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Abstract

The microtexture and mineralogy of a 580-lm-wide melt vein in the Tenham L6 chondrite were investigated using field-emission scan-
ning electron microscopy and transmission electron microscopy to better understand the shock conditions. The melt vein consists of a
matrix of silicate plus metal-sulfide grains that crystallized from immiscible melts, and sub-rounded fragments of the host chondrite that
have been entrained in the melt and transformed to polycrystalline high-pressure silicates. The melt-vein matrix contains two distinct
textures and mineral assemblages corresponding to the vein edge and interior. The 30-lm-wide vein edge consists of vitrified silicate
perovskite + ringwoodite + akimotoite + majorite with minor metal-sulfide. The 520-lm-wide vein interior consists of major-
ite + magnesiowüstite with irregular metal-sulfide blebs. Although these mineral assemblages are distinctly different, the pressure stabil-
ities of both assemblages are consistent with crystallization from similar pressure conditions: the melt-vein edge crystallized at about 23–
25 GPa and the vein interior crystallized at about 21–25 GPa. This relatively narrow pressure range suggests that the melt vein either
crystallized at a constant equilibrium shock pressure of �25 GPa or during a relatively slow pressure release. Using a finite element heat
transfer program to model the thermal history of this melt vein during shock, we estimate that the time required to quench this 580-lm-
wide vein was �40 ms. Because the entire vein contains high-pressure minerals that crystallized from the melt, the shock-pressure dura-
tion was at least 40 ms. Using a synthetic Hugoniot for Tenham and assuming that the sample experienced a peak-shock pressure of
25 GPa near the impact site, we estimate that the Tenham parent body experienced an impact with collision velocity �2 km/s. Based
on a one-dimensional planar impact model, we estimate that the projectile size was >150 m in thickness.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Tenham fell in 1879 near Tenham Station (25�440S,
142�570E) in South Gregory, Queensland, Australia (Spen-
cer, 1937). Tenham is a famous highly shocked L6 chon-
drite that contains metastable high-pressure minerals in
the melt veins, including ringwoodite, majorite, wadsleyite,
magnesiowüstite, akimotoite, silicate-perovskite, and hol-
landite-structured plagioclase (Binns et al., 1969; Langen-
horst et al., 1995; Madon and Poirier, 1983; Mori and
Takeda, 1985; Price et al., 1979; Putnis and Price, 1979;
Tomioka and Fujino, 1997; Tomioka et al., 2000). The
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presence of glassy plagioclase and polycrystalline ringwoo-
dite in melt vein regions of Tenham indicates a shock stage
of S6 (Xie and Sharp, 2000), which has been inferred to
correspond to a pressure between �45 and �90 GPa (Stöf-
fler et al., 1991). However, calibration of the shock pres-
sures required to transform silicates to their high-pressure
polymorphs is dependent on kinetics and therefore depen-
dent on the P-T-t conditions of shock. Most of the high-
pressure minerals found in Tenham are stable at pressures
ranging from 14 to 27 GPa (Agee et al., 1995; Fei and Bert-
ka, 1999; Gasparik, 1992; Irifune, 1993; Ito and Yamadah,
1982; Katsura and Ito, 1989; Kerschhofer et al., 1996;
Ringwood, 1958; Trønnes, 2000) and have never been syn-
thesized in shock recovery experiments. The crystallization
of silicate melt during shock commonly produces minerals
and assemblages that are stable at moderately high
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pressures (14–27 GPa), suggesting that equilibrium shock
pressure in chondrite parent bodies may be much less than
those implied by calibration of shock stage S6.

The high-pressure phases in Tenham and other meteor-
ites are invariably found within or adjacent to shock melt
veins. These veins are actually sheets, ranging in thickness
from �1 lm to several mm, which appear vein-like in thin
section. Petrographic evidence supports the view that the
veins comprise material that was locally melted (Fredriks-
son et al., 1963) and then quenched by conduction to the
surrounding cooler host rock (Langenhorst and Poirier,
2000; Leroux et al., 2000; Sharp et al., 2003). The melt
veins commonly contain two distinct parageneses. One
consists of polycrystalline grains produced by the solid-
state transformation of host-rock fragments. Rounded
grains of blue polycrystalline ringwoodite are easy to ob-
serve petrographically and provide one indictor of S6
shock grade (Stöffler et al., 1991). The other paragenesis
consists of a matrix of silicate plus metal-sulfide grains that
crystallized from immiscible silicate and sulfide melts. The
resulting fine-grained crystals require high-resolution tech-
niques for characterization and mineral identification
(Chen et al., 1996). Close similarities in mineralogy, grain
size, composition, and microstructure between the samples
from static high-pressure melting experiments and the
assemblages that crystallize from melt veins in highly
shocked meteorites suggest that phase diagrams obtained
from static high-pressure experiments can be used to con-
strain the conditions of melt-vein crystallization (Chen
et al., 1996; Sharp et al., 2000). Recent studies of shock-in-
duced melt veins show that melt-vein matrix assemblages
provide constraints on crystallization conditions and shock
pressure (Chen et al., 1996; Gillet et al., 2000; Langenhorst
and Poirier, 2000; Sharp et al., 1997, 2001; Xie and Sharp,
2004; Xie et al., 2001, 2002). In addition, melt-vein assem-
blages have the added advantage of recording crystalliza-
tion history as the melt vein cools from the edge to the
center (Langenhorst and Poirier, 2000; Sharp et al.,
2003). If melt-vein crystallization occurs at almost constant
equilibrium shock pressure, the mineral assemblages will be
consistent with crystallization at constant pressure. If melt-
vein crystallization occurs during pressure release, the cen-
ter of the melt vein, which crystallizes last, is likely to have
minerals that are stable at pressures lower than those that
crystallized at the melt-vein margin. The time scales of
melt-vein crystallization can be estimated as a function of
vein thickness through use of one-dimensional heat flow
calculations (DeCarli et al., 2002a,b; Langenhorst and Poi-
rier, 2000; Sharp et al., 2002).

This study is part of an ongoing investigation of shock-
induced melt veins as indicators of crystallization condi-
tions and focuses primarily on the melt-vein matrix. To test
for changing pressure conditions during melt-vein crystalli-
zation, we mapped textural and mineralogical changes
across a 580-lm wide vein. Transmission electron micros-
copy (TEM) was the primary tool for identifying the min-
eral assemblages of the melt-vein matrix. Mineralogy
combined with the relevant phase-equilibrium data was
used to constrain the crystallization pressure. The mini-
mum duration of the shock pulse was estimated from the
time required to cool the melt vein to below the solidus
for similar melt compositions. Constraints on shock pres-
sure, obtained from estimates of crystallization pressure,
have been used to estimate a lower bound on the impact
velocity. The estimate of minimum shock pressure duration
establishes lower bounds on the sizes of the impacting
body.

2. Methods

A 31.6 g piece of the Tenham L6 chondrite was obtained
from the Center for Meteorite Studies at Arizona State
University (ASU sample #647.6) and a 30 lm thin section
was made for the study. The sample was investigated with a
combination of optical petrography using transmitted and
reflected light, scanning electron microscopy (SEM) with
thermal and field-emission electron sources, and analytical
transmission electron microscopy (ATEM), also using both
thermal and field-emission electron sources.

Petrography and SEM were used to locate melt veins
and melt pockets, to study the shock features of the host
rock, and to identify large polycrystalline ringwoodite
grains and large host rock fragments in the opaque melt
veins. The textures of the melt veins and semi-quantitative
chemical analysis of minerals in the melt veins were inves-
tigated using JEOL JSM-840 SEM and Hitachi S-4700
field-emission SEM instruments, both equipped with ener-
gy dispersive X-ray spectroscopy (EDS) systems.

Because the grain size of the minerals in the melt veins
and pockets ranges from hundreds of nanometers to sever-
al micrometers, ATEM is an essential tool for their charac-
terization. A 3 mm diameter sample disk containing a
580 lm wide vein was cored from the thin section and ad-
hered to a copper TEM grid with a 1 mm diameter hole.
The disk center was mechanically thinned to �10 lm using
a Gatan Dimple Grinder (model 656) and then ion milled
using a Gatan Precision Ion Polishing System (PIPS).
The specimen was thinned to electron transparency using
Ar-ions accelerated to 5 keV and bombarding the sample
surface at an incidence angle of 4–6�. ATEM data were
recorded from the thin edges of ion-milled holes using
JEOL JEM-2000FX and Philips CM200-FEG microscopes
operated at 200 kV, both equipped with KEVEX EDS
detectors and EmiSpec analytical systems for chemical
analysis. The EDS detectors have ultrathin windows and
can detect elements heavier than B. However, elements
lighter than Na are subjected to strong absorption. Con-
ventional TEM imaging techniques were employed to char-
acterize the microtextures of the vein and the
microstructures of the minerals. Mineral phases were iden-
tified on the basis of quantitative EDS and selected area
electron diffraction (SAED).

EDS analyses were quantified using the ratio technique
of Cliff and Lorimer (1975). K factors relative to Si for
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the major elements, Mg, Fe, Ca, Al, and O, were deter-
mined from standards using the method of van Cappellen
(1990). The standards included fayalite for Fe and O; San
Carlos olivine for Mg, Fe, and O; Johnstown orthopyrox-
ene for Mg, Fe, and O; and Hakone anorthite for Al, Ca,
and O. Although oxygen data were collected and reported
(Table 1), they were not used to correct for absorption ef-
fects or to calculate the formula. Calculations of mineral
formulas were based on the number of oxygen anions in
the formula and oxidation states of the cations. It was as-
sumed that all Fe in silicates was Fe2+.

Mineral assemblages in the melt vein matrix, character-
ized by TEM, were used, in combination with phase rela-
tion data, to constrain the crystallization pressure of the
melt vein. Crystallization of the silicate melt during rapid
quenching of a shock vein is likely to occur from a super-
cooled liquid (Langenhorst and Poirier, 2000), which can
result in metastable crystallization of subliquidus and even
subsolidus phases. Although supercooling can result in dis-
equilibrium assemblages, the high pressure minerals that
crystallize, combined with their pressure stabilities, still
provide constraints on the pressure of crystallization. The
approach is not to assume chemical equilibrium and deter-
mine exact crystallization pressure and temperature from
phase-equilibrium data, but rather to constrain the crystal-
lization pressure from the overall pressure stabilities of the
minerals that crystallized from the melt.

The calculation of minimum quench duration for a vein
was performed using a finite element heat transfer program
Table 1
TEM EDS analysis of high-pressure phases in melt vein

ak(3) pv(7) m-maj(7) s-maj(5)

At %
O* 60.25 57.90 58.70 59.05
Na 1.56 0.65 0.12
Mg 17.57 16.69 15.56 16.36
Al 0.90 1.08 1.74 0.30
Si 18.87 18.87 19.03 20.26
Ca 0.08 0.68 1.32 0.22
Fe 2.33 3.15 3.01 3.67
Cr 0.02 0.02 0.01
K
Mn 0.05

Formula unit
O 3 3 3 3
Na 0.08 0.03 0.01
Mg 0.89 0.82 0.77 0.80
Al 0.05 0.05 0.09 0.01
Si 0.96 0.93 0.94 0.99
Ca 0.00 0.03 0.06 0.01
Fe 0.12 0.16 0.15 0.18
Cr 0.00 0.00 0.00
K
Mn 0.00

Note. O* at% is measured data. However, these oxygen data were not used to c
measurements based on the assumption of stoichiometry and the assumption
averaged. ak, akimotoite; pv, perovskite; m-maj, matrix majorite; s-maj, low-Al
mw, magnesiowüstite; and glass, melt-vein silicate glass.
(FEHT) (Klein et al., 2002). The calculation assumes an
initial vein temperature of 2700 K, a density of 4310 kg/
m3 at a pressure of 25 GPa, and a conductivity of 10 W/
mK (see Section 4.3). A synthetic Hugoniot was construct-
ed for Tenham from the properties of the mineral constit-
uents (Ahrens and Johnson, 1995b) and used (Walsh and
Christian, 1955) to estimate post-shock and shock temper-
atures of 620 and 660 K, respectively, as well as density and
other parameters for a shock pressure of 25 GPa. Crystal-
lization of the melt vein starts after the melt-vein tempera-
ture drops below the liquidus, which is obtained from
published phase diagrams. The results of the calculation
are temperature–time profiles for the vein center and vein
edge. The lag time between crystallization of vein edge
and vein center provides a minimum quench time of the
vein.

3. Results

3.1. Overview of shock features

The major minerals in Tenham include olivine, orthopy-
roxene, and plagioclase, with minor amounts of iron–nickel
alloy, troilite, and other minor minerals. Olivine and
pyroxene show pervasive fracturing. Most pyroxenes show
strong mosaicism, whereas olivines range from having
strong mosaicism to sharp extinction. Most olivine grains
that occur adjacent to melt veins show a yellow to yel-
low-brown staining, which is inferred to correspond to
m-rw(6) p-rw(4) mw(3) glass(4)

56.96 55.77 53.60 64.21
0.09

18.67 21.81 31.73 15.08
0.22 0.79
14.09 14.61 14.74
0.03 1.01
10.00 7.82 14.25 3.98
0.05 0.42 0.03

0.08

4 4 1

1.30 1.48 0.68
0.02
0.98 0.99
0.00
0.70 0.53 0.31
0.00 0.01

alculate the mineral formulas. Mineral formulas calculated from the cation
that all Fe are Fe2+. Number in brackets is the number of EDS spectra
-Ca majorite; m-rw, matrix ringwoodite; p-rw, polycrystalline ringwoodite;
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recrystallization (Stöffler et al., 1991). All plagioclase grains
have been transformed to optically isotropic maskelynite or
normal glass and throughout the thin section many grains
show flow textures that suggest melting. We did not find
remnants of plagioclase in maskelynite, which have been
reported to occur in areas remote from melt veins (Bennett
and McSween, 1996; Binns, 1970). Abundant ringwoodite
in the melt veins, glassy plagioclase in the host rock, and
recrystallization of olivine indicate a shock stage of S6
according to the shock classification of Stöffler et al. (1991).

The thin section contains a dense network of black veins
running randomly throughout the sample, with width rang-
ing from �0.005 mm up to 1.5 mm. We have determined
the mineral assemblages that have crystallized from veins
of various widths and found that the assemblages vary
greatly. The thinnest vein that we observed was 5 lm wide
and contains predominantly silicate glass and metal-sulfide
droplets. This suggests a very rapid quench, which is
expected for the thinnest melt veins. A 580 lm wide melt
vein, which encloses small, rounded, multi-phase fragments
of host rock (Figs. 1A and B), is the main focus of this
study. Most of these fragments are small (less than
100 lm) blue grains of polycrystalline ringwoodite, as pre-
viously described (Binns et al., 1969). Other entrained frag-
ments include pyroxene or their high-pressure polymorphs
and a whole chondrule (Figs. 1A and B). The abundance of
fragments suggests that this vein did not form by injection
into a fracture, but rather formed in situ by shearing or col-
lapsing around cracks and pores.

The black vein matrix, which accounts for most of the
material in the 580 lm vein, consists of micron-sized,
equant, isotropic crystals, and droplets or blebs of metal-
sulfide. Equant isotropic crystals in the vein matrix have
been identified as majorite (Langenhorst et al., 1995; Price
et al., 1979), a high-pressure garnet of (Na,Ca,Mg,-
Fe)3(Mg,Fe,Al, Si)2Si3O12 with up to 25% of Si4+ in octa-
hedral coordination. Metals and sulfides present in the
vein include kamacite, taenite, and troilite (Price et al.,
1979). Our FESEM and TEM results show that the miner-
Fig. 1. (A) Petrographic image of a thinned TEM sample of Tenham with a ho
interior with fragments of host rock, including ringwoodite (rw), clinopyroxen
alogy and micro-texture of the matrix of the vein edge dif-
fer from those of the vein interior.

3.2. Melt-vein edge

The 580 lm melt vein contains a distinct vein-edge re-
gion that is �30 lm wide and consists of a mixture of
equant and irregular-shaped grains with few rounded met-
al-sulfide droplets (Figs. 2A and B). TEM imaging and
electron diffraction show that the equant grains are amor-
phous silicate (Fig. 2C). The grain sizes range from 1 to
3 lm in diameter. Quantitative EDS analysis (Table 1)
gives the composition as Na0.08 Ca0.03Mg0.82Fe0.16Al0.05-
Si0.93O3, which is similar to the composition of matrix
majorite and consistent with the composition of silicate-
perovskite that would crystallize from a chondritic melt
(Sharp et al., 1997). The morphology and composition
are similar to those of the vitrified silicate-perovskite in
the Acfer 040 chondrite (Sharp et al., 1997), in Suizou
meteorite (Chen et al., 2004b), and in the Zagami achon-
drite (Langenhorst and Poirier, 2000). Unlike the previ-
ously reported silicate-perovskite in Tenham (Tomioka
and Fujino, 1997), which formed by a solid-state transfor-
mation from enstatite, these vitrified grains of silicate-pe-
rovskite are part of the melt-vein edge matrix and
therefore crystallized from the silicate melt at high pres-
sure, like those reported in Acfer 040 (Sharp et al.,
1997). Based on the uniform contrast observed in BSE
images (Fig. 2B), these grains were homogeneous, and
probably amorphous, prior to TEM sample preparation.
The materials surrounding the vertrified silicate-perovskite
include ringwoodite, majorite, and other unidentified
nanocrystalline phases.

Most irregular crystals in the vein edge are ringwoodite
(Fig. 2B). The ringwoodite grains can be either equant,
somewhat elongated, or irregular-shaped, ranging in size
from hundreds of nm to 1 lm. The grains have high densi-
ties of stacking faults on {110}, which are characteristic
features of ringwoodite in meteorites (Chen et al., 1996;
le in the center. (B) Sketch of the TEM sample showing the vein edge and
e (cpx), and a chondrule.



Fig. 2. (A) FESEM image showing the textures of the melt-vein edge and vein interior. Note that the vein interior has a higher abundance of metal-sulfide.
(B) Higher magnification FESEM image of the vein-edge region showing equant grains of vitrified perovskite (pv), irregular-shaped ringwoodite (rw),
elongated crystal of akimotoite (ak), and round metal-sulfide droplets (Fe–S). The host rock touching the vein in this image is maskelynite (ma). (C)
Bright-field TEM image showing equant grains of vitrified perovskite surrounded by smaller crystals in the melt-vein edge of Tenham. Most of these small
crystals are ringwoodite. (D) Bright-field TEM image of partially vitrified akimotoite (ak) with ringwoodite (rw) in a silicate glass matrix in the melt-vein
edge of Tenham. The electron diffraction pattern shows the [-4-21] zone axis of the strongly diffracting dark akimotoite crystals in the center of the image.
(E) FESEM image of melt-vein edge opposite to that shown in A and B. This image shows two distinct textures: the vein interior with equant grains and
vein edge with skeletal quench texture. (F) FESEM image of a vein-edge region showing a similar skeletal quench texture on the opposite side of the melt
vein.
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Madon and Poirier, 1983; Putnis and Price, 1979; Sharp
et al., 1997). EDS analysis shows that the ringwoodite with
a composition of Mg1.3Fe0.7Al0.02Si0.98O4 contains more
Al2O3 and FeO than the host olivine (Fa26) and the poly-
crystalline ringwoodite (Mg1.48Fe0.53Si0.99O4) (Table 1),
consistent with its crystallization from the silicate melt.

Akimotoite (Mg0.89Fe0.12Al0.05Si0.96O3), which occurs
along with ringwoodite, forms long crystals up to 5 lm in
length that are partially vitrified and surrounded by silicate
glass (Fig. 2D). Electron diffraction patterns from these
grains are consistent with the ilmenite structure
(Fig. 2D). Akimotoite found here is different from the pre-
viously reported akimotoite in Tenham (Tomioka and Fuj-
ino, 1997), which formed by solid-state transformation of
enstatite. Based on the intimate association with ringwoo-
dite that crystallized from the melt and the higher Al2O3

content than that of host enstatite, the akimotoite de-
scribed here, like that found in Acfer 040 (Sharp et al.,
1997) and in Umbarger (Xie and Sharp, 2004), crystallized
from the silicate melt.

FESEM imaging shows a skeletal inter-cumulus quench
texture on the opposite edge of the melt vein (Figs. 2E and
F). This typical quench texture is similar to that seen in
static state high-pressure experiments on peridotites
(Zhang and Herzberg, 1994), which is characteristic of ra-
pid quench.
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3.3. Melt-vein interior

The 520 lm wide melt-vein interior consists of equant
silicate crystals, and high atomic number phases, which
consist of irregular-shaped oxides and metal-sulfide blebs
(Figs. 3A–C). The equant grains are majorite garnet, con-
sistent with previous studies of Tenham (Binns, 1970;
Langenhorst et al., 1995; Madon and Poirier, 1983; Mori
and Takeda, 1985; Price et al., 1979; Putnis and Price,
1979). Majorite occurs as crystals ranging in size from 2
to 5 lm (Figs. 3B and C). EDS analysis of majorite gives
the composition as Na0.12Ca0.24Mg3.08Fe0.60Al0.36Si3.76O12,
which is enriched in Al2O3, CaO, and Na2O compared to
the host enstatite composition, or low-Al-Ca majorite
(Na0.04Ca0.04Mg3.20Fe0.72Al0.04Si3.96O12), which is formed
by solid-state transformation of enstatite (Table 1). The
occurrence in the melt-vein matrix and the relatively high
Al2O3, CaO, and Na2O values are consistent with the ma-
trix garnets crystallizing from the shock-induced chondritic
silicate melt. An interstitial silicate glass occurs between the
majorite crystals (Fig. 3D), suggesting that crystallization
of the melt vein was incomplete, leaving a small amount
of residual interstitial glass. The interstitial glass has a com-
position rich in MgO and SiO2 (Table 1).

Irregular crystals of magnesiowüstite occur between the
majorite grains (Fig. 3D). Magnesiowüstite was first report-
ed in Tenham as inclusions in Al-bearing majorite (Mori
and Takeda, 1985). The occurrence of magnesiowüstite
Fig. 3. (A) Low magnification FESEM image of the melt vein showing narrow
metal and Fe-sulfide, whereas large gray grains are entrained ringwoodite (rw).
rectangular box of Fig. 3A, showing equant majorite crystals and irregular o
interior showing equant majorite (maj) and dark contrast metal-sulfide (Fe–S
majorite (maj), interstitial glass (gl), and magnesiowüstite (mw) intergrown wi
magnetite in the image center.
between majorites in the quenched silicate melt indicates
that it crystallized along with the majorite, as has been
reported in Sixiangkou (Chen et al., 1996) and RC106 (Ara-
movich et al., 2003). EDS analysis of these magnesiowüstite
grains gives the composition as (Mg0.68Fe0.31Cr.0.01)O (Ta-
ble 1). TEM imaging and diffraction also show that tiny
magnetite crystallites (from 3 to 20 nm in size) are coherent-
ly intergrown throughout the magnesiowüstite (Fig. 3D),
similar to those reported by Chen et al. (1996). The presence
of magnetite indicates either a breakdown of magnesiowüs-
tite to magnetite plus ferropericlase or exsolution of magne-
tite from nonstoichiometric magnesiowüstite that was rich
in ferric iron. In either case, the removal of magnetite from
the magnesiowüstite would have made the remaining
magnesiowüstite richer in periclase.

The melt-vein interior shows a distinctly different texture
from those of the vein edges. Vein edges have more irregu-
lar silicate crystal forms and rounded metal-troilite drop-
lets, whereas the vein interior has more euhedral and
equant silicate crystal forms and irregular-shaped metal-
troilite blebs. The matrix of the vein interior has a liquidus
crystallization texture similar to those from the static high-
pressure experiments (Agee et al., 1995; Zhang and Herz-
berg, 1994). The transition from vein edge to vein interior
in some location is marked by an abrupt change in the
amount of metal-sulfide melt in Fig. 2A. However, images
of the opposite vein edge (Figs. 2E and F) do not show an
abrupt compositional change.
vein-edge and wide vein-interior regions. White blebs correspond to Fe–Ni
(B) High magnification FESEM image of the vein interior region, from the
xide grains and metal-sulfide blebs. (C) Bright-field TEM image of vein
) grains. (D) Bright-field TEM image of the vein interior showing equant
th magnetite (mg). The SAED pattern shows the [-11-1] zone axis of dark



Fig. 4. Combined and simplified versions of the Allende phase diagram
(Agee et al., 1995) and KLB-1 phase diagram (Zhang and Herzberg, 1994).
rw, ringwoodite; maj, majorite; mw, magnesiowüstite; pv, perovskite; 1,
liquid + majorite + wadsleyite; 2, liquid + majorite + wadsleyite +
magnesiowüstite; 3, liquid + majorite + magnesiowüstite + ringwoodite +
Ca-perovskite.
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4. Discussion

4.1. Crystallization pressure

The majorite + magnesiowüstite assemblage in the Ten-
ham melt vein also occurs in melt veins from other highly
shocked chondrites such as Sixiangkou (Chen et al.,
1996) and in RC106 (Aramovich et al., 2003). In addition,
this assemblage in the melt vein is strikingly similar in min-
eralogy, grain size, composition, and texture to those of the
assemblages produced in melting experiments on KLB-1
peridotite (Zhang and Herzberg, 1994) and on the Allende
CV3 chondrite (Agee et al., 1995). Like the products from
static high-pressure melting experiments, the melt-vein
interior of Tenham has equant majorite crystals plus inter-
stitial magnesiowüstite and residual glass. The majorites in
Tenham, like those from static experiments on Allende
(Agee et al., 1995), range from 2 to 5 lm in size, while those
from experiments on KLB-1 periodotite are 10–20 lm
(Zhang and Herzberg, 1994).

The similarities between the melt-vein assemblage and
those from static high-pressure experiments suggest that
phase diagrams obtained from static high-pressure experi-
ments can be used to constrain the conditions of melt-vein
crystallization (Chen et al., 1996). In doing so, we do not
assume that the melt-vein assemblage represents chemical
equilibrium, but instead use the pressure stabilities of the
high-pressure minerals to constrain the pressure of melt-
vein crystallization. One problem in this approach is that
there are little experimental data for high-pressure melting
of L-chondrite compositions such as that of Tenham, A re-
cent paper by Chen et al. (2004b) presents results of seven
melting experiments on the L-chondrite M�bale, but these
data correspond to low levels of melting and there are
insufficient data to construct a phase diagram. The most
complete experimental data available are for the Allende
CV carbonaceous chondrite (Agee et al., 1995) and for
the Kilburn-Hole Peridotite KLB-1 (Zhang and Herzberg,
1994). The phase diagrams for these two compositions dif-
fer significantly in terms of liquidus temperatures and
assemblages, reflecting the difference in chemical composi-
tion between a CV chondrite and a peridotite. Allende has
about 27 wt% FeO in the silicate and is richer in moderate-
ly volatile elements, which results in a melting temperature
lower than that of KLB-1, which has 9 wt% FeO. In both
compositions, majorite garnet is the liquidus phase between
about 15 and 23–25 GPa, but in KLB-1, magnesiowüstite
also has a broad range of stability (17–23 GPa) near the
liquidus (Fig. 4), which is significantly lower than the 23–
27 GPa stability range of magnesiowüstite in Allende. In
M�bale, which has an FeO content (14.1 wt%) very similar
to that of Tenham 14.4 wt% FeO in melted areas (Leroux
et al., 2000), magnesiowüstite occurs between 21 and
25 GPa. Therefore, the majorite + magnesiowüstite assem-
blage in Tenham probably corresponds to a crystallization
pressure range that is intermediate between that of KLB-1
(17–23 GPa) and Allende (23–27 GPa) and very similar to
that of M�Bale (21–25 GPa). Because Tenham is closer in
FeO content to KLB-1 than it is to Allende, the liquidus
temperature for Tenham over this pressure range is likely
to be closer to the 2200–2400 �C range of KLB-1 than to
the 2000–2100 �C range of Allende (Fig. 4).

The crystallization pressure of the melt-vein edge region
is more complicated because the silicate-perov-
skite + akimotoite + ringwoodite + majorite assemblage
in the edge region is not predicted by any of the phase dia-
grams. Akimotoite is a subsolidus phase that is stable with
ringwoodite at 18–25 GPa in the enstatite–forsterite system
and is metastable relative to majorite at liquidus tempera-
tures (Gasparik, 1992). Akimotoite is likely to be a subsol-
idus phase in an L-chondrite at high pressure, which is
consistent with the data from M�Bale (Chen et al.,
2004a). Akimotoite probably represents metastable crystal-
lization from a supercooled silicate liquid during rapid
quench. The equant glassy grains that occur in the melt-
vein edge regions are inferred to be silicate-perovskite that
crystallized at high pressure and vitrified after pressure re-
lease as a result of post-shock temperatures above the ther-
mal stability of silicate-perovskite. The low pressure
stability limit of silicate-perovskite is 25 GPa in Allende
(Agee et al., 1995), 22 GPa in KLB-1 (Zhang and Herz-
berg, 1994) (Fig. 4), and 23 GPa in M�Bale (Chen et al.,
2004a). Therefore, the crystallization pressure for the
melt-vein edge is about 23–25 GPa.

The difference in texture and mineralogy between the
melt-vein interior and edge may be the result of a higher
quench rate at the vein edge. Based on our thermal model-
ing of melt-vein quench (see Section 4.3), the vein region
within �30 lm of the edge solidified is less than 30 ls,
which is three orders of magnitude less than the 30 ms
solidification time for the center of the vein. This is consis-
tent with the observation that irregular crystals, skelatal
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crystals, and dendritic textures occur in the rapidly
quenched vein edge, while equant majorite grains occur
in the vein interior.

4.2. Constraints on shock pressure from crystallization

pressure

The response of a heterogeneous material to shock com-
pression is extremely complex when viewed on a nanosec-
ond time scale and on a lm distance scale. The shock
front is chaotic, with order-of-magnitude differences in ini-
tial pressure due to shock wave interactions among grains
of different shock impedance and to jetting around cracks
and pores. The consequences of this pressure heterogeneity
are reflected in localized temperature extremes, which have
long been apparent in microscopic studies of shocked sam-
ples (Bischoff and Stöffler, 1992; DeCarli, 1979; Kieffer,
1971; Kieffer et al., 1976). It has recently become possible
to computationally model the evolution of the chaotic
shock front into the steady shock front predicted by contin-
uum theory (Baer, 2000). These calculations predict that
shock interactions around a pore can produce a transient
(nanosecond duration) pressure excursion in a mm-size re-
gion that is more than 10 times the continuum pressure.
These calculations are essentially validated by numerous
microscopic studies, including those cited above. Adiabatic
shear or localized deformation can also produce localized
temperature extremes without a requirement for localized
pressure differences (Nesterenko, 2001; Zener and Hollo-
mon, 1944).

The term ‘‘peak pressure,’’ as it is used by most shock-
wave specialists, refers to the continuum pressure. If two
Tenham-like bodies collide at a relative velocity of
2.1 km/s, the continuum pressure at the point of impact
will be �25 GPa. Assuming a mm grain size, the initial cha-
otic distribution of pressures, spanning the range from �15
to >100 GPa, will equilibrate to �25 GPa within <1 ls.
The continuum pressure is occasionally referred to as the
‘‘equilibrium peak pressure.’’ The word ‘‘equilibrium’’
should be used with caution; thermodynamic equilibrium
is not implied, and the chaotic distribution of initial tem-
peratures equilibrates much more slowly than the pressure
heterogeneity, as shown in Section 4.3.

The key to using crystallization pressure of the melt-vein
minerals to infer the shock pressure is to understand the
temporal relationship between melt-vein crystallization
and pressure release (Sharp et al., 2001). The key question
is: did crystallization occur at constant (or slowly decreas-
ing) peak pressure or did crystallization occur during a ra-
pid decrease from much higher pressures inferred for shock
stage S6 (Stöffler et al., 1991). If crystallization occurred
during a large pressure release, we should see a difference
in mineralogy between the vein edge and the vein center.
If crystallization occurred at constant pressure or during
a slow release of pressure, we should see mineral assem-
blages of similar pressure stabilities throughout a given
melt vein. For Tenham, the constant mineral assemblage
across the 520 lm vein interior (Fig. 3A) indicates a crys-
tallization pressure range of �21–25 GPa, which is consis-
tent with the �23–�25 GPa pressure inferred from mineral
assemblages of the 30 lm vein edge (Fig. 2A). It is possible
that the melt-vein edges crystallized at somewhat higher
pressure than that of the vein interior, but there is no evi-
dence of a large pressure decrease during the crystallization
of the 520 lm thick melt vein. The situation is complicated
by the fact that the vein-edge assemblages and textures are
variable along the vein. The pressure constraints from the
melt-vein edge and the melt-vein interior assemblage over-
lap and suggest that crystallization occurred at about
25 GPa and possibly during a modest pressure release from
�25 to �21 GPa.

The shock pressure indicated by melt-vein crystalliza-
tion is much lower than the shock pressures calibrated
for S6 shock stage (45–90 GPa) features that occur adja-
cent to the melt vein (Stöffler et al., 1991). However, a crys-
tallization pressure of �25 GPa is not greatly different than
that which one would estimate for S4 shock features that
occur in the host rock away from melt veins. Based on pla-
nar deformation features (PDFs) in plagioclase and weak
mosaicism in olivine in Tenham, a shock stage S4–S5
(25–45 GPa) was determined by Langenhorst et al.
(1995). In addition, the unaltered plagioclase, which was
reported to remain only in areas remote from the vein
(Bennett and McSween, 1996; Binns, 1970), indicates an
S4 shock stage (Bennett and McSween, 1996), which has
a pressure range from 15–20 to 30–35 GPa. The pressure
constraints provided by the high-pressure minerals in melt
veins in this study are consistent with the pressure range
attributed to the S4 shock stage, but not with S6 pressures.
This consistency suggests that S6 features, which only oc-
cur in or adjacent to melt veins (Stöffler et al., 1991), can
form at moderate shock pressures if temperatures are high
enough to overcome the kinetic barriers for transformation
effects.

4.3. Pressure-pulse duration

The temperature difference between the melt vein and
host rock, which can be very high, determines the rate at
which the melt vein quenches (Langenhorst and Poirier,
2000; Sharp et al., 2002; Sharp et al., 2003). Quenching be-
gins as soon as the vein forms, independent of the pressure-
pulse duration. The initial temperature of the melt vein
must be greater than the solidus at shock pressure and is
therefore at least 2300–2500 K at 25 GPa. It has previously
been argued that the temperature decrease caused by adia-
batic decompression is small compared to that caused by
thermal conduction (DeCarli et al., 2002a,b; Langenhorst
and Poirier, 2000; Sharp et al., 2003). Assuming an initial
melt-vein temperature of 2700 K, the temperature Tf on re-
lease from 25 GPa to 1 atm. can be calculated from the
approximate expression T f ¼ 2700� eCðV o�V Þ, where C is
the Grüneisen parameter, and Vo and V are initial and final
specific volumes of 0.2275 cm3 g�1 and 0.2727 cm3 g�1,



Fig. 5. Temperature vs. time profiles for the vein center, vein edge, and
host rock for the 0.58-mm-wide vein in Tenham based on KLB-1 data
(solid line) and Allende data (dotted line). The quench duration is the lag
time between crystallization of vein edge and vein center, which is �33 ms
based on Allende data and �47 ms based on KLB-1 data. The profiles for
the vein center and vein edge correspond to 0.29 and 0.02 mm inside the
vein-host interface, whereas the profiles of the host correspond to 0.04 and
4.0 mm outside the vein-host interface.
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respectively (Walsh and Christian, 1955). For C = 1.5,
Tf = 2523 K. The adiabatic temperature decrease of
173 �C is much smaller than the temperature difference be-
tween the melt vein and host rock, which is about 2000 �C
at 25 GPa. Therefore, we can use thermal conduction to
model the cooling histories of various points within and
outside of a melt vein.

The calculation of minimum quench time was per-
formed using a finite-element heat-transfer program
(FEHT) (Klein et al., 2002). The input parameters include
density at pressure, thermal conductivity, heat capacity as a
function of temperature, initial host-rock shock tempera-
ture at pressure, and initial melt-vein temperature. Quanti-
tative petrographic analysis of thin sections was used to
measure the volume percentage of each major mineral in
the Tenham meteorite. A synthetic Hugoniot for the mete-
orite was constructed from available mineral Hugoniot
data (Ahrens and Johnson, 1995a,b) by addition of the vol-
umes of each mineral constituent at pressure (DeCarli
et al., 2004). From this Hugoniot, the calculated density
of the bulk rock at 25 GPa is 4310 kg/m3. A synthetic heat
capacity table was constructed from CP vs T data and heat
of fusion data for the mineral constituents. However, we do
not know the initial (pre-shock) porosity of the Tenham
matrix. We therefore assume two possible cases, zero
porosity and 7% porosity, in the form of homogeneously
distributed small pores. We present these calculations to
illustrate the effect of porosity.

The post-shock temperature calculation was based on
the assumption that the meteorite was shocked to peak
pressure via a single shock and that the release adiabat
could be approximated by the zero-porosity Hugoniot.
The waste heat, which is the area enclosed by the Rayleigh
line and the release adiabat, ranges from �85 J/g for the
initially non-porous material to �320 J/g for the 7% por-
ous material. Equivalent post-shock temperatures range
from �400 to �620 K. The corresponding shock tempera-
ture range at 25 GPa, calculated from the adiabatic tem-
perature increase ðT f ¼ T 0 � eCðV o�V ÞÞ, is 430–660 K. The
initial matrix temperature was assumed to be 660 K, to al-
low for possible deformational heating not included in our
simple calculation of shock temperature. We ignore the fact
that the more compressible minerals, plagiaclase and troi-
lite, will have shock temperatures much higher than those
of pryoxene and olivine. We simply assume that the matrix
is a homogeneous material having a homogeneous initial
temperature.

A large uncertainty in the calculation is the high-pres-
sure thermal conductivity, which is predicted to be in the
range of 3–10 W/mK (van der Berg et al., 2001). The upper
bound conductivity of 10 W/mK was used for the calcula-
tion to get the smallest and most conservative quench time.
Another uncertainty in the calculation is the melt-vein tem-
perature, which was based on the available phase diagrams.
There are significant differences in the melting temperatures
between the KLB-1 and the Allende phase diagrams. The
solidus and liquidus temperatures in the Allende system
are 2250 and 2310 K at 25 GPa, whereas in the KLB-1 sys-
tem they are 2400 and 2630 K at 25 GPa, respectively
(Fig. 4). Solidification occurs over a much higher tempera-
ture range for a melt of KLB-1 composition. Because heat
conduction is proportional to the temperature difference
between melt and matrix, the solidification time is expected
to be shorter for the KLB-1 composition than for Allende.
The high-pressure solidification time of a Tenham melt,
intermediate in composition between Allende and KLB-1,
should be bracketed by the solidification behaviors of
KLB-1 and Allende. We therefore performed two sets of
calculations as shown in Fig. 5. The solidification of the
melt vein starts at the vein edge when the temperature there
drops below the liquidus. Crystallization and solidification
of the melt vein are complete when the temperature of the
melt-vein center drops below the solidus, which is 2250 K
at 25 GPa for Allende (Agee et al., 1995) and 2400 K for
KLB-1 (Zhang and Herzberg, 1994). The initial melt-vein
temperature was assumed to be 2700 K, which is somewhat
higher than the liquidus temperature for KLB-1 at 25 GPa.

From the thermal model we calculate temperature vs.
time profiles (Fig. 5) for the vein center (0.29 mm to vein
wall), vein edge (0.02 mm inside the vein margin), the host
rock near the vein (0.04 mm outside the vein), and the host
rock 4 mm outside the vein. We calculate the total time re-
quired for the melt-vein to cool through the solidus temper-
ature by taking the time difference between when the vein
edge passes through the solidus and when the vein center
passes through the solidus. Based on Allende data, we get
a quench time of approximately 47 ms for the 580-lm-wide
vein in Tenham (Fig. 5), whereas using the KLB-1 data we
get a quench time of 33 ms. The average of these two values
is �40 ms for the 580-lm-wide vein. However, Tenham has
many veins that contain high-pressure minerals and are
wider than 580 lm and therefore required longer quench
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times. Because the entire 580-lm-wide vein contains high-
pressure minerals that crystallized from the melt, the dura-
tion of shock pressure (above �17 GPa) was at least 40 ms,
and probably much longer, so that the vein could cool to a
temperature that would permit survival of metastable high-
pressure phases such as akimotoite. Ito and Navrotsky
(1985) showed that MgSiO3-akimotoite decomposes at
973 K at one atmosphere. Our cooling calculations indicate
that �0.5 s is required for the melt vein to cool below
973 K. This 0.5 s estimate is in general agreement with that
of Beck et al. (2005), who used elemental diffusion in Ten-
ham high-pressure phases to estimate a shock-pressure
duration of �1 s.

4.4. Calculation of impact conditions

The eventual goal for this study is to provide insight into
the impact events that have affected chondrite parent
bodies in the solar system. If we can infer the shock pres-
sure and shock duration, we can estimate constraints on
the relative velocity and sizes of the impacting bodies
responsible for the effects observed in the meteorite.

For Tenham, we have used the melt-vein mineralogy to
estimate a maximum shock pressure of 25 GPa. We have
calculated a synthetic Hugoniot for Tenham by addition
of the volumes of the constituents at pressure (Ahrens
and Johnson, 1995a,b). The synthetic Hugoniot is a series
of spreadsheet calculations based on the Hugoniot equa-
tions (see Sharp and DeCarli, 2006, for a detailed
description)

U 2
p ¼ ðP � P oÞðV o � V Þ;

U 2
s ¼ V 2

oðP � P oÞ=ðV o � V Þ;
E � Eo ¼ ð1=2ÞðP þ P oÞðV o � V Þ;

where Up and Us are the particle and shock velocities, Po

and Vo are the initial pressure and volume, and Eo is the
initial internal energy. To solve these equations for the con-
stituent minerals of Tenham, we use the equation of state
data from Ahrens and Johnson (1995a,b) relating the
shock and particle velocities as

U s ¼ Co þ sUp

From the synthetic Hugoniot, one can calculate the bulk
shock velocity (Us), particle velocity (Up), and density (q)
for Tenham as a function of pressure. At 25 GPa, the par-
ticle velocity for Tenham is 1.0 km/s. Assuming an impact
between two Tenham-like bodies, the impact velocity is
approximately twice the particle velocity (Walsh and Chris-
tian, 1955) or �2 km/s. This impact velocity seems low in
comparison with the average orbital velocities in the aster-
oid belt of �25 km/s (Christiansen and Hamblin, 1995).
However, calculations of the probability distribution of
asteroid-asteroid collision velocities indicate a broad peak
over the range of 2–7 km/s with a mean of 5.29 km/s (Bot-
tke et al., 1994). One therefore cannot rule out the possibil-
ity that the shock effects in Tenham were caused by a 2 km/
s collision. Alternatively, we can assume a higher collision
velocity of 5 km/s. In this case, the peak shock pressure at
the point of impact would be �65 GPa. The material that
would become the Tenham meteorite would have to be well
below the surface of its parent body, to permit attenuation
of the shock to a slowly decaying wave with a peak of
about 25 GPa.

The minimum high-pressure duration of �40 ms pro-
vides a basis for estimating the minimum sizes of the
impacting bodies. For a simplified calculation, we assume
that the impacting bodies are in the form of disks. The
point of maximum shock duration will be on the impact
surface at the center of the disk. If one assumes a collision
between a small spherical asteroid and a much larger diam-
eter body, one must resort to the use of a 2D wave propa-
gation code to calculate the pressure-time history at the
point of impact. For the simple one-dimensional planar im-
pact model, the size of the projectile can be approximated
using a simple equation: Dt = d/Us + d0/Ur, where Dt is the
duration of the peak pressure pulse (Dt = 40 ms for the
Tenham case), d is the unknown thickness of projectile,
and d0 is the thickness of the projectile after compression.
The compressed thickness d0 is approximated as
d0 = d(V0/V0) for a one dimension model, where V0 is the
initial volume of the material and V0 is the volume of the
material at 25 GPa shock pressure. From the synthetic
Hugoniot, V0/V0 is 0.834. Based on the Hugoniot equation
Us = (1/q0)[(P � P0)(V0 � V)]1/2, the shock velocity at
25 GPa is 6.4 km/s. The release wave velocity is
Ur = [(K + 4 l/3)/q]1/2, where K is the bulk modulus,
which is the slope of the release adiabat at pressure, l is
the shear modulus, and q is the density (Mason, 1958). If
we assume l = K/2, the calculated release velocity is
9.46 km/s and the minimum thickness of the impacting
bodies is �150 m. Because the shock durations in L-chon-
drites may be much longer than 40 ms, the impacting
bodies are likely to be much larger. Using the 0.5 s
shock-duration estimate from the survival of akimotoite,
the body thickness would be 2 km.

5. Conclusions

Two unique high-pressure minerals are reported in Ten-
ham, vitrified silicate-perovskite and akimotoite. Vitrified
silicate-perovskite and akimotoite represent the products
of crystallization from silicate melt at high pressure, which
is different from the previously reported silicate-perovskite
and akimotoite in Tenham which formed by solid-state
transformation (Tomioka and Fujino, 1997), but the same
as that in Acfer 040 (Sharp et al., 1997).

The mineralogy and micro-texture of the melt-vein ma-
trix at the vein edge differ from those at the vein interior.
The 520-lm-wide vein interior crystallized an assemblage
of majorite plus magnesiowüstite, whereas the 30-lm-wide
vein edge contains vitrified silicate-perovskite + akimoto-
ite + ringwoodite + majorite. However, both mineral
assemblages are consistent with crystallization from similar
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pressure conditions: the melt-vein edge crystallized at 23–
25 GPa and the vein interior crystallized at about 21–
25 GPa. This relatively narrow pressure range suggests that
the melt vein either crystallized at a constant equilibrium
shock pressure of �25 GPa or during slow release at a
depth km below the surface of a parent body. This limited
crystallization pressure range is not consistent with crystal-
lization during rapid decompression from pressures
>50 GPa.

Based on thermal modeling, the crystallization of the
580-lm-wide vein at �25 GPa occurred over a time period
of at least 40 ms corresponding to a shock pulse that was at
least that long and probably much longer. Based on simple
one-dimensional planar impact model, the shock calcula-
tion suggests that Tenham parent body experienced a
shock with collision velocity �2 km/s and a projectile size
greater than 150 m in thickness.
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