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Abstract
We studied the petrology and mineralogy of two types of shock-melted H chondrites: Yamato (Y)e791088 and LaPaz Ice Field
(LAP) 02240. Ye791088, which consists of numerous coarse-grained relict phases (40%) and euhedral fine-grained minerals
solidified from the shock melt (60%), experienced incomplete melting; a quiescent melt is indicated by the existence of abundant
relict phases, pseudomorphed chondrules, and two types of glass. LAP 02240, which consists of small amounts of coarse-grained
relict phases (w10%) and fine-grained minerals (w90%), experienced near-complete melting; a rapidly cooled mobilized melt is
indicated by the homogeneous compositions of glass and opaque veins.

The homogeneous compositions of relict olivines indicate that the precursors of both chondrites were equilibrated H chondrites.
The melting features of Ye791088 and LAP 02240 are very similar to those of Ye790964 (LL) and the fine-grained lithology of
Ye790519 (LL), respectively. These two types of shock-melted ordinary chondrites possibly formed in situ during dike formation.
The quiescent melt is thought to have originated from the injection of shock-heated chondrite blocks into mobilized melt. These two
types of melting could have occurred during dike formation on the H chondrite parent body. The textures of the two types of shock
melts were not simply affected by the degree of shock melting: they were also controlled by the degree of shear stress.
� 2010 Elsevier B.V. and NIPR. All rights reserved.
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1. Introduction

Shock-melted chondrites produced by extensive
melting on their parent bodies provide important
clues regarding the nature of dynamic shock events
such as crater formation on the surface of the parent
body and catastrophic disruption of the parent body.
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Ordinary chondrites may have experienced shock
events on their parent bodies, thereby recording
shock features such as fracturing, brecciation,
degassing, melting, and loss of volatile elements.
Based on the mineralogy and petrology of ordinary
chondrites, Stöffler et al. (1991) classified the shock
stages of such rocks into stages S1eS6, plus the
shock-melted stage. Some shock-melted ordinary
chondrites experienced near-complete melting that
overprinted the original chondritic textures
(Ye790519 (LL): Okano et al., 1990; Patuxent
Range 91501 (L): Mittlefehldt and Lindstrom, 2001).
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Most shock-melted ordinary chondrites contain large
amounts of relict minerals and retain chondritic
textures; e.g., the H chondrites Ye791088 (Fujimaki
et al., 1993), Rose City (Rubin, 1995; Yolcubal and
Sack, 1997), Dar al Gani 896 (Folco et al., 2004),
and Portales Valley (Kring et al., 1999; Rubin et al.,
2001; Ruzicka et al., 2005); the L chondrites Cat
Mountain (Kring et al., 1996), Chico (Norman and
Mittlefehldt, 2002; Yolcubal and Sack, 1997), and
Ramsdorf (Yamaguchi et al., 1999); and the LL
chondrite Ye790964 (Okano et al., 1984, 1990;
Yamaguchi et al., 1998).

Yamaguchi et al. (1998, 1999) conducted a petro-
logical study of the chondritic regions in Ye790964
(LL) and Ramsdorf (L), and observed abundant
“chondrule ghosts” that appear to resemble common
objects such as chondrules containing olivine and
pyroxene that were crystallized from the shock melt.
Fujimaki et al. (1993) reported the presence of pseu-
domorphed chondrules, similar in texture to “chon-
drule ghosts”, in Ye791088; however, the authors did
not describe the detailed textures of the shock melt.

Previous studies have examined the petrology of
Ye790964 and paired shock-melted LL chondrites (e.g.
Okano et al., 1990; Yamaguchi et al., 1998). Ye790964
comprises coarse-grained (several tens to hundreds of
microns in size) relict olivines and chondrule fragments,
euhedral pyroxenes, two types of glassy materials, and
irregular vesicles in a glassy matrix (Okano et al., 1990;
Sato et al., 1982). Ye790519 (LL), which is possibly
paired with Ye790964, comprises two different unbrec-
ciated lithologies: a fine-grained (FG) lithology that
experienced near-complete melting, and a coarse-grained
(CG) lithology comprising relict olivines (several tens to
hundreds of microns in size), euhedral pyroxenes, and
irregular vesicles in a glassy matrix similar to that in
Ye790964 (Okano et al., 1990; Sato et al., 1982). The
fayalite (Fa) contents of olivine in the FG lithology do not
overlap with the range of Fa values obtained for equili-
bratedLL chondrites, but arewithin the range ofFavalues
obtained for L chondrites (Sato et al., 1982). This FG
lithology contains olivine fragments that are several tens
of microns in size. The FG and CG lithologies coexist in
Ye790519, suggesting that they formed via a single
impact event. Sato et al. (1982) and Okano et al. (1990)
conducted petrological studies of Ye790519; however,
they did not focus on the relationships among different
types of shock-melted lithologies.

To clarify the formation conditions of shock-melted
chondrites, especially those of H chondrites, we
examined the mineralogy and petrology of the shock-
melted H chondrites Ye791088 and LAP 02240.
2. Analytical methods

We examined polished thin sections (PTSs) of
Ye791088 (91e1; surface area of 78 mm2) and LAP
02240 (7; surface area of 104 mm2) together with two
shock-melted LL chondrites as reference samples:
Ye790964 (81e1) and Ye790519 (73e3). All PTSs
were observed using an optical microscope with polar-
ized light for transparent phases and reflected light for
opaque phases. The microtextures of all samples were
observed using a scanning electron microscope (JEOL
JSMe5900 LV) operated at an accelerating voltage of
15 kV. Constituent phases were analyzed using an
electron probe microanalyzer (JEOL JXAe8200)
operated at an accelerating voltage of 15 kVand electron
beam current of 9 nAwith a focused beam for minerals,
and a current of 3 nAwith a defocused beam (10 mm) for
glassy phases, to avoid the loss of alkaline elements
during analysis. Bence and Albee’s correction method
(Bence and Albee, 1968) was used for silicates, glasses,
and oxides, and the ZAF correctionmethod was used for
metals and sulfides. We obtained Raman spectra for
glassy phases using a JASCONRSe1000Ramanmicro-
spectrometer operated with a focused laser-beam with
a wavelength of 531.91 nm and intensity of 11 mW.

3. Results

3.1. Petrography of Ye791088

The bulk chemical composition of the Ye791088 H
chondrite (original mass: 2.1 kg) is in the range of that
of H chondrites (Dodd, 1981; Yanai and Kojima,
1995). The interior of Ye791088 is apparently
homogeneous, as judged from its monotonous external
features. The major constituent phases of Ye791088
and their modal abundances are olivine (39%),
pyroxene (28%), opaque minerals of FeeNi metals and
troilite (23%), glassy phases (8%), and vugs (2%)
(Figs. 1aec, 2e4). The minor minerals are chromites
and merrillites. Ye791088 contains coarse-grained
lithic fragments (w40%) in a fine-grained matrix
(w60%). The fragments have irregular shapes and
consist of olivine, pyroxene, and FeeNi metals rim-
med by troilite. The matrix minerals in Ye791088 are
the same as those in the lithic fragments. Representa-
tive analyses of the constituent phases are listed in
Tables 1e5.

3.1.1. Olivine
Olivines in coarse-grained lithic fragments are

irregular in shape and are up tow1 mm in size (Fig. 2a).



Fig. 1. Photomicrographs of polished thin sections of Ye791088 and LAP 02240 viewed under an optical microscope (transmitted light). (a)

Low-magnification image of Ye791088, 91e1. The rectangles indicate the areas shown in (b) and (c). (b) Close-up image of Ye791088. Silicate

minerals in Ye791088 show shock darkening caused by numerous fine-grained FeeNi metal grains. (c) Transparent region of coarse-grained

relict olivine in Ye791088. Transparent olivines are rarely observed and show no shock darkening. (d) LAP 02240, 7. Opaque FeeNieFeS veins
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They contain irregular fractures filled with glass and
fine-grained FeeNi metals (Fig. 2b), and exhibit shock
darkening and undulatory extinction under an optical
microscope (Fig. 1aec). The fracture densities of
coarse-grained olivines are higher than those of coarse-
grained pyroxenes. The chemical compositions of oliv-
ines in coarse-grained fragments vary from Fa16 to Fa21,
with a coefficient of variation (CV) of 3.7%
(CaO¼w0.35 wt.%; Cr2O3¼ 0.1e1.0 wt.%); (Fig. 5a,
b). Rare transparent olivine fragments (Fig. 1c) have
lower CaO contents (�0.05 wt.%).

Olivines in the fine-grained matrix are euhedral
and �20 mm in size (Fig. 2c), and are more
heterogeneous in composition (Fa17e23, CV ¼ 5.2%)
than coarse-grained olivines, and are slightly more
Fe-rich (Fig. 5a, b). Fine-grained olivines contain
0.10e0.35 wt.% CaO.
3.1.2. Pyroxene
Calcium-poor pyroxenes in coarse-grained lithic

fragments are irregular in shape and �500 mm in size
(Fig. 2e). They contain oriented planar fractures filled
with glass and fine-grained FeeNi metals (Fig. 2f), and
show undulatory extinction under an optical micro-
scope. The composition of Ca-poor pyroxenes is
Fs11e17Wo1e5 (Cr2O3 ¼ w1.4 wt.%) (Fig. 6a).

Pyroxenes in the fine-grained matrix are euhedral and
w30 mm in size (Fig. 2g), showing pronounced zoning in
Ca, with higher Ca content in the rim (Fs12e20Wo0.1e31;
Fig. 2g, Fig. 6b). Compared with coarse-grained
pyroxene, the compositional variation inFeeMgcontents
in fine-grained pyroxene shows awider range and ismore
ferroan (Fig. 6a, b), with a higher Cr2O3 content.
3.1.3. FeeNi metals
FeeNi metals in coarse-grained lithic fragments,

consisting of kamacites and taenites, are irregular in
shape and 200e500 mm in size (Fig. 3a). The Ni
content of kamacites and taenites is 5e7 and
29e31 wt.%, respectively (Fig. 7a). A coarse-grained
plessite (Fig. 3b) has an intermediate composition
between kamacite and taenite (Fig. 7a). Coarse-grained
FeeNi metals are commonly rimmed with troilite.

FeeNi metals in the fine-grained matrix are
rounded in shape, w30 mm in size, and rimmed by
are indicated by arrows. Opaque veins mark the boundary between unmelted

and (f). (e) Close-up image of LAP 02240. Relict olivines are embedded in a

pyroxenes, and FeeNi droplets. (f) Boundary region between shock-melted

Olivine.
troilite (Fig. 3c). The Ni content of fine-grained FeeNi
metals is 7e30 wt.% (Fig. 7b).

3.1.4. Troilite
Troilites in coarse-grained fragments are irregular

or rectangular in shape and up to w600 mm in size,
although we identified only two grains (Fig. 3d). Fine-
grained, rounded FeeNi metals in the matrix are
rimmed by troilite grains of w5 mm in size (Fig. 3c).

3.1.5. Glassy phases
Glassy phases occur in the interstices of minerals

and comprise clear and dusty portions when viewed
under an optical microscope (Fig. 4). Clear glasses
coexist with minor amounts of chromite and merrillite,
and they exist in the interstices of fine-grained olivines
(Fig. 4a). Dusty glasses are brown in color and occur
near euhedral and rectangular pyroxenes (Fig. 4b). The
two types of glass are albitic in composition (Fig. 8;
Table 4) and generally do not coexist. The potassium
content of clear glass is higher (K2O ¼ w2 wt.%) than
that of dusty glass (K2O ¼ w0.1 wt.%) (Fig. 8).
Raman spectra indicate that the dusty glass contains
fine-grained plagioclase (Fig. 9).

3.1.6. Chromite and merrillite
Chromites (up to 2 mm in size) and merrillites (up to

w40 mm in size), both of which are minor minerals,
are embedded in clear glass (Fig. 3e, f). Chromites are
brown in color and usually tetrahedral in shape; others
are anhedral. The compositions of chromites are
similar to those of chromites in other H chondrites
(Table 5; Krot et al., 1993). Merrillites coexist with
FeeNi metals (Fig. 3f).

3.1.7. Chondrules and pseudomorphed chondrules
Two barred-olivine (BO) chondrules are identified in

the PTS of Ye791088 (Fig. 2d). The compositions of
olivines in BO chondrules are similar to those of coarse-
grained olivines (Fa16e20, CaO ¼ 0.15e0.28 wt.%;
Cr2O3 ¼ 0.1e0.6 wt.%; Fig. 5c, d).

Rounded objects, consisting of euhedral olivine and
pyroxene with interstitial glass, appear to resemble
chondrules (Fig. 2h). We refer to these objects as “pseu-
domorphed chondrules” (Fujimaki et al., 1993). We
observed seven porphyritic olivine (PO) chondrules and
and melted lithologies. The rectangles indicate the areas shown in (e)

fine-grained matrix that consists of euhedral or dendritic olivines and

and unmelted areas in LAP 02240. Note the elongated chondrule. Ol:



Fig. 2. Back-scattered electron images of olivine and pyroxene in Ye791088. (a) Low-magnification image of relict olivine; such grains are

irregular in shape. (b) High-magnification image of the area outlined by the white rectangle in (a), showing overgrowths of olivine and the

occurrence of numerous fine-grained metal droplets along fractures. (c) Close-up image of olivine in the shock-melted region. Olivine grains that

crystallized from shock melt are euhedral and embedded in glass. (d) Relict barred-olivine chondrule that retains its original rounded shape and

texture. (e) Low-magnification image of relict pyroxene; such grains are irregular in shape. (f) High-magnification image of the area outlined by
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Fig. 3. Back-scattered electron images of FeeNi metal, troilite, chromite, and merrillite in Ye791088. (a) Coarse-grained relict FeeNi metal.

The interior is irregular in shape, mostly consisting of kamacite, with rare taenite needles. (b) Coarse-grained plessite showing a very fine-grained

internal texture. (c) Fine-grained FeeNi metal droplet surrounded by troilite, which is embedded in glass and caused shock darkening of relict

olivine and pyroxene. The metal droplets solidified from the shock melt. (d) Coarse-grained relict troilite. (e) Fine-grained euhedral chromite

embedded in glass. (f) Merrillites occur near FeeNi metals and are embedded in glass. M: FeeNi metal. Tr: Troilite. Chr: Chromite. Merr:

Merrillite. Gl: Glass.
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seven fine-grained pyroxene pseudomorphed chondrules.
The olivines in PO pseudomorphed chondrules (Fa15e22,
CaO¼ 0.1e0.3 wt.%; Cr2O3¼ 0.2e0.8 wt.%; Fig. 5c, d)
have compositions similar to those of fine-grained oliv-
ines. The pyroxenes in BO chondrules (Fs15e17Wo1e2)
are more homogeneous in composition than pyroxenes in
fine-grained pyroxene pseudomorphed chondrules
(Fig. 6c, d). The Ca content of pyroxenes in fine-grained
pseudomorphed chondrules increases from core to rim
the white rectangle in (e). Relict pyroxenes contain planar fractures. Num

Close-up image of euhedral pyroxene in the shock-melt region, showing

a rounded shape. Pyroxenes are euhedral, as in the shock-melt region. Ol:
(Fs11e20Wo0e30; Fig. 6d). The Cr content of pyroxenes in
BOchondrules (Cr2O3¼w0.4wt.%) is lower than that of
fine-grained pyroxene pseudomorphed chondrules
(Cr2O3 ¼w1.8 wt.%; Table 2).

3.2. Petrography of LAP 02240

The paired shock-melted H chondrites LAP 02240
(original mass: 28 g), LAP 04614, and LAP 04745
erous fine-grained FeeNi metal droplets occur along fractures. (g)

normal Ca-zoning. (h) Fine-grained pseudomorphed chondrule with

Olivine. Px: Pyroxene. M: FeeNi metals. Gl: Glass.



Fig. 4. Transmitted light photographs of glassy phases. (a) Clear portion in Ye791088. Euhedral olivines occur interstitially. (b) Dusty portion in

Ye791088. Euhedral pyroxene is embedded in dusty glass. Gl: Glass. Ol: Olivine. Px: Pyroxene.
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were recovered from Antarctica (Satterwhite and
Righter, 2004). LAP 02240 consists of melted and
unmelted lithologies divided by opaque veins of
FeeNi metals and troilite. These veins are w1 mm
thick and cut across the PTS of LAP 02240 (Fig. 1d).
The major constituent phases in the LAP 02240
shock-melted lithology and their modal abundances
are olivine (35%), pyroxene (25%), opaque minerals
of FeeNi metals and troilite (22%), glass (14%), and
cavities (4%). The minor minerals are chromite and
merrillite. The melted lithology is uniformly dark in
color (Fig. 1d, e). Two elongate PO chondrules are
identified in the unmelted lithology, adjacent to the
vein (Fig. 1f). The melted lithology consists mainly of
fine-grained matrix (w90%) and coarse-grained
Table 1

Representative analyses of olivines (wt.%).

Ye791088

Relicts Melt matrix Chondrules

BOa POb

SiO2 39.0 (0.2) 37.7 (0.2) 39.0 (0.2) 38.7 (0.2)

TiO2 0.01 (0.01) 0.03 (0.03) 0.03 (0.03) 0.02 (0.02

Al2O3 0.00 0.00 0.01 (0.01) 0.01 (0.01

Cr2O3 0.17 (0.04) 0.37 (0.05) 0.31 (0.04) 0.74 (0.05

FeO 16.8 (0.4) 19.3 (0.4) 16.7 (0.4) 18.9 (0.4)

MnO 0.45 (0.01) 0.38 (0.08) 0.43 (0.09) 0.50 (0.08

MgO 43.5 (0.2) 41.1 (0.2) 43.3 (0.3) 40.9 (0.3)

CaO 0.05 (0.05) 0.20 (0.01) 0.22 (0.01) 0.25 (0.02

Na2O 0.00 0.01 (0.01) 0.02 (0.02) 0.00

K2O 0.00 0.00 0.00 0.00

P2O5 0.02 (0.02) 0.95 (0.08) 0.00 0.03 (0.03

Total 100.0 100.0 100.0 100.1

Fa 17.8 20.9 17.8 20.6

Figures in parentheses are the 1s values calculated for the analyses.
a Barred olivine chondrule (relict).
b Porphyritic olivine chondrule (shock-melted).
c Porphyritic olivine chondrule (outside of shock-melt).
olivines with irregularly shaped FeeNi metals
(w10%) (Fig. 1e). Silicates in the fine-grained matrix
consist of olivine and pyroxene that coexist with
glass.

3.2.1. Olivine
Olivines in coarse-grained lithic fragments are irreg-

ular or rounded in shape, up to 400 mm in size, and
commonly accompany fractures (Fig. 10a) filled with
glass and fine-grained FeeNi metals. Coarse-grained
olivines are transparent in their interior and show undu-
latory extinction under an optical microscope. The
coarse-grained olivines show a limited range of compo-
sitions: Fa18e20 with CV ¼ 2.2% (CaO ¼ w0.15 wt.%;
Cr2O3 ¼w0.2 wt.%; Fig. 5e, f; Table 1). Olivines in the
LAP 02240

Relicts Melt matrix Chondrules

BOa POc

39.3 (0.2) 39.3 (0.2) 39.2 (0.2) 39.5 (0.2)

) 0.09 (0.04) 0.05 (0.03) 0.00 0.06 (0.03)

) 0.00 0.01 (0.01) 0.00 0.01 (0.01)

) 0.00 0.06 (0.04) 0.08 (0.04) 0.02 (0.02)

17.5 (0.4) 17.0 (0.4) 17.0 (0.4) 17.3 (0.4)

) 0.60 (0.09) 0.46 (0.08) 0.37 (0.08) 0.56 (0.08)

42.8 (0.2) 42.8 (0.2) 43.3 (0.2) 42.5 (0.2)

) 0.04 (0.01) 0.10 (0.02) 0.04 (0.01) 0.03 (0.01)

0.00 0.00 0.00 0.03 (0.03)

0.00 0.00 0.00 0.01 (0.01)

) 0.02 (0.02) 0.00 0.00 0.00

100.4 99.8 100.0 100.0

18.6 18.2 18.0 18.6



Table 2

Representative analyses of pyroxenes (wt.%).

Ye791088 LAP 02240

Relicts Melt matrix Chondrules Melt matrix Chondrule

Rim Core BOa Fine-grained Rim Core BOa

Rim Core

SiO2 56.0 (0.2) 52.6 (0.2) 56.3 (0.2) 55.7 (0.2) 52.4 (0.2) 55.8 (0.2) 55.4 (0.2) 56.7 (0.3) 55.0 (0.3)

TiO2 0.14 (0.04) 0.41 (0.05) 0.04 (0.04) 0.27 (0.04) 0.42 (0.05) 0.19 (0.04) 0.10 (0.04) 0.20 (0.03) 0.28 (0.04)

Al2O3 0.34 (0.03) 1.64 (0.06) 0.17 (0.03) 0.41 (0.03) 2.37 (0.06) 0.29 (0.03) 0.40 (0.03) 0.12 (0.03) 1.17 (0.05)

Cr2O3 0.36 (0.04) 1.45 (0.06) 0.36 (0.04) 0.38 (0.04) 1.77 (0.06) 0.30 (0.04) 1.51 (0.07) 0.14 (0.04) 1.04 (0.06)

FeO 10.9 (0.3) 7.5 (0.3) 10.3 (0.3) 10.9 (0.3) 7.2 (0.3) 10.5 (0.3) 10.8 (0.3) 10.6 (0.3) 11.0 (0.3)

MnO 0.27 (0.08) 0.45 (0.08) 0.46 (0.09) 0.47 (0.08) 0.48 (0.08) 0.55 (0.08) 0.40 (0.09) 0.43 (0.08) 0.33 (0.08)

MgO 31.1 (0.2) 19.9 (0.2) 31.6 (0.2) 31.2 (0.2) 19.4 (0.2) 31.7 (0.2) 29.2 (0.2) 30.9 (0.2) 29.9 (0.2)

CaO 0.86 (0.03) 14.9 (0.1) 0.80 (0.02) 0.73 (0.02) 14.11 (0.09) 0.71 (0.02) 2.66 (0.04) 0.64 (0.02) 1.32 (0.03)

Na2O 0.03 (0.02) 0.40 (0.03) 0.04 (0.02) 0.02 (0.02) 0.49 (0.03) 0.04 (0.02) 0.22 (0.03) 0.04 (0.02) 0.03 (0.03)

K2O 0.01 (0.01) 0.00 0.00 0.02 (0.01) 0.03 (0.01) 0.00 0.02 (0.01) 0.00 0.00

P2O5 0.03 (0.03) 0.00 0.04 (0.03) 0.00 0.05 (0.04) 0.02 (0.02) 0.00 0.00 0.04 (0.04)

Total 100.0 99.3 100.1 100.1 98.7 100.1 100.7 99.8 100.1

Fs 16.1 12.0 15.2 16.1 12.0 15.4 16.3 15.9 16.7

Wo 1.6 30.7 1.5 1.4 30.2 1.3 5.2 1.2 2.6

Figures in parentheses are the 1s values calculated for the analyses.
a In barred-olivine chondrule.
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fine-grained matrix are euhedral, subhedral, or dendritic
in shape and up to w5 mm in size (Fig. 10b). Their
composition is Fa14e20 (CV ¼ 9.2%), being more
heterogeneous in composition than the coarse-grained
olivines (Table 1). The Fa content of fine-grained olivines
is slightly more magnesian than that of coarse-grained
olivines (Fig. 5e, f). The contents of the minor elements
Ca and Cr in fine-grained olivines (CaO ¼ w0.3 wt.%;
Cr2O3 ¼ w0.9 wt.%) are higher than those in coarse-
grained olivines (Fig. 5e, f).

3.2.2. Pyroxene
Pyroxenes in the fine-grained matrix are euhedral

and w30 mm in size (Fig. 10b). The CaO content of
Table 3

Representative analyses of FeeNi metals and troilites (wt.%).

FeeNi metal

Ye791088

Coarse-grained Fine-grained

Ni-richa Plessite Ni-poor Ni-rich Ni-po

Si 0.01 (0.01) 0.02 (0.01) 0.00 0.00 0.00

Cr 0.06 (0.03) 0.05 (0.03) 0.00 0.08 (0.03) 0.01

S 0.03 (0.01) 0.01 (0.01) 0.00 0.04 (0.01) 0.00

Co 0.13 (0.02) 0.29 (0.03) 0.48 (0.04) 0.35 (0.03) 0.47

Fe 52.5 (0.3) 84.0 (0.4) 93.2 (0.4) 73.6 (0.4) 91.9 (

Cu 0.09 (0.04) 0.08 (0.05) 0.00 0.09 (0.05) 0.05

Ni 31.4 (0.2) 15.8 (0.2) 6.7 (0.1) 26.1 (0.2) 7.5 (

Total 84.2 100.3 100.4 100.3 99.9

Figures in parentheses are the 1s values calculated for the analyses.
a Thin Ni-rich needle in coarse-grained metal.
pyroxenes increases from core to rim (Fs11e17Wo1e7;
Fig. 6e). We observed no high-Ca pyroxene or coarse-
grained low-Ca pyroxene.

3.2.3. FeeNi metals
Small numbers of coarse-grained, irregularly shaped

FeeNi metals (400e600 mm in size) occur in the matrix,
rimmed in part with troilite (Fig. 10c).Most of these grains
are martensite, with minor plessite. The Ni content of
martensite is 6e10 wt.% (Fig. 7c). Iron-Ni metals in the
fine-grained matrix are rounded in shape and w50 mm in
size; they are commonly rimmed by troilite (Fig. 10d). The
range of Ni content (5e10wt.%; Fig. 7d) in FeeNimetals
is smaller than that in Ye791088 (5e30 wt.%; Fig. 7b).
Troilite

LAP 02240 Ye791088 LAP 02240

Coarse-grained Fine-grained

or

0.01 (0.01) 0.00 0.03 (0.01) 0.01 (0.01)

(0.01) 0.07 (0.03) 0.04 (0.03) 0.26 (0.03) 0.21 (0.03)

0.02 (0.01) 0.01 (0.01) 36.07 (0.11) 36.03 (0.11)

(0.04) 0.44 (0.04) 0.49 (0.04) 0.00 0.00

0.4) 92.8 (0.4) 91.1 (0.4) 62.8 (0.4) 62.8 (0.4)

(0.05) 0.06 (0.05) 0.00 0.11 (0.01) 0.10 (0.05)

0.1) 7.0 (0.1) 8.4 (0.1) 0.07 (0.04) 0.34 (0.04)

100.4 100.0 99.3 99.5



Table 4

Representative analyses of glasses (wt.%).

Ye791088 LAP 02240

Dusty Clear Clear

SiO2 65.5 (0.5) 67.8 (0.5) 65.2 (0.5)

TiO2 0.41 (0.08) 0.48 (0.08) 0.02 (0.06)

Al2O3 19.7 (0.3) 17.0 (0.3) 21.3 (0.3)

Cr2O3 0.00 0.10 (0.07) 0.00

FeO 1.4 (0.2) 1.5 (0.2) 1.5 (0.3)

MnO 0.00 0.00 0.00

MgO 0.36 (0.05) 0.5 (0.05) 0.49 (0.05)

CaO 3.23 (0.08) 1.66 (0.06) 2.92 (0.08)

Na2O 9.0 (0.3) 7.9 (0.3) 10.4 (0.3)

K2O 0.07 (0.02) 1.84 (0.06) 0.10 (0.03)

P2O5 0.4 (0.2) 1.1 (0.2) 0.2 (0.1)

Total 100.1 99.9 102.1

Figures in parentheses are the 1s values calculated for the analyses.
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3.2.4. Minor phases: troilite, glass, chromite, and
merrillite

Troilites (w10 mm in size) coexist with fine-grained
FeeNi metals (Fig. 10d). Homogeneous potassium-poor
glassy phases occur in mineral interstices
(K2O¼w0.10wt.%; Fig. 8 and Fig. 10b). Chromites are
irregular or tetrahedral in shape, 2 mm in size, and are
generally embedded in glass. Aggregates of fine-grained
chromite occur in coarse-grained olivine (Fig. 10e). The
composition of chromite is similar to that of chromite inH
chondrites (Krot et al., 1993; Table 5). Fine-grained
merrillites (�50 mm in size) coexist with FeeNi metals
embedded in glass (Fig. 10f).

3.2.5. Chondrule
An elongated BO chondrule is observed in the FG

lithology (Fig. 10g). The mesostasis of the BO chon-
drule is replaced by glass with fine-grained olivines
(Fa17e19, CaO ¼ w0.1 wt.%) and pyroxenes (Fig. 5g,
h; Table 1).
Table 5

Representative analyses of chromites and merrillites (wt. %).

Chromite Merrillite

Ye791088 LAP 02240 Ye791088 LAP 02240

SiO2 0.06 (0.03) 0.00 0.03 (0.03) 0.00

TiO2 1.68 (0.06) 1.90 (0.08) 0.00 0.06 (0.04)

Al2O3 6.3 (0.1) 6.5 (0.1) 0.05 (0.02) 0.01 (0.01)

Cr2O3 58.3 (0.3) 56.4 (0.3) 0.02 (0.02) 0.00

FeO 22.7 (0.4) 27.6 (0.5) 1.6 (0.1) 0.7 (0.1)

MnO 0.6 (0.1) 1.0 (0.1) 0.11 (0.06) 0.02 (0.02)

MgO 7.1 (0.1) 3.38 (0.08) 3.67 (0.08) 3.68 (0.08)

CaO 0.01 (0.01) 0.02 (0.01) 47.5 (0.2) 47.2 (0.2)

Na2O 0.03 (0.03) 0.03 (0.03) 2.6 (0.1) 2.46 (0.09)

K2O 0.00 0.02 (0.01) 0.02 (0.01) 0.06 (0.01)

P2O5 0.03 (0.03) 0.01 (0.01) 44.8 (0.6) 45.7 (0.6)

Total 96.8 96.9 100.4 99.9

Figures in parentheses are the 1s values calculated for the analyses.
4. Discussion

4.1. Two types of shock-melted H chondrites

4.1.1. Ye791088, incompletely melted H chondrite
under quiescent conditions

Coarse-grained lithic fragments in Ye791088 are
relict phases characterized by various shock features
such as undulatory extinction and disturbed chemical
zoning. The Fa contents of relict olivines in Ye791088
are within the range of those in H4e6 chondrites
(Fig. 5a,b). The CaO contents of shock-darkened oliv-
ines (�0.35 wt.%) are much higher than those in H4e6
chondrites (<0.05 wt.%), and are similar to those of
olivines crystallized from shock melt and olivines in
unequilibrated ordinary chondrites (e.g., Kimura et al.,
2002; Scott and Taylor, 1983), whereas coarse-grained
olivines without shock-darkening (Fig. 1c) contain
lower concentrations of CaO (<0.05 wt.%). Yamaguchi
et al. (1999) observed a similar chemical trend in relict
olivines in the Ramsdorf L chondrite, and suggested that
the chemical compositions were affected by impact
melting events. The fracture densities in coarse-grained
shock-darkened olivines are higher than those in
pyroxenes. Overgrown olivines occur along fractures
and coexist with glass (Fig. 2b). The enrichment of Ca in
coarse-grained shock-darkened olivines may be derived
from these overgrowths of olivines (Table 1).

Relict olivine grains are highly fractured compared
with relict low-Ca pyroxene grains. The chemical
composition of the latter is identical to that of low-Ca
pyroxenes in equilibrated H chondrites. Iron-Ni metals
in H chondrites generally consist of two distinct phases
of kamacite and taenite. Several kamacite phases are
recognized in Ye791088 (Fig. 3a). Kamacite grains in
coarse-grained FeeNi metals (Fig. 3) would have been
disturbed by the subsolidus reaction with taenite
graines during shock heating.

The FG lithology consists of euhedral olivine,
pyroxene, glass, and chromite along with rounded
FeeNi metals with sulfide rims, and shows igneous
textures. Fine-grained minerals and FeeNi metal
droplets could have rapidly solidified from the shock
melt (Fig. 2c, g, and Fig. 3c, e). The Ni contents in
fine-grained FeeNi metals included in coarse-grained
olivines and low-Ca pyroxenes vary from 7 to 30 wt.%
(Fig. 7b), indicating that metal grains did not originate
from the products of a subsolidus reduction of relict
olivine or low-Ca pyroxene; instead, they were solid-
ified from the shock melts. Olivines and low-Ca
pyroxenes show shock darkening due to the injection
of fine-grained FeeNi metal droplets.
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Fig. 5. Plots of Fa (mol%) vs. CaO and Cr2O3 (wt.%) in olivine. (a) Fa vs. CaO for a coarse-grained fragment (relict) and fine-grained olivine
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crystallized from shock melt has a more ferroan composition than do olivine fragments. CaO contents are variable. (b) Fa vs. Cr2O3 for relict
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Ye791088. The composition of olivine in BO chondrules is similar to that of olivine relicts. The PO pseudomorphed chondrules show a similar

trend to that of olivine crystallized from shock melt. (d) Fa vs. Cr2O3 for barred-olivine chondrules and PO pseudomorphed chondrules in
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Two BO chondrules found in Ye791088 (Fig. 2d)
are clearly relict chondrules (not crystallized from
shock melt), because their textures are very similar to
those of BO chondrules in other ordinary chondrites. In
addition, the compositions of olivines in the BO
chondrules are indistinguishable from those of coarse-
grained relict olivines (Fig. 5c, d). Most other pseu-
domorphed chondrules comprise fine-grained olivines
and low-Ca pyroxenes with glass. The compositional
trends of olivines and low-Ca pyroxenes in pseudo-
morphed chondrules (Fig. 2h) are similar to those in
the fine-grained matrix (Figs. 5 and 6), indicating that
the former could have crystallized from the shock melt
and that their rounded shapes could represent remnants
of pre-existing chondrules. The observed textures,
homogeneous compositions of olivines and pyroxenes,
and presence of relict BO chondrules indicate that the
pre-impact material of Ye791088 had been meta-
morphosed; i.e. an H4 or H5 chondrite.

Ye791088 contains two types of glassy phases: feld-
spathic glass (K2O ¼ w2 wt.%) and dusty glass con-
taining fine-grained plagioclase (K2O ¼ w0.1 wt.%)
(Fig. 8). These two phases may reflect the chemical
heterogeneity of precursor materials, suggesting that the
shock melt of Ye791088 was not well mixed or
homogenized; i.e., it was kept quiescent. This interpre-
tation is supported by the presence in Ye791088 of relict
phases and pseudomorphed chondrules with rounded
shapes.

Close resemblances are found among the shock-
melted Ye790964 (LL) and the CG lithologies of
Ye790519 (LL) and Ye791088 (H): they show
coarse-grained textures with pseudomorphed
Ye791088. (e) Fa vs. CaO for relict olivines and olivine crystallized from

a more magnesian composition than does relict olivine. (f) Fa vs. Cr2O3 for

(g) Fa vs. CaO for a relict barred-olivine chondrule in LAP 02240. The co

olivines. (h) Fa vs. Cr2O3 for a relict barred-olivine chondrule in LAP 022
chondrules, and contain two types of glassy materials
and a lesser amount of FeeNi metal droplets solidified
from shock melts (Fig. 11). Fine-grained olivines
crystallized from the shock melt are more ferroan in
composition than are relict coarse-grained olivines
(Okano et al., 1990; Sato et al., 1982), suggesting that
an analogous process, which formed quiescent melts,
occurred in the parent bodies of Ye791088 (H) and
Ye790519/Ye790964 (LL).

4.1.2. LAP 02240, completely melted H chondrite
under mobilization

Coarse-grained olivines in LAP 02240 are relict, as
indicated by their irregular shapes, undulatory extinc-
tion, irregular fractures filled with glass and fine-grained
FeeNi metals, and homogeneous compositions. The
relict olivines differ from the coarse-grained olivines in
Ye791088 in that they contain fewer FeeNi metal
droplets and show no evidence of significant shock-
darkening (Fig. 1e). These observations suggest that the
fracturing of olivines and injection of metals into olivine
grains did not occur in LAP 02240. The CaO contents of
relict olivines in LAP 02240 are <0.1 wt.% (Fig. 5),
which overlaps with the compositional range of equili-
brated H chondrites. Fine-grained olivines and low-Ca
pyroxenes show euhedral or dendritic textures, sug-
gesting crystallization from shock melt. The fine-
grained olivines are more magnesian in composition
than are relict olivines (Fig. 5e, f).

ABO chondrule buried in the shockmelt (Fig. 10g) is
considered a relict, based on its texture and the obser-
vation of undulatory extinction. The compositions of
chondrule olivines are identical to those of relict olivines
shock melt in LAP 02240. Olivine crystallized from shock melt has

relict olivines and olivine crystallized from shock melt in LAP 02240.

mposition of olivine in the BO chondrule is similar to that of relict

40.
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(Fig. 5g, h). The high degree of melting meant that the
original chondritic textures were not preserved. The
presence of a relict fragment of chondrule, as well as
relict olivine grains with homogeneous compositions,
suggests that thermal metamorphism ceased prior to the
shock melting.

The FG lithology of the Ye790519 LL chondrite
(Fig. 11) and LAP 02240 show similar petrological and
Na Ca40Na

Y–791088
K50

LAP 02240
(H)(H)

Clear portion

Dusty portion

K

Na CaCa40

Fig. 8. Chemical compositions of glassy phases (atomic ratio). The

dusty portion in Ye791088 is K-poor, and the clear portion is K-rich.
Glasses in LAP 02240 are more homogeneous in K components than

are those in Ye791088. Na: sodium. K: Potassium. Ca: Calcium.
mineralogical characteristics: the existence of opaque
veins of FeeNi metals and troilite, abundant FeeNi
droplets solidified from the shock melt, dominant fine-
grained texture, and magnesian compositional trends of
fine-grained olivines (Okano et al., 1990; Sato et al.,
1982). In LAP 02240, opaque veins that contain an
elongated PO chondrule occur at the boundary of the
shock melt and the host chondrite. Stöffler et al. (1991)
described similar relationships in small dikes and melt
veins in shocked chondrites, and suggested, by analogy
to terrestrial impact craters, that the opaque veins and
silicate melt formed in intrusive dikes affected by
a single impact event.

The presence of flow texture and an elongated PO
chondrule (Fig. 1d) indicate that the shock melt was
mobilized before or during solidification.

4.2. Comparison of Ye791088 and LAP 02240

Olivines (Fa17e23) and pyroxenes (Fs12e20) in the
fine-grained matrix of Ye791088 are more heteroge-
neous in composition and more ferroan than are coarse-
grained relict olivines and pyroxenes (Figs. 5 and 6).
Fine-grained olivines that rapidly crystallized from the
shock melt of LAP 02240 are more magnesian than are
relict olivines. The magnesian trend of fine-grained
olivines in LAP 02240 is in contrast to the ferroan trend
of fine-grained olivines in Ye791088 (Fig. 5) and in
Ye790519 (Sato et al., 1982). The mobilized melt of
LAP 02240 may have crystallized under a slightly
reducing condition compared with the quiescent melt of
Ye791088. The modal abundance of metals in the
shock-melt region of Ye791088 (19%) is slightly less
than that in LAP 02240 (22%). The relativelymagnesian
compositions of fine-grained olivines and slightly
magnesian low-Ca pyroxenes in LAP 02240 may reflect
the higher modal abundance of FeeNi metals. Opaque
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Fig. 9. Raman spectra of glassy phases. Dusty glasses in Ye791088

contain fine-grained plagioclase. Pl: Plagioclase.



Fig. 10. Back-scattered electron images of LAP 02240. (a) Relict olivine is irregular in shape and contains numerous fine-grained FeeNi metal

droplets. (b) Melt matrix showing igneous texture. Olivines and pyroxenes are euhedral or dendritic in shape. (c) Coarse-grained FeeNi metal

fragment. The grain boundary is unclear. (d) Fine-grained FeeNi metal droplet surrounded by a troilite rim. The mean grain size of the metal

droplets is larger than that in Ye791088. (e) Euhedral chromite coexisting with a relict olivine grain. (f) Merrillite occurring near FeeNi metals

and embedded in glass. (g) Elongate relict BO chondrule in a fine-grained matrix. Ol: Olivine. Px: Pyroxene. M: FeeNi metals. Tr: Troilite. Gl:

Glass. Chr: Chromite. Merr: Merrillite.
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Fig. 11. Photographs of polished thin sections of shock-melted LL chondrites (transmitted light). (a) Low-magnification image of Ye790964, 81e1,
showing numerous vugs. Thewhite rectangle indicates the area shown in (b). (b) Close-up image of Ye790964, showing relict olivine fragments and

fine-grained olivine. Ye790964 (LL) has similar texture to that of Ye790519 (LL) CG lithology andYe791088 (H). (c) Low-magnification image of

Ye790519, 73e3, showing a fine-grained lithology (mobilized melt) and CG lithology (quiescent melt) coexisting in the polished thin section. The

white rectangle indicates the area shown in (d). (d) Close-up image of Ye790519, showing a fine-grained lithology with igneous texture, similar to

LAP 02240. The image shows numerous fine-grained olivine and FeeNi metal droplets with interstitial glass. Ol: olivine. V: vug.
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veins consisting ofmixtures of FeeNimetals and troilite
occasionally occur at the boundary between the
completely shock-melted portion and the unmelted host
chondrite (Fig. 1f), resulting in segregation of silicate
melts and FeeNieFeS melts. The FG lithologies of
Ye790519 and LAP 02240 are referred to as “mobi-
lized-melt” type.

As discussed in the previous section, we classified
Ye790964, Ye790519 CG, and Ye791088 shock
melts as quiescent-melt type. Relict low-Ca pyroxenes
occur in Ye791088 (Fig. 2e) but not in the shock-
melted LL chondrites, suggesting that the degree of
shock-melting in Ye791088 was lower or that the
duration of shock-pulse was shorter than that in the
case of the shock-melted LL chondrites. The texture of
the Ramsdorf L chondrite is similar to that of
Ye791088, indicating that Ramsdorf experienced
shock melting under similar shock conditions to those
recorded by Ye791088. In Ramsdorf, the degree of
melting is relatively high, and relict phases are rela-
tively rare, suggesting that near-complete melting
occurred (Yamaguchi et al., 1999). This result indicates
that the textures of the two types of shock melts were
not simply controlled by the degree of shock melting,
they were also influenced by the degree of shear stress.

4.3. Geological setting of shock-melted ordinary
chondrites

The melting features of Ye791088 and LAP 02240
are similar to those of the impact melts of Ye790964 and
the FG lithology of Ye790519, respectively, although
differences are seen in the ages of shock melting. Despite
the differences in the parent bodies (i.e., the chemical
group of the chondrites), the formation processes of the
two types of impact-melt rocks (i.e. the quiescent and



Fig. 12. Geological model explaining the origin of shock-melted

ordinary chondrites.Bothmobilized and quiescentmelts formed in thin

dikes or thick veins (several to tens of centimeter thick). Cooling was

most rapid at the periphery of the vein, close to the cold host chondrite,

where opaque veins formed (as observed in LAP 02240). Mobilized

melt and quiescent melt coexist in the dike or vein (Ye790519). The

lack of mechanical deformation and relatively slow cooling (or

annealing) in the dike resulted in the formation of quiescent melt. The

difference between the two types ofmelt was possibly controlled by the

degree of shear stress. Arrows show the direction of movement.
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mobilized melts proposed in the present study) are anal-
ogous. When a large projectile with a hypervelocity
(several kilometers per second) collides with an ordinary
chondrite parent body to form an impact crater, shock
melting of surface rocks may occur near the center of the
impact crater (e.g., Melosh, 1984; Stöffler et al., 1991).
Shock pressures of 75e90 GPa would be required to
cause whole-rock melting (Stöffler et al., 1991). Porosity
is an important factor in controlling the amount of impact
melt on planetary surfaces (Schaal et al., 1979). Shock-
recovery experiments have shown that porous chondritic
materials melt at a lower shock-pressure than do massive
materials, and extensive shock melting could occur at
a relatively low shock-pressure of 45e65 GPa for porous
chondritic materials (Hörz et al., 2005; Kitamura et al.,
1992). Thus, impact melting would be effective on the
regolith surface of chondrite parent bodies.

The opaque vein and elongated chondrule in LAP
02240 are observed at the boundary between the
impact melt and the host chondrite. Small dikes or
thick melt veins surrounded by unmelted chondritic
materials may have cooled rapidly, as suggested by
Stöffler et al. (1991) and Bogard et al. (1995). Quies-
cent and mobilized melts coexist in Ye790519, indi-
cating that the two types of shock melting could have
occurred in a thin melt-dike (several to tens of centi-
meters) or a thick melt vein (Fig. 12).

4.4. Thermal conditions of Ye791088 and LAP
02240

4.4.1. Quiescent melts in Ye791088
Ye791088 contains abundant relict olivines and

pyroxenes, indicating a maximum temperature of up to
w1500 �C (i.e., close to the liquidus temperature of
pyroxene). Because the grain sizes of olivine crystal-
lized from shock melt in Ye791088 (w20 mm) are
coarser than those in the case of LAP 02240 (w5 mm),
the quiescent melts of Ye791088 might have initially
cooled more slowly than those of LAP 02240. In the
case that quiescent melts formed in the interior of
a dike, undeformed pseudomorphed chondrules, as
well as two types of glasses, could be preserved.

4.4.2. Mobilized melts and opaque veins
Once the shock-melts were mobilized, opaque veins

of FeeNi metals and troilite could have formed along
the hostemelt contact region due to silicate melt/
metal-sulfide melt immiscibility, as observed in LAP
02240 (Fig. 1d and Fig. 12; Stöffler et al., 1991) and in
the PAT 91501 shock-melted L chondrite (Benedix
et al., 2008; Mittlefehldt and Lindstrom, 2001). The
rapid cooling rate estimated for LAP 02240 (w10 �C/
s; Cheek and Kring, 2008) is consistent with the fine-
grained textures of mobilized melt observed in the
present study.

5. Summary

Mineralogical and petrological analyses revealed the
formation conditions of two types of shock-melted H
chondrites: Ye791088, which formed under quiescent
conditions, and LAP 02240, which formed under mobi-
lized conditions. The melting features of Ye791088 and
LAP 02240 are similar to those of Ye790964 (LL) and
the fine-grained lithology of Ye790519 (LL), respec-
tively. The quiescent and mobilized melts could have
solidifiedunder the sameconditions as seen inYe790519
(LL), which formed in a thin dike or thick melt vein. The
textures of the two types of shock melts were not simply
controlled by the degree of shock melting: they were also
influenced by the degree of shear stress.
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