (HampuMep, yAapHOe pa3JioXkeHHe KapOOHAaTHBIX
nopoa Muienu, CaCO; — CaO + CO,, u nanee tepmansHoit nuccounaunu CO,: CO, —
CO + O) u BoccTaHOBJIEHHA (OKHCNIeHHe cBoOGoaHOro *keresa, FeS, FeS, u npyrux kommno-
HEHTOB, KOTOpbIE MOCTYMHJM M3 MHIUEHH MJIM M3 CaMOro ynapHHKa), a TakXe HHU3KUX,
BILUIOTH A0 atMmocdepHoro, maBneHuid. HemaBuue Haxomku KCHUA HenocpencTBEeHHO B
CTEKJIaX M3 3IOBUTOB KpaTepa Puc [Abbot, et al., 1996] moka3siBalOT, 4TO MapaMeTphI
0OBIYHOrO0 MMIMAKTHOrO MJIaBJIEHUS M HAayaJbHOrO MCMAapeHWs MOpoA MHLIeHH (ymapHble
nasyieHust nopsinka 60—90 I'Tla uaM HEMHOro BbIlle) BIOJHE HOCTATOYHBI AJIA CO3AaHUA
61aronpUATHBIX MPEANOChIIOK 00pa30BaHUA TAKHUX aJMa3oB.

MenkHe a;iMa3bl HHOTO MPOUCXOKAEHHS H KapOOHaI0

B pocceinax Ykpaunsl, Kazaxcrana u apyrux peroHoB [THA 4acTo accounupyor ¢
MEJIKUMM ajiMa3aMH pasjM4HbIX THIOB, MMEIOLIMMH HENpaBHIIbHYIO, KYOHUYECKyI0 HIIH
okTasapudeckyto ¢opmy [Kaikapos, IlonkaHos, 1964, 1972; KsachHuua, 1985]. Hekoro-
pble M3 TakKX ajMa3oB B pocchinax KasaxcraHa (kybouasl ¥ KyOOOKTadApbl BEIMUHMHON OT
70 no 200 MxM) UMelOT MeTaMopduyeckoe npoucxoxaeHue [Sobolev and Shatsky, 1990],
B TO BpeMs Kak Ipyrue MeJIKHe ajiMasbl U3 MHBIX PErHOHOB MMEIOT 3HIOreHHbIH, HO BCE
ewé He BBIACHEHHbIH MCTOYHMK. OfHAaKo MpH BCEM OOLIEM CXOINCTBE TaKUX ajMa3oB U
[TUA no u3oTonHOMY cocTaBy (T. €. HeB3Hpas Ha OOLIMH KOpOBBIH MCTOYHHMK Yrjeponaa)
[TUA oT/IMYalOTCAd OT HUX MPHCYTCTBUEM JIOHCAEHINTA, TEKCTYPUPOBAHHOCTBIO U TOHKO-
3€pHUCTBIM CTPOEHHEM.

Hpyras rpynna ajaMa3oB, KOTOpas B KakoH-TO Mepe KOHBEpreHTHa ¢ MMIaKTHBIMH
ajiMazaMH, MpeacTaBjieHa KapOoHago — TOHKO3EPHUCTHIMH TOJIMKPUCTAJUIMYECKUMH arpe-
rataMM KyOMYeckoro aimasa, M3BecTHbIMM B Bpasunuu [Trueb and Bitterman, 1968] u
LentpanbHoii Adpuke [Trueb and De Wys, 1971]. IIpoucxoxxneHue kapboHano BcE elé
He sAcHo. OmHM HCCJIenoBaTeNy MNpenroNaraloT Uil HUX HMMIAKTHOE IMPOMCXOXKIEHHE
[E3epckuit, 1986; Smith and Dawson, 1985] nu6o paccMaTpuBaroT MX B CBSI3H C SIKyTHTa-
MH, HMMIAKTHOE IMPOMUCXOXAEHHE KOTOPBIX TakXke He BbI3bIBa€T COMHeHHMit [Kaminsky,
1992]. JIpyrue uccnenosatenu [CoboneB u ap., 1989] npennonararor Metramopduueckoe
npoucxoxaeHne kapboHano. ONHAKO HECMOTPS Ha UCTHHHYIO MPUPOAY 3THX 3aralgodHbIX
anMasoB W obuwmii ¢ [TMA u3oTonHbIi cocTaB yriepona (T. €. 0OLIUi KOPOBBIH MCTOYHHK
yriaepona no E. M. I'anumoBy u ap. [1985]), kapboHano otnuyHbl oT [TMA nmo oTcyTCTBHIO
JIOHCIIEHJIMTa U TEKCTYPUPOBAHHOCTH, a Takxke Mo Ooiee “rpybo3epHUCTON” cTPyKTYpe (MX
KPUCTAJUIUTBI AOoCcTUraroT B pazmepe 10—20 mkm). Takum 06pa3oM, U3BECTHbIE B HaCTOSA-
1Iee BpeMsi MeXaHH3Mbl 00pa30BaHUs MMIAKTHBIX aJMa30B HE MO3BOJISIOT 00BACHUTL 00pa-
30BaHHe kKapOoHamo.

SHAYEHHWE UMITAKTHbBIX AJIMA30B

HMnakTHbIe aaMa3sbl UMEIOT HaydHoe, OOllerno3HaBaTeNlbHOE W BO3MOXHOE IKOHO-
MHYeCKoe 3HaueHHe. B MeTeopuTHKe (Tak >ke Kak U B IPALYLIMX [JIAHETOJIOMMYECKUX HC-
cenoBaHUAX BelecTBa JIyHbl M ApYrUX MIaHeT) napaMopdo3ssl MA aBisroTCA HoKa3aTesb-
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CTBaMH yJapHbIX coObITHI1 Bo BeenenHol. Kak noaTeepkaaeTcs HaxoakaMH 3THX ajMa3oB
W IpYrMMH TNpH3HAaKaMM, TakMe yNapHble COOBITHUSA MPOMUCXOIOMJIM MOCJE CHIMKAaTHOTO U
MeTaJlIo-CyJIbGUIHOro 3TarnoB 06pa3oBaHUs BELIECTBA YPEHUIIMTOB M HEKOTOPDIX )KeJIe3HbIX
MeTeopuToB. OnHaKO B xese3HoM MeTeopute Canyon Diablo [THA BO3HMKJIM NpH ynape o
3emuo.

[Tp1 reoslorM4eckUX WM METPOJIOTHYECKUX HCCIENOBAaHUAX 3EMHBIX METEOPUTHBIX
KpaTepoB MMMakTHele anMasel obeux rpymn, I[TMA u KCHA, ABAAIOTCA TakXke BaXKHbIM
MMHEPAJIOTHYECKUM CBUAETEJIBCTBOM yNApHOro MeTaMoppu3Ma U CIIyXKaT OJHHUM M3 KpH-
TepHeB OMO3HaHUA acTpobiieM. IMNakTHelE ajiMa3bl B 3THX YHHUKAJbHBIX MPUPOAHBIX 00b-
eKTax MOMOrarT oleHHTb P—T ycioBus ynapHoro MetamophusMa, UCTOPHIO OXJIAXKIEHHs
yaapHeIx pacryaBoB M T. 1. Kpome Toro, [IMA u KCHA MoryT 6bITh BaXXHBIMH MHIMKa-
TOPHBIMU MHHepajiaMH (B JOMOJIHEHHE K aHOMAJMAM MpPHUAHMA, 3€pHaM MMIMAKTHPOBAHHOIO
KBapla, MUKPOTEKTHTaM M T. [.) IJs MPOCJEKNUBAHHS IOTPAHUYHBIX TOPU30OHTOB HaJIbHUX
3aKpaTepHbIX BLIOPOCOB M3 OOJBLIMX MMMNAKTHBIX KpPaTepPOB B pErHOHAIbHOM HIIM rJjlo0ab-
HOM Maciutabe. B cOOTBETCTBUM € TMMOTE30H HMMIAKTHBIX BbIMMpaHuii B. ArnbBapeca
[Alvarez, et al.,, 1980], Takue morpaHUYHbIE CJIOU SIBJIAIOTCS CBUAETEJILCTBAMH KaTacTpo-
buueckuX M3MEHEHMH KiMMaTa M OMOTBbI Halllel MUIaHEeTbl, 3aJ0KYMEHTUPOBAHHBIX B OcCa-
JOYHOIi JeTonucu. Ml npeanonaraeM, yto [TMA MoryT npucyTCTBOBaTh B T€X MOrpaHHY-
HBIX CJIOSIX, KOTOpble MapKHUpYITCA 4YEIICKUMH TeKTHTaMU-MongaButamu (Pucckoe uM-
nakTHOe coObITHE ~14 MJIH JIeT Hazan); UPUIMEBOH aHOMasel B 30LIEH-OJHTOLLEHOBOM
paspeze MaccunbaHo, Uramua ([Tonuraiickoe? MMnakTHoe coObITHE 35 MJIH JIeT Hasan),
CBsI3aHHOM ¢ UMKCKYJIyOCKMM MMNAKTHBIM COOBITHEM 65 MJIH JIET Ha3ald UPUIMEBOH aHO-
MaJineit MeJ-najeoreHoBoro Bozpacta B CeBepHOit AMepHKe, 1 BO MHOTHX IpYrux nonoo-
HbIX ropu3oHTax. O6MpHoe noJje paccesHus nonuraiickux UA [Vishnevsky, et al., 1995],
HabsonaemMoe Ha paccTosHHe 00 500 KM, MOXKET CIyKUTb 0OOCHOBaHHEM JJIs TAKUX NpEn-
nojoxeHui. UTo e kacaeTcs “KOJITIOMAHBIX” ajMa3oB, TO OHU YXe yCTAHOBJIEHBI B MEJ-
NaneoreHoBbIX NOrpaHUYHBIX cl10AX CeBepHOH AMEPHKH.

Hakoneu, I[TMA Moryt ObITh €IMHCTBEHHBIM MPH3HAKOM yIapHOro mMeTamopdusma
IS APEBHUX NOKEMOPUHCKUX MMITAKTHBIX CTPYKTYP M MX 3aKpaTepHbIX BLIOPOCOB, nepepa-
©0TaHHBIX peruoHabHbBIM MeTaMopdr3MoM U TekToHUKOH. CoobuieHune o Haxonke [THA B
akJioruTax [["oy0BHA U Op., 1977], BO3MOXKHO, ABIAETCA IPUMEPOM TaKOro poja.

Kpome Hay4Horo u obueno3nasarensHoro nHtepeca [TMA Moryt uMeTh onpeneseH-
HOe 3KOHOMHYecKoe 3HaueHHe [Grieve and Masaitis, 1994; Masaitis, 1989].

3AKJIIOYEHHE

HMnakTHbIE ajaMas3bl MOI'YT BO3HHKATh Kak mapaMopdo3bl M0 UCXOJHOMY YrJepoau-
CTOMy BellecTBY (rpadur, yrojb, ciabo OKpUCTAJUIM30BAHHbBIM WM aMopdHbIH yriepon)
NOJ NeHCTBHEM YIapHBIX BOJIH B pe3yJsibTaTe BHICOKOCKOPOCTHBIX CTOJIKHOBEHMIl M B Ha-
CTOALLEE BpPEMSA U3BECTHBI B PA3JIMYHBIX POOUTEJIbCKUX (MCTCOpI/ITbI M nopoabl 3€MHBIX
MMIAKTHBIX KpaTepoB) MJIM BTOPHYHBIX (OCaZOYHbIE KOJUIEKTOPBI) MPOSBJIEHUAX. DTHU Na-
paMopdo3bl UMNAKTHBIX aJIMa30B MPEACTaBJIEHb! MOJMKPUCTAUIMYECKUMH 3EpHAMH BEJIH-
YUHOW OT MEepBbIX MHUKPOMETpOoB OO0 10 MM, KOTOpbIE COCTOAT M3 TOHKO3E€PHHUCTBHIX
(KpuCTaNIMTBl pa3MepoM OT ~1 MKM JO MepBbIX HAHOMETPOB) M YACTO TEKCTYPHPOBAHHBIX
arperatoB KyOuueckod MM KyOuWdeckoi + rekcaroHanpHoi ¢a3 anmasa. Hepenko ITHA
HacnenyroT MOp(OJIOrHi0 UCXOIHBIX KPUCTAJUIOB rpaduTa, MIaCTHUHOK Yrijii MJIM KCEHO-
MOpP(}HBIX BbIAEJIEHHH aMOP(HOro yrieposaa; H30TOMHbIH COCTaB POIMTENBCKOrO yriepoaa
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coxpaHsaeTcs Bcerna. 3emHble [IMA B 3aBUCUMOCTH OT rpad)MTOBOrO MJIM YrojbHOIO HC-
TOYHHKA MX BELIECTBA 00BIYHO pa3jiMyaroTcs Mexay coboi mo Mopdosoruu, conepxaHHIo
rekcaroHajqbHOH (a3bl (JJOHCAEHINTA), U30TOMHOMY COCTaBy Yrjeponaa, MpUMecH rapamar-
HUTHOrO a30Ta U T. A. JIOHCHEHNUT kak HectabuibHas ¢as3a 4yBCTBUTENEH K MPOFOJDKH-
TeJILHOCTH yNApHOM Harpy3ky M HEpeIKO YCHeBaeT “OTXKMraThcs” B KyOMUeckui anmas;
M03TOMY, UeM MEHbILE METEOPUTHBIN KpaTep, TEM BbILLE COAEpKaHUe JoHcaehaura B [IMA
U3 3TOr0 Kparepa.

AnorpaduTossle [TMA BO3HHKAIOT Kak MapTEHCHUTHBIM, Tak U JHU(dy3HOHHBIM CrO-
cobom mpeBpalueHus (ynapHole naBiaeHus oT ~30 no 140 I'Tla, octaTouHble TeMMepaTypsl
ot ~700 no 4000 K u BeILe); npeBpalleHue yriei u apyrux ¢opM amopdHoro yriepona B
IMTUA npoucxoaut ToJeko AUbdY3HOHHBIM MyTEM (ynapHble gaBieHus ot ~25 no 60 I'Tla u
BbIlllE, OCTATOUHbIe TeMmrepaTypbl oT ~2500 mo 4500 K). ITpomo/KUTEbHOCTE YOapHOTrO
Harpy»xeHus (T. e. MacluTab UMMAKTHOro COOBITUA) BaXKHA [J11 MHULIMMPOBAHUA U MOJIHOTHI
npeBpalleHHs.

Hnsble, yem [THMA, anMasbl “KOJJIOMAHON” M CyOMHKPOHHOH pa3MepHOCTH, 0OHapy-
’KEHHbIE HEIaBHO B MOrPaHUYHBIX CJIOAX Mena-naneoreHa B CeBepHOlt AMepHKe U B KpaTe-
pe Puc, npencrapisioT co0oii npuHLMNKANEHO HOBYIO rpynmy HMA. Ilpennonaraercs, 4to
3TU aJMasbl HCKJIKOUMTENbHO KyOuueckoi MoaMdHKaUMM, C LIMPOKHM, HO B LEJOM
“3eMHBIM” CIEKTPOM M30TOIMHOr0 COCTaBa yrijepoaa U ¢ MPUMEChI0 “3eMHOro” a3oTa, KpH-
CTaJJIM30BaJIMCh U3 3JIEMEHTAPHOr0 Yrijepoia B OTHEHHOM Lape B3pbIBHOrO obsaka KpyIl-
HBIX MMIAKTHBIX COOBITHH. YcioBUsA 00pa3oBaHus 3TUX A BcE elwé He siCHbl, HO UX BO3-
HMKHOBEHHE IPeCTaBIAETCA BO3MOXKHBIM 32 CUET MEXaHU3Ma rOMOreHHOH HyKJiealuH NpH
CpaBHUTEJIBHO HU3KMX napamerpax (Temnepatyps! 1o 1300 K U Huxe, naBieHUs IO aTMO-
cdepHoro).
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