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The Majorite-Pyrope + Magnesiowdstite
Assemblage: Constraints on the History of
Shock Veins in Chondrites

Ming Chen, Thomas G. Sharp, Ahmed El Goresy,*
Brigitte Wopenka, Xiande Xie

Shock veins in the Sixiangkou (L6) chondrite contain two high-pressure assemblages: (i)
majorite-pyrope solid solution plus magnesiowdustite that crystallized at high pressures
and temperatures from a shock-induced silicate melt of bulk Sixiangkou composition and
(i) ringwoodite plus low-calcium majorite that were produced by solid-state transforma-
tion of olivine and low-calcium pyroxene. The morphology and chemistry of the majorite-
pyrope garnet and the size of the magnesiowUstite crystals indicate a longer duration at
high pressure and temperature than predicted by impact scenarios. This pressure-tem-
perature regime is constrained by the olivine-ringwoodite and orthopyroxene-majorite
phase transformations, fusion of the meteorite constituents, and crystallization of ma-
jorite-pyrope solid solution plus magnesiowdustite from that melt under high pressure.

Forsteritic olivine [Fe/(Fe+Mg) < 0.26]
transforms into the denser polymorphs
modified spinel (wadsleyite, B phase) and
spinel (ringwoodite, «y phase) in the Earth’s
transition zone (1—4) and dissociates at
pressures P > 23 GPa and temperatures T
= 1600°C to perovskite plus magnesiowtis-
tite in the Earth’s lower mantle (5). Ma-
jorite (Mg,Si4O,, garnet) is a stable phase
in the pressure range 19 to 24 GPa at
temperatures between 1700° and 2600°C
and transforms to a perovskite-type struc-
ture at higher pressures (6). Along with
experimental investigations at high pres-
sures and temperatures, mineral assemblages
in heavily shocked meteorites can reveal
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crucial information about phase transitions
and high-pressure minerals (7-9). Unfortu-
nately, our understanding of shock-induced
phase transitions and the conditions of high
pressure and temperature in shocked mete-
orites is limited by the fact that shock ex-
periments do not produce such transforma-
tions. To understand the pressure and tem-
perature conditions and the durations of
shock events in chondrites, one must exam-
ine the minerals that crystallize from shock
melts at high pressure as well as those
formed by solid-state transformation. Shock
melts in terrestrial and lunar rocks, for ex-
ample, do not crystallize high-pressure min-
erals, whereas shock veins in chondrites do
(8, 10). This difference suggests a distinc-
tion between the pressure-temperature his-
tories of impact events on chondritic aster-
oids and those on the Earth and moon.
The heavily shocked Sixiangkou meteor-
ite contains black veins, ranging in width
from 0.1 to 2 mm, that consist of two lithol-
ogies: (i) mostly unfractured, rounded, large
polycrystalline grains of ringwoodite and
low-Ca majorite (15 to 300 wm in diameter),
plus diaplectic plagioclase glass (10 to 60 pm
in diameter), and (ii) a fine-grained matrix
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(0.5- to 4-pm-diameter grains) of Al-, Na-,
Ca-, and Cr-bearing majorite and dark iso-
tropic material constituting more than 80%
of the veins by volume (Fig. 1) (8). The
fine-grained part of the vein is sprinkled
with kamacite and troilite blebs or metal-
troilite eutectic intergrowths. The isotropic
material was initially interpreted to be sili-
cate glass that was quenched with the ma-
jorite-pyrope solid solution from a silicate
liquid (8). We used analytical transmission
electron microscopy (TEM), scanning elec-
tron microscopy, and electron microprobe
analyses (EMPA) to characterize the shock-
vein minerals, which allowed us to constrain
the history of the shock event on the L6
chondrite parent body.

The polycrystalline grains of ringwoodite
[(Mg; 4oFeq 46Mng,)SiO,] and the low-Ca
majorite {(Mg; goFeq 5,Cag 0sMnyg 3)Si40 5]
have the same compositions as olivine and
low-Ca pyroxene, respectively, outside of

JCH

: { A
Fig. 1. Back-scattered electron image of a shock-
induced vein in the Sixiangkou meteorite. The vein
intersects normal chondritic material (CH) and
consists of relatively large aggregate grains of
ringwoodite (R) and low-Ca majorite (M), as well as
diaplectic plagioclase glass (G) and metal-troilite
eutectic intergrowths (MT) in a fine-grained matrix
of silicate, oxide, and metal grains. The rounded
outline of the silicate fragments is indicative of
partial resorption into the molten matrix during the
shock event.

&

Fig. 2. Bright-field TEM image of a 3-um ring-
woodite grain obtained with the 220 reflection.
Under these imaging conditions, the a/4 (110)
{110} stacking faults (a is a crystal axis) on (101)
and (011) are clearly visible.

the black shock veins (Table 1). Micro-
Raman, TEM, and selected area electron
diffraction (SAED) investigations showed
that these grains are single-phase ringwood-
ite (-y-phase) and low-Ca majorite, respec-
tively (11). Ringwoodite polycrystalline ag-
gregates consist of grains ranging from 2 to
6 wm in size with abundant stacking faults
and dislocations (Fig. 2). The stacking fault
densities are similar to those seen in ring-
woodites from other meteorites (7) and syn-
thetic ringwoodites (2, 3). Highly disor-
dered spinelloid structures, such as those
commonly found in partial-transformation
experiments (3, 11), were not observed.
The average density of dislocations in ring-
woodite is 8 X 10'2 m™2 The majorite
aggregates contain grains up to 10 pm in
size that are subdivided by well-organized
walls of dislocations. This subgrain struc-
ture, similar to that seen in natural garnets
from ultradeep-mantle xenoliths (12) and
synthetic majorites (13), indicates plastic
deformation by dislocation creep. Climb of
dislocations into subgrain boundaries is a

diffusion-controlled process that requires
significant time at high temperatures (14).
There is no evidence of twinning or tweed
textures, which are common in tetragonal
majorite (13, 15, 16), and all of the SAED
patterns collected were consistent with cu-
bic symmetry.

The fine-grained matrix consists of two
lithologies: (i) a metal-troilite~poor li-
thology along the edges of the veins bor-
dering the unshocked part of the meteor-
ite (Fig. 1), and (ii) a metal-troilite-rich
portion in the interior of the veins enclos-
ing the large rounded grains of ringwood-
ite and low-Ca majorite. The predominant
constituent of the metal-troilite~poor li-
thology is a majorite-pyrope solid solution
that occurs as idiomorphic crystals ranging
in size from 0.5 to 4 pm in diameter (Fig.
3). In contrast to the polycrystalline low-
Ca majorite, these matrix garnets are rich
in ALLO,, CaO, and Na,O and contain
appreciable amounts of Cr,O;, with ma-
jorite and pyrope as the major constituents

(Table 1). Our TEM imaging and SAED

Table 1. Average phase compositions for low-Ca pyroxene (px), low-Ca majorite (mj, Mijg, sCa-
Mi, sPYosUvy s, Where Uv is uvarovite), majorite-pyrope solid solution (mj-py, Mj,; sNa-Mj, ,Ca-
i oPY1s5.8UV, 5), Olivine (ol), ringwoodite (i), magnesiowustite (mw, WU ,-Per ., where W is wistite and
Per is periclase), and Sixiangkou bulk compositions. All values were determined by EMPA except mw,
which was by TEM. All data are in weight %; the number in parentheses is the number of analyses (n.d.,
not detected). The formulas were calculated on the basis of fixed numbers of cations. Ranges for oxide
concentrations that varied by more than 2%: mj: MgO 27.81 to 29.93; mj-py: FeO 9.16 to 13.42, SiO,
50.26 to 53.01; ri: SiO, 37.30 to 40.21, MgO 37.12 to 39.53. Standard deviations: SiO,, 0.9; MgO, 0.67;
Ca0, 0.16; MnO, 0.02; FeO, 1.62; TiO,, 0.67; Al,O5, 0.17; Cr,0O,4, 0.04; and Na,O, 0.11. Bulk 1 is the
bulk composition of the chondrite from (27) after subtraction of metal and troilite and recalculation to
100% (28). Bulk 2 is the average bulk composition of areas free of metal and troilite in the assemblage
majorite-pyrope solid solution + magnesiowdstite, determined by a broad-beam (EMPA) technique.

Oxide px mj mj-py ol ri mw Bulk 1 Bulk 2
(6) (10) (10) (7) (20) @ O] (10)
SiO, 54.83 54.74 52.18 38.02 38.18 1.11 45.21 47.53
MgO 27.65 28.65 28.02 38.19 38.23 34.85 28.49 26.39
CaO 0.95 0.78 2.19 0.04 0.03 n.d. 2.18 2.18
MnO 0.46 0.49 0.34 0.49 0.49 n.d. 0.41 0.40
FeO 14.16 13.61 11.45 22.25 22.42 62.85 18.39 1717
TiO, 0.17 0.20 0.11 0.01 0.02 0.29 0.12 0.18
AlLO,4 0.15 0.17 3.67 0.01 0.01 n.d. 3.04 2.71
Cr,04 0.13 0.13 0.55 0.04 0.03 0.86 0.64 0.53
Na,O 0.04 0.04 0.99 n.d. n.d. n.d. 117 1.03
V,04 0.02 n.d. 0.03 0.02 0.02 n.d. 0.13 0.03
K,O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
P,Oq n.d. n.d. n.d. n.d. n.d. n.d. 0.23 n.d.
Totals 98.56 98.81 99.53 99.07 99.45 99.96 100.00 99.14
Number of cations per formula unit
Si 2.00 3.96 3.70 1.00 1.00 0.01 - -
Mg 1.50 3.09 2.96 1.50 1.49 0.48 - -
Ca 0.04 0.06 0.17 0.00 0.00 - - -
Mn 0.01 0.03 0.02 0.01 0.01 - - -
Fe 0.43 0.77 0.28 0.48 0.48 0.49 - -
Ti 0.00 0.01 0.01 - 0.00 0.002 - -
Al 0.01 0.01 0.31 - - - - -
Cr 0.00 0.01 0.03 0.00 0.00 0.006 - -
Na 0.00 0.00 0.14 - - - - -
Vv 0.00 - 0.00 0.00 0.00 - - -
Fes+ 0.01 0.05 0.39 0.01 0.01 - - -
Totals 4.00 7.99 8.01 3.00 2.99 0.988 - -
Oxygens 6.01 11.99 11.81 4.00 4.00 1.0 - -
SCIENCE ¢ VOL. 271 + 15 MARCH 1996 1571



of the majorite-pyrope solid solution
showed no evidence of twinning or tetrago-
nal symmetry. In the interstitial channels
between these idiomorphic garnets, irregu-

larly shaped blebs of magnesiowiistite
[(Mgg s4Feq46)O] up to 5 pm long were
observed (Fig. 3), constituting 15 to 20%
(by volume) of the metal-troilite—poor li-
thology. Our SAED analysis showed that
these irregular magnesiowiistite blebs are
segments of large, multibranched single crys-
tals that fill the channels between several
majorite-pyrope garnets. The relatively large
size of the garnet and magnesiowiistite grains
in the matrix suggests relatively low nucle-
ation rates, which are not consistent with
rapid quenching. Magnesiowiistite was ob-
served in the Tenham chondrite (9) as in-
clusions in majorite-rich garnets, which
were also interpreted as having crystallized
from a shock melt at high pressure. Dif-
fraction patterns from magnesiowdistite in
Sixiangkou contain strong reflections cor-
responding to its NaCl structure and weak
superstructure-like reflections halfway be-
tween the normal reflections. These extra
reflections result from submicroscopic
magnetite crystallites (as small as 3 nm)
that are coherently intergrown throughout
the magnesiowiistite and apparently ex-
solved out of nonstoichiometric magnesio-
wiistite during cooling.

The metal-rich and metal-poor matrix
assemblages are relatively homogeneous

Fig. 3. (A) Bright-field TEM image of the shock-
vein matrix material showing equant grains of ma-
jorite-pyrope solid solution (MP) and irregular
grains of magnesiowustite (MW). (B) The SAED
pattern of the magnesiowUstite (111) zone axis
contains strong {220} reflections from the NaCl-
type structure and weak superstructure-like re-
flections (arrows) from coherently intergrown in-
clusions. (C) The SAED pattern of the majorite-
pyrope solid solution (100) zone axis indicates a
cubic structure. The distinctive (100) patterns of
tetragonal majorite were not observed.
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and constitute 80% of the veins by volume;
therefore, we maintain that they originated
from the chondritic material by melting of
silicates plus FeNi, FeS, and chromite dur-
ing a shock-induced high-pressure and
high-temperature event. Although experi-
ments (5, 17) show that magnesian silicate
spinel [Fe/(Mg+Fe) < 0.26] transforms into
perovskite plus magnesiowiistite at pressures
greater than 23 GPa, the composition of the
majorite-pyrope solid solution is inconsis-
tent with such a disproportionation reac-
tion. Because the olivine and low-Ca py-
roxene in the unshocked region of the me-
teorite contain little Al, Na, and Cr, the
majorite-pyrope solid solution could not
have formed by direct transformation from
these phases or their high-pressure equiva-
lents, but rather crystallized from a melt
that was enriched in Na,O, Ca0O, and
Cr,0;. The Na,O, Ca0O, and Cr,0O; con-
tents of the majorite-pyrope solid solution
are quite similar to the concentrations of
these elements in the bulk meteorite (Table
1), indicating that all of the Na, a majority
of the Al and Ca, and part of the Cr in the
melt were scavenged by the majorite-pyrope
garnet. In addition, Cr,O; was partitioned
to magnesiowiistite, thus supporting the
crystallization of this mineral pair from the
Sixiangkou melt. Broad-beam EMPA anal-
yses of the metal-troilite—poor matrix mate-
rial revealed a composition identical to that
of bulk Sixiangkou (Table 1). These find-
ings lead to the conclusion that the shock
event formed a silicate melt of Sixiangkou
bulk composition (Table 1) and that both
majorite-pyrope solid solution and magne-
siowiistite crystallized from this melt under
very high pressures and temperatures. The
idiomorphic nature (8) and the high Na
content of the majorite-pyrope solid solu-
tion argue against a solid-state transforma-
tion from a possibly preexisting Mg perov-
skite. The location of magnesiowiistite in
the interstitial channels between garnet
grains indicates that the garnet began to
crystallize before magnesiowiistite and was
therefore the liquidus phase in the Six-
iangkou melt (Fig. 3). In addition to garnet
and magnesiowiistite, the metal-poor matrix
contains kamacite, troilite, magnetite, and a
small amount of silicate glass along the mag-
nesiowiistite and garnet grain boundaries
(Fig. 3). On the basis of phase relations in
the Mg,SiO,-Fe,SiO,, (17) and MgSiO; (6,
18, 19) systems and high-pressure melting
experiments on peridotite (20) and the Al-
lende carbonaceous chondrite (21), the ma-
jorite-pyrope garnet + magnesiowdistite as-
semblage crystallized from 2050° to 2300°C
and 20 to 24 GPa. The presence of ring-
woodite rather than wadsleyite in the poly-
crystalline lithology constrains the pressure
to be greater than about 20 GPa, and the
lack of perovskite or majorite-pyrope
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pseudomorphic cubes after perovskite in the
fine-grained lithology indicates that the
pressure during crystallization did not ex-
ceed about 24 GPa.

The large polycrystalline aggregate grains
of ringwoodite and low-Ca majorite must
have formed directly from olivine and low-Ca
pyroxene through solid-state reactions with-
out the incorporation of additional elements
from the matrix melt. The composition and
microstructures in the ringwoodite and ma-
jorite aggregate grains are indicative of poly-
morphic phase transitions from olivine and
low-Ca pyroxene phenocrysts. Such micro-
structures have been produced experimentally
(16, 19), where large overstepping of equilib-
rium phase boundaries results in high nucle-
ation rates and fine-grained polycrystalline
aggregates. Similar polymorphic transforma-
tions of olivine and pyroxene to ringwoodite
and majorite would be expected to occur at
pressures between 20 and 24 GPa and tem-
peratures in excess of 2000°C.

An anticipated short duration of the
peak pressures and temperatures that pre-
vailed during the passage of the shock
wave (10) cannot account for (i) the sol-
id-state transformation of olivine and low-
Ca pyroxene to relatively coarse-grained
aggregates of ringwoodite and majorite,
respectively, (ii) the fusion of the low-
pressure minerals and partial melting of
the polycrystalline ringwoodite and low-
Ca majorite, and (iii) the subsequent crys-
tallization of majorite-pyrope garnet +
magnesiowtistite from the dense silicate
melt under high pressures and tempera-
tures. The relatively coarse-grained nature
of the polycrystalline ringwoodite and ma-
jorite (up to 6 and 10 wm, respectively) as
well as organized walls of dislocations in
majorite and the lack of disordered spinel-
loid structures in the ringwoodite argue for
annealing at high pressure. These findings
suggest that both lithologies were kept at
high pressure and temperature for much
longer than predicted by models of shock
metamorphism (10). The apparent an-
nealing of the microstructures could not
have occurred after pressure release be-
cause the high-pressure phases of both as-
semblages did not transform back to their
low-pressure polymorphs.

Shock experiments conducted on oli-
vine or dunite have not produced any high-
pressure polymorphs of olivine or pyroxene
(22), and those conducted at 50 to 55 GPa
and 467° to 727°C have only produced
lamellae of diaplectic olivine glass (23).
Although it may appear plausible that the
peak pressure experienced by the shock
veins in the Sixiangkou chondrite exceeded
24 GPa, the majorite-pyrope garnet + mag-
nesiowiistite assemblage constrains the pres-
sure-temperature conditions of crystalliza-
tion. Our findings regarding crystallization



conditions and time scales in Sixiangkou
shock veins cannot be explained by accept-
ed shock models and therefore may warrant
revision of such models. The relatively long
time that the Sixiangkou shock veins re-
mained in the pressure range of 20 to 24
GPa is inconsistent with transformations
occurring during rapid decompression after
the peak shock pressure was reached.

The conditions required for the forma-
tion of ringwoodite (y) and wadsleyite (B)
from olivine during shock events in ordinary
chondrites are poorly constrained. Steele
and Smith (24) and Stoffler et al. (25) sug-
gest that special conditions, such as elevated
temperatures of the target before shock com-
pression, are required to transform olivine to
ringwoodite. Such high temperatures were
unlikely during the formation of Sixiangkou
shock veins because they would have result-
ed in back transformation to the low-pres-
sure phases after decompression. Scenarios
suggesting peak pressures in excess of 50
GPa, as high as 80 GPa, were also developed
(26). These models cannot be reconciled
with our findings in Sixiangkou because
there would be insufficient time available for
the growth of relatively large ringwoodite
and majorite grains with subgrain micro-
structures during the rapid decompression.

The composition and textural relations
of the two high-pressure assemblages stud-
ied have important implications for (i) the
pressure and temperature conditions that
exist during dynamic events that lead to the
formation of high-pressure polymorphs in
chondritic meteorites, (ii) the duration of
shock events in meteorites, and (iii) the
crystallization of melts in shock veins. It
may appear impossible to retain high pres-
sures and temperatures for up to several
seconds on the basis of shock experiments,
but one can envisage that collisions of large
asteroidal bodies or the passage of multiple
shock waves through such bodies during
complex collisional events could account
for such conditions.
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Iridium Metal in Chicxulub Impact Melt: Forensic
Chemistry on the K-T Smoking Gun

Benjamin C. Schuraytz,*f David J. Lindstrom, Luis E. Marin,
René R. Martinez, David W. Mittlefehldt,
Virgil L. Sharpton, Susan J. Wentworth

Iridium concentrations in successively smaller subsplits of melt rock and melt breccia from
the Chicxulub impact basin were tracked to isolate and identify iridium carrier phases.
Iridium-rich particles were isolated from two samples, and a micrometer-scale, silicate-
enclosed aggregate of subhedral iridium metal grains was identified in one, confirming
earlier reports of iridium at ground zero of the impact at the Cretaceous-Tertiary (K-T)
boundary. The aggregate may be either a phase formed after the collision or a relict of
the Chicxulub basin-forming meteorite. In either case, its presence indicates that even
among the largest impact structures on Earth, meteoritic components may be preserved

within the crater.

Of all the elements in the periodic table,
iridium (Ir) figures most prominently as a
chemical fingerprint of meteorite impact
events in shock-metamorphosed target
rocks and ejecta on the Earth and moon
(1). Discovery of anomalously high concen-
trations of Ir coincident with the K-T
boundary, the worldwide stratigraphic hori-
zon defined by a major biological mass ex-
tinction event 65 million years ago, led to
the hypothesis that impact of an Earth-
crossing asteroid ~10 km in diameter was
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responsible for the sudden influx of Ir and
the ensuing biological crisis (2). All avail-
able evidence points to the Chicxulub
structure—buried beneath Mexico’s Yuca-
tan peninsula, with diameter estimates of
180 to 300 km—as the site of the K-T
impact (3-6).

Definitive constraints on the nature of
the impacting body (whether asteroid or
comet), in terms of size, velocity, and pos-
sible compositional correlation with other
meteorites (7), are yet to be determined.
Anomalously high Ir concentrations in
some Chicxulub samples (4, 8) suggest that
melt rocks within the crater may provide
additional constraints on the nature and
fate of the projectile. To better understand
the partitioning of projectile material be-
tween crater deposits and ejecta, we began a
search for physically identifiable carrier
phases of Ir and other siderophile elements
within these melt rock samples (9, 10). We
discovered an Ir metal particle enclosed in
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