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Diverse eucritic pebbles in the Vaca Muerta mesosiderite
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Seven 5-cm basaltic pebbles from the Vaca Muerta mesosiderite were analyzed by instrumental neutron activation
analysis and electron microprobe. Three additional pebbles were only examined petrographically. Two pebbles are
impact-melt breccias, four are similar texturally to main-group eucrites or some clasts in polymict eucrites, three are
similar to cumulate eucrites and one is a fragmental brecéia, similar to certain polymict eucrites. Cumulate pebbles
have extremely low REE concentrations and high Eu/Sm ratios, reflecting the virtual absence of intercumulus liquid.
Siderophile interelement ratios in the pebbles are similar to those in Vaca Muerta metal except for anomalously low Ir.
Higher silica and merrillite in the pebbles relative to eucrites may reflect reduction of FeO in the silicates by P from
mesosiderite metal. Pebbles were annealed following incorporation into the Vaca Muerta host; impacts were the
dominant heat source. The occurrence of 20% impact-melt breccias among the pebbles and ~ 35-40% melt breccias
among mesosiderite whole-rocks indicate that mesosiderites were more extensively impact-melted than howardites. We
suggest three alternative models to account for this: (1) mesosiderites were derived from a separate parent body that
experienced a higher meteoroid fluence than the basaltic achondrite parent body, (2) the low-velocity accretion of large
metallic core fragments from disrupted differentiated asteroids led to metal enrichment of a few regions of the regolith
and heat retention in these (mesosideritic) regions, and (3) mesosideritic regolith regions were less likely to be reduced
to fine particles by extensive shock than howarditic regions.

1. Introduction

Mesosiderites are meteorite regolith breccias
consisting of roughly equal amounts of metallic
Fe-Ni and mafic silicates. The silicates consist of
pyroxenitic and basaltic fragments as well as iso-
lated grains of orthopyroxene, pigeonite, plagio-
clase and olivine. Although many basaltic frag-
nents are similar to main-group and cumulate
=ucrites, some highly recrystallized and impact-
melted fragments exhibit textures unknown among
eucrites.

Previous workers [1-3] divided the meso-
siderites into four types (1-4) reflecting increasing
degrees of recrystallization. Type 1 mesosiderites
are the least recrystallized and contain fine-grained
matrices and angular mineral and rock fragments;
type 4 mesosiderites contain a melt matrix and are
probably impact-melt breccias [2).

Specimens of the Vaca Muerta subgroup 1A
mesosiderite were found near Taltal, Atacama,
Chile in 1861; several large masses ranging up to
25 kg were eventually recovered. Recent field work
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by Robert Haag resulted in the discovery of 10
basaltic pebbles that had been liberated from the
metal matrix of Vaca Muerta by terrestrial
weathering. Our analyses of these pebbles con-
stitutes the first petrographic-compositional study
of large discrete rocks within an individual meso-
siderite.

2. Analytical procedures

Two adjacent 2-mm thick slabs were cut from
pebbles 1-7. One set of slabs was used for the
preparation of thin sections, the other for instru-
mental neutron activation analysis (INAA). Repli-
cate samples from the centers of pebbles 6 and 7
were also analyzed. Pebbles 8-10 were only ex-
amined petrographically.

Minerals were analyzed with the UCLA Cameca
*“Camebax-microbeam” and automated ARL elec-
tron microprobes, using crystal spectrometers and
following standard correction procedures [4].
Minerals were point-counted on the ARL mi-
croprobe; mineral vol.% was converted into wt.%



TABLE 1
Bulk compositions of Vaca Muerta pebbles. Elements determined by instrumental neutron activation analysis; Mg, Al, Si, Ca, Ti and
FeO determined by electron microprobe analysis of fused beads

Pebble Mass Na Mg Al Si K Ca Sc
(mg) (mg/) (mg/g) (mg/g) (mg/g) (rg/g) (mg/) (1g/®)
1 333 291 39.0 7.3 226 198 74.6 26.2
2 340 2.72 40.9 64.0 230 155 729 28.4
3 370 2.69 41.1 66.2 225 148 739 26.4
4 320 2.65 444 57.1 225 149 69.6 28.6
5 334 2.80 37.8 73.6 230 159 758 26.4
6? 334,/363 2.01 53.3 81.0 224 99 71.5 25.8
7°® 335/361 248 47.4 74.4 232 117 742 26.1
Relative
error(%) <2 <2 <2 <2 10-15 2 <2
H?® 5.74 142 11.5 171 819 119 7.5
Pebble Ti Cr Mn Fe FeO Co Ni Ga
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (ng/®) (mg/g) (ng/g)
1 3.48 2.18 391 138 182 29.7 0.59 1.44
2 4.80 2.17 4.05 134 180 222 0.62 1.46
3 4.02 2.02 3.85 136 187 35.5 1.11 1.59
4 498 2.81 4.05 148 204 62.6 1.69 1.66
S 2.46 1.88 382 127 170 15.5 0.29 1.54
62 045 2.70 3.89 123 154 447 1.20 1.60
72 0.69 2,78 3.82 126 162 38.6 1.16 1.41
Relative
error(%) <2 <2 2 <2 <2 <2 2-3 10-15
H® 0.62 3.40 224 276 88.7 810 18.0 5.77
Pebble La Ce Nd Sm Eu Tb Ho Yb
(re/8) (rg/8) (ng/8) (ng/2) (re/8) (re/2) (1g/2) (rg/8)
1 2.05 4.50 3.19 1.07 0.62 0.27 0429 1.38
2 241 5.36 3.93 1.43 0.61 0.39 0.53 1.83
3 2.01 4.51 3.69 1.16 0.54 0.30 0.40 1.43
4 2.02 4.87 3.66 1.19 0.58 0.30 044°¢ 1.54
5 0.72¢ 2.03 1.41°¢ 0.55 0.53 0.17 0.274 1.05
6° < 0.04 <1.3 <1.6 0.004 ¢ 0.34 <0.03 <0.11 0.12¢
72 < 0.06 <1.2 <14 0.010¢ 0.38 <0.07 <0.33 0.16 ¢
Relative
error(%) 2-4 4-6 6-8 2-4 2 4-6 3 2
H® 033 0.88 0.60 0.181 0.069 0.047 0.07 0.20
Pebble Lu Hf Ta Ir Au Th mg*
(ng/8) (1g/R) (ng/2) (ng/g) (ng/g) (rg/B)
1 0.22 0.92 0.09 < 4.6 10.7 0.27 0.387
2 0.27 1.03 0.14 20 4.51°¢ 0.24 0.402
3 0.22 0.93 0.13 <45 9.61 0.22 0.394
4 0.24 0.94 0.12 444 19.0 0.26 0.392
5 0.16 € 0.50 0.05 ¢ <45 535°¢ 0.25¢ 0.396
6" 0.024 ¢ <0.21 < 0.03 <47 9.05 <0.16 0.506
72 0.034°¢ <0.19 <0.03 20 6.51 <015 0.464
Relative
error(%) 2 2-4 4-6 4-6 4-6 6-8
H® 0.034 0.18 0.029 740 230 0.041 0.825

mg* = molar MgO/(MgO + FeO) determined from fused beads.

* Mean of two analyses.

® H-chondrite data used for normalization (compiled from published and unpublished sources).
¢ Relative errors 2-5 X higher for this sample.

9 Relative errors 5-10X higher for this sample.



using estimated mineral densities.

INAA irradiations were for 4 hours at the
University of California, Irvine, with a neutron
flux of ~ 1.8 X 10'? neutrons cm ™2 s™!. A series
of four counts was made over the next four weeks
using large volume cylindrical and low-energy
planar Ge detectors. INAA data (Table 1) were
reduced using the SPECTRA program [5,6].

Fused beads were prepared by heating 20 mg
aliquots of the remaining powdered samples on
Mo foil under an Ar atmosphere in a strip-heater.
Concentrations of SiO,, CaO, TiO,, FeO, MgO
and Al,O; were determined in the glass beads
with the ARL electron microprobe. Relative to the
INAA data, the concentrations of Fe determined
in the fused beads are high by 2-7%. This dis-
crepancy is approximately within analytical un-
certainty; replicate INAA analyses often vary in
Fe by ~5%.

3. Results

3.1. Petrography and mineralogy

Although roughly uniform in size (~ 5 cm), the
pebbles range in shape from subrounded to angu-
lar. All are basaltic and consist of major pyroxene,
plagioclase and silica (tridymite or cristobalite)
and accessory troilite, metallic Fe-Ni, ilmenite,
merrillite and chromite, titanian chromite and
chromian iilvospinel (solid solution series mem-
bers here referred to simply as chromite) (Table
2). Many merrillite and silica grains occur adja-
cent to grains of metallic Fe-Ni and troilite.

Most of the pyroxene grains in the pebbles are

TABLE 2

Mineral abundances (wt.%) in Vaca Muerta pebbles

3

inverted pigeonite, consisting of orthopyroxene
with one or two sets of augite exsolution lamellae.
Many pyroxene grains contain a few thick lamel-
lae (generally 10-50 pm wide) parallel to (001);
far more numerous are the fine, closely-spaced
lamellae parallel to (100). Many pyroxene grains
exhibit simple twinning; none of the grains is
compositionally zoned. Pyroxene compositions
(Table 3) are plotted in Fig. 1. Individual analyses
lie along trends extending from the orthopyroxene
to the augite fields subparallel to the Fs-Hd
boundary of the pyroxene quadrilateral.

Plagioclase exhibits both polysynthetic and
Carlsbad twinning; rare grains exhibit sector zon-
ing. Many large grains enclose small inclusions of
silica; some enclose small inclusions of pigeonite.
In some cases, these inclusions seem to be prefer-
entially oriented subparallel to the boundaries of
the enclosing crystal. Such inclusions may be re-
lated to plagioclase-clouding in eucrites [7].
Plagioclase compositions (Ab 6-10) (Table 3) are
all in the anorthite range; none of the grains is
compositionally zoned.

Although similar in mineralogy, the pebbles
have distinct textures. Each pebble thus represents
a discrete rock type present in the Vaca Muerta
regolith.

Pebble 1 has a subophitic texture (Fig. 2a); the
average grain size is ~ 800 pm. One fine-grained
(100-200 wm) region (~ 10 mm? in cross-sectional
area) (Fig. 2b) contains more silica (7 vs. 4 wt.%)
and somewhat less plagioclase (31 vs. 34 wt.%)
than the rest of the pebble. A few regions of
pebble 1 contain tabular plagioclase crystals and

1 2 3 4 6 7 8 9 10

Plagioclase 34.1 35.1 37.9 36.6 353 449 36.9 37.6 39 36.9
Pigeonite 60.6 55.4 55.6 52.5 56.7 45.8 54.5 55.6 63.2 56.0
Silica 4.0 6.1 4.8 6.0 6.8 54 5.2 57 2.7 4.5
Chromite 0.8 0.3 <03 <0.3 0.7 <03 0.6 <0.3 0.9 0.3
limenite 0.5 L5 0.3 0.6 <0.3 <0.3 <03 <03 0.5 <03
Merrillite <0.2 0.2 0.2 <0.2 <0.2 0.2 0.6 <02 <02 0.2
Troilite <0.3 0.9 1.2 28 0.6 31 22 1.1 0.8 1.3
Metallic Fe-Ni <0.5 <05 <05 1.5 <05 0.5 <05 <05 < 0.5 0.9
Total 100.0 993 100.0 100.0 100.1 999 100.0 100.0 1060.0 1001
Points counted 636 527 522 524 528 541 524 555 560

Area (mm?) 57 274 293 377 229 385 173 120 445




TABLE 3

Mineral compositions (wt.%) in Vaca Muerta pebbles.

1 2 3 4 5 6 7
Pyroxene
Number of grains 15 15 14 16 15 15 15
Si0, 50.5 50.7 50.7 50.5 50.5 524 51.7
TiO, 0.49 0.45 0.38 047 0.58 0.12 0.18
Al,O4 0.64 045 0.37 0.59 0.79 0.43 0.36
Cr,0, 0.23 0.15 0.13 0.24 0.24 0.24 0.20
FeO 27.8 293 30.5 28.2 26.4 259 27.1
MnO 1.0 1.0 1.0 1.0 1.0 1.0 1.0
MgO 12.2 12.6 12.4 124 12.0 16.6 15.6
CaO 7.7 6.2 5.2 7.5 9.2 43 43
Na,O <0.02 < 0.02 <0.02 <0.02 0.03 0.02 <0.02
Total 10033 1003 100.7 1009 100.7 1008 1004
Fs 46.8 49.1 51.5 471 443 423 449
Wo 16.6 133 11.2 16.0 19.8 9.1 9.1
Plagioclase
Number of grains 32 8 8 8 8 8 10
SiO, 46.4 45.8 46.6 46.2 46.0 452 453
AlLO, 339 34.6 347 348 35.1 35.6 35.0
FeO 0.18 n.d. n.d. n.d. nd. n.d. nd.
CaO 17.9 18.2 18.3 18.3 18.3 18.6 18.5
Na,O 1.1 0.94 0.99 0.98 1.0 0.72 0.79
K,O 0.08 0.06 0.08 0.08 0.08 0.07 0.07
Total 99.6 59.6 100.7 1004 100.3 1002 9.7
Ab 10.0 8.5 8.9 8.8 8.9 6.5 7.2
Or 0.5 0.4 0.5 0.5 0.5 0.4 0.4
Silica
Number of grains 8 2 1
Si0, 99.4 99.6 101.1
Al,0, 0.27 0.20 0.06
FeO 0.26 n.d. n.d.
CaO 0.10 0.06 0.10
Na,O < 0.02 < 0.02 < 0.02
K,O 0.14 0.14 <0.02
Total 100.2 100.0 1013

n.d. = not determined.

interstitial pyroxene forming an orthocumulate
texture. The diverse textures within pebble 1 sug-
gest that this rock may be a polymict breccia.

Subsequent moderate annealing is probably re-
sponsible for the lack of observable clast
boundaries.
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Fig. 1. Distributions of pyroxene compositions in the Vaca Muerta pebbles. Linear trends result from electron beam overlap on
orthopyroxene and on augite exsolution lamellae. Pyroxene in pebbles 1-4 is more ferroan than in pebbles 6 and 7. One grain in
pebble 1 lies off the trend, consistent with petrographic evidence that pebble 1 is an incompletely equilibrated polymict breccia.



Fig. 2. (a) Predominant subophitic texture of pebble 1 consisting of twinned laths of plagioclase partially surrounding grains of
inverted pigeonite. (b) Fine-grained region of pebble 1. The apparent absence of clast boundaries in the pebble is probably due to
annealing. (a) and (b) in X-nicols.

Pebble 2 contains 1- to 6-mm angular to irregu- lized and appears to be a devitrified plagioclase-
lar clumps of anhedral to rounded, randomly-ori- rich glass (Fig. 3). Also present are individual <1
ented, pyroxene grains embedded in a matrix of mm grains of pyroxene and plagioclase and rare

fine-grained (15-25 pm) plagioclase and trace (~ 3 X7 mm) subophitic clasts (Fig. 3). Crystal
amounts of pyroxene. The matrix is poorly crystal- boundaries throughout the pebble are poorly de-



Fig. 3. Subophitic clast (right) and poorly-crystallized patch of plagioclase (light area at center of SW gquadrant) in pebble 2. Most of
the plagioclase has been remelted, suggesting that pebble 2 is an impact melt-breccia. The subophitic clasts may represent relict
parental material. X-nicols.

fined and it appears that the pebble has been been remelted and is an impact-melt breccia; the
annealed. Because most plagioclase occurs as a rare subophitic clasts may represent relict, un-
devitrified glass, it seems likely that pebble 2 has melted portions of the original rock.

Fig. 4. Hypidiomorphic equigranular texture in pebble 3 consisting predominantly of plagioclase (light gray) and inverted pigeonite
(dark gray). The pebble appears unbrecciated. Transmitted light.

-



Fig. 5. Tabular, polysynthetically-twinned plagioclase grains and interstitial anhedral pyroxene in pebble 4 forming an orthocumulate

texture. X-nicols.

Pebble 3 appears unbrecciated. It has a fine-
grained (~ 100 pm) hypidiomorphic equigranular
texture (Fig. 4).

Pebble 4 is a plagioclase orthocumulate con-
taining tabular ~ 800 pum plagioclase grains and
intercumulus pyroxene (Fig. 5). One centimeter-
size area has a much higher plagioclase/pyroxene
ratio than other areas and is texturally a meso-
cumulate. The orthocumulate areas resemble some
regions of pebble 1.

Pebble 5 is another impact-melt breccia. It con-
tains alternating, preferentially-oriented ~ 0.5 X 3
mm bands of pyroxene-rich clumps and matrix
(Fig. 6a). The matrix is composed of small (25-100
wm), well-crystallized plagioclase grains with 120°
triple junctures (Fig. 6b). Individual pyroxene and
plagioclase grains in the bands of pebble 5 are
oriented randomly relative to adjacent grains.
Opaque phases occur predominantly inside the
pyroxene-rich clumps.

Pebble 6 is an unbrecciated equigranular
cumulate with an average grain size of 1200 pm
(Fig. 7). Many plagioclase-plagioclase and
plagioclase-pyroxene contacts form 120° triple
junctures. Pebbles 8 and 10 are texturally very
similar to pebble 6 and have respective average

grain sizes of 850 pm and 1400 pm, respectively.
One plagioclase grain in pebble 10 is 1700 X 4000
pm in size.

Pebble 7 is a fragmental breccia containing
large (800-1400 pm) isolated subhedral and
anhedral grains of plagioclase and pyroxene and 5
mm polymineralic basaltic clasts with hypidiomor-
phic-granular textures. The mineral grains and
lithic clasts are embedded in a fine-grained (25-50
pm) matrix (Fig. 8) that consists of annealed
pyroxene, plagioclase and silica, and has an al-
lotriomorphic-granular texture. Opaque phases are
heterogeneously distributed, being more abundant
in the basaltic clasts than in the matrix.

Pebble 9 is an apparently unbrecciated plagio-
clase orthocumulate texturally similar to pebble 4.
Tabular plagioclase grains (1000 pm) are sur-
rounded by finer-grained intercumulus pyroxene.
In some areas, plagioclase forms needles and the
texture is subophitic. Almost all of the opaque
grains occur inside pyroxene.

3.2. Bulk compositions

Bulk compositional data are listed in Table 1.
Pebbles 1-4 have similar concentrations of incom-
patible elements; concentrations are lower in peb-



Fig. 6. (a) Alternating bands of plagioclase grains (light gray) and pyroxene (dark gray) preferentially oriented in a horizontal (E-W)
direction in pebble 5. (b) Plagioclase band oriented NE-SW consisting of randomly oriented grains, many with 120° triple junctures.
Pebble 5 is an impact-melt breccia; the texture indicates that the pebble experienced an episode of shock-melting and shearing. (a) in

transmitted light; (b) in X-nicols.

ble 5 and very much lower in 6 and 7. The REE
patterns (Fig. 9) in pebbles 1-4 are at 6-8 X
H-chondrites and relatively flat, being only slightly
depleted in light REE. They have small positive
Eu anomalies. Of these four, pebble 2 has the

highest REE concentrations and the smallest posi-
tive Eu anomaly; its normalized Eu/Sm ratio is
only 1.12, whereas those of pebbles 1, 3 and 4
average 1.34. Pebble 5 differs from the others in
having a fractionated REE pattern (with light



Fig. 7. Relatively coarse-grained cumulate texture of pebble 6. Several pyroxene grains exhibit simple twinning. One inverted
pigeonite (bottom left) has a thick augite exsolution lamella parallel to (001). X-nicols.

REE 2 X depleted) at 2.2-5 X H with a signifi- concentrations and extremely fractionated REE
cant positive Eu anomaly; its normalized Eu/Sm patterns; their normalized Eu/Sm ratios are 223
ratio is 2.53. Pebbles 6 and 7 have very low REE and 99.7, respectively. H-chondrite-normalized

Fig. 8. Fragmental-brecciated texture of pebble 7 consisting of plagioclase and pyroxene grains and lithic clasts embedded in a
fine-grained matrix. Transmitted light.
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Fig. 9. H-chondrite-normalized concentrations of rare earth
elements (REE) in the Vaca Muerta pebbles. Pebbles 1-4 have
roughly flat REE patterns with small positive Eu anomalies;
main-group eucrites have somewhat higher REE concentra-
tions and slightly negative Eu anomalies. The REE pattern of
pebble 5 is similar to that of cumulate eucrites. Pebbles 6 and 7
have extremely low REE concentrations, reflecting the virtual
absence of intercumulus liquid. Very rough estimates of Tb
concentrations in these two pebbles are also shown.

Ti/Al and Ti/Ca ratios are 1.04-1.62 in pebbles
2-4, ~ 0.90 in pebble 1, 0.62 in pebble 5 and only
0.10-0.18 in pebbles 6 and 7. In addition to their
low abundances of incompatible elements, pebbles
5-7 are distinguished by lower bulk Fe and lower
FeO.

The bulk molar MgO/(MgO + FeO) ratio
(mg*) of the samples was determined from
analyses of the fused beads, assuming that all Fe
is present as FeO. The mg* of pebbles 1-5 has a
narrow range (0.39-0.40), whereas the mg* of
pebbles 6 and 7 is significantly larger (0.51 and
0.46, respectively) (Table 1).

Siderophile /Ni concentration ratios (i.e., Ir /Ni,
Co/Ni, Au/Ni, Ga/Ni) have interpebble varia-

tions of factors of 2-6. An obwvious potential
source of the siderophiles is mesosiderite metal.
Wasson et al. [8] analyzed Ni, Ir and Ga in Vaca
Muerta metal and Bild et al. [9] analyzed metal
from 11 mesosiderites. We used Vaca Muerta metal
Ir/Ni and Ga/Ni [8] and mean mesosiderite metal
Co/Ni and Au/Ni [9] to compare with the corre-
sponding ratios of the Vaca Muerta pebbles:
Co/Ni and Au/Ni ratios in the pebbles are within
15% of those of mesosiderite metal; however,
Ga/Ni ratios are high by factors of ~ 20 and
Ir /Ni ratios are low by factors of ~ 10. Gallium
concentrations in the pebbles are similar to those
of eucrites (1-2 pg/g); the high Ga/Ni ratio
indicates that the Ga is largely lithophile. The low
Ir/Ni ratio cannot be due to lithophilic Ni;
pigeonite and plagioclase in the Haraiya eucrite
have very low Ni concentrations (20 and <20
prg/g, respectively; [10]). Thus, the only major
discrepancy between siderophiles in the pebbles
and in mesosiderite metal i1s the low Ir of the
former. Although Fukuoka et al. [11] recognized a
chondritic component in the siderophiles of ho-
wardites, it is unlikely that the metal in the peb-
bles is chondritic: fine-grained metal in the Jilin
HS chondrite [12] has a higher Ir/Ni ratio.

4. Discussion

4.1. Similarity to basaltic achondrites

Although all of the Vaca Muerta pebbles are
basaltic, they differ from known eucrites in their
higher abundances of merrillite and silica. Pebbles
1-4 resemble main-group eucrites in their modal
abundances and compositions of pyroxene and
plagioclase and in mg*, but differ in having lower
abundances of REE and positive Eu anomalies.
Although pebble 1 resembles main-group eucrites
in having a predominantly subophitic texture (Fig.
2a), the diversity of textures, variations in mineral
proportions, and the occurrence of a pyroxene
grain of aberrant composition (Fig. 1) suggest that
pebble 1 is polymict. The orthocumulate textures
of pebbles 4 and 9 (Fig. 5) also differ from main-
group eucrite textures. The hypidiomorphic
equigranular texture of pebble 3 (Fig. 4) is most
similar to that of Emmaville [13]. Pebble 2 1s an
impact-melt breccia, wherein almost all of the
plagioclase occurs in a poorly-crystallized matrix
(Fig. 3). This texture is not known among eucrites.



Perhaps most similar is Cachari, which contains
glassy shock veins, in which quench-textured py-
roxene occurs inside feldspathic glass [14, fig. 2].

Pebble 5 resembles main-group eucrites in hav-
ing significantly more modal pyroxene than
plagioclase, similar compositions of pyroxene and
plagioclase and similar mg* (~ 0.40), but resem-
bles cumulate eucrites in its low REE abundances
(< 6 X H) and in having a significant positive Eu
anomaly. Light REE are more depleted than in
cumulate eucrites. Bulk concentrations of Ti and
FeO are intermediate between main-group and
cumulate eucrites. A major difference between
pebble 5 and known eucrites is its unusual
impact-melt-breccia texture consisting of alternat-
ing bands of pyroxene and plagioclase (Fig. 6a, b).

Pebbles 6, 8 and 10 are unbrecciated and have
equigranular cumulate textures (e.g., Fig. 7), re-
sembling those of Moore County [15} and Moama
[16]. The relatively refractory pyroxene and
plagioclase, low bulk concentrations of incompati-
ble elements and high mg* in pebble 6 also are
similar to cumulate eucrites; the pebble’s bulk
FeO/MnO ratio (30.7) is close to that of Moama
(29.7; [16])). Pebble 6 differs from cumulate eucrites
primarily in its extremely low concentrations of
REE and very high Eu/Sm ratio.

The fragmental texture of pebble 7 (Fig. 8) is
almost identical to that of the Bununu howardite
[17, fig. 8.5a]. However, the apparent absence of a
diogenite component [Fs (0-30) orthopyroxene]
indicates that the pebble is a polymict eucrite (by
the definition of [18]). Although some howardites
and polymict eucrites contain impact-melt-rock
clasts, crystalline chondrule-like spherules and
CM-chondrite-like clasts, such objects were not
found in pebble 7. Pyroxene and plagioclase abun-
dances are similar to those of main-group eucrites;
however, pyroxene and plagioclase compositions,
bulk FeO/MnO (32.8) and mg* (0.46) are more
similar to cumulate eucrites.

In summary, there are significant differences
between the Vaca Muerta pebbles and basaltic
achondrites, including the unusual impact-melt
breccia textures of pebbles 2 and 5, the excessive
silica and merrillite in all of the pebbles, the
somewhat lower REE abundances and positive Eu
anomalies of pebbles 1-4 relative to those of
main-group eucrites, and the very low REE abun-
dances and high H-chondrite-normalized Eu/Sm
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ratios of pebbles 6 and 7 relative to cumulate
eucrites.

Pebbles 2 and 5 are impact-melt breccias and
may well have possessed common eucritic textures
prior to being shocked. The orthocumulate tex-
tures of pebbles 4 and 9 (Fig. 5) are not common
to monomict eucrites, but may be similar to some
of the numerous texturally diverse clasts that oc-
cur in polymict eucrites [18].

Mittlefehldt et al. [19] noted that mesosiderites
have higher normative silica and phosphate than
howardites and suggested that this may have been
caused in part by reduction of FeO in olivine by P
from mesosiderite metal resulting in the formation
of metallic Fe, pyroxene and silica. Alternatively,
the ferrosilite component of the pyroxene may
have been reduced to produce metallic Fe, silica
and free oxygen. Concomitant oxidation of the P
reducing agent may be responsible for the forma-
tion of merrillite. The occurrence of many grains
of merrillite and silica adjacent to grains of metallic
Fe-Ni and troilite in the pebbles is consistent with
these models.

4.2. Petrogenesis

It is useful to plot eucrite compositions on
diagrams of incompatible element concentration
vs. mg* (Fig. 10). On such diagrams, two branches
protrude from the main-group cluster. One is the
Stannern trend, thought to represent eucrites
formed by partial melting (e.g., [20,21)). The other
is the Nuevo Laredo trend, representing eucrites
derived by fractional crystallization. The main-
group cluster itself may simply be the intersection
of these two trends. Cumulate eucrites formed by
the accumulation of phenocrysts at the periphery
of a magma chamber; their Mg-rich compositions
reflect parental liquids with much lower mg* [22].

Pebbles 1-4 plot near the main-group eucrites;
the similar compositions of these pebbles suggest
that they all may have formed from the same
parental magma. The REE pattern of pebble §
(Fig. 9) is similar to that of cumulate eucrites,
indicating that this pebble formed, at least in part,
from cumulate material. This is consistent with
the lower abundances of incompatible elements in
pebble 5.

Like cumulate eucrites, pebble 6 must have
formed by crystal accumulation from a liquid with
significantly lower mg* than that parental to
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Fig. 10. Bulk composition of eucrites and Vaca Muerta pebbles
expressed as Sm (pug/g) vs. molar MgO/(MgO+ FeO) or
mg*. The cluster of points defines main-group eucrites; cumu-
late eucrites have high mg* and low concentrations of incom-
patible elements. Two major compositional trends, the Nuevo
Laredo (NL) and Stannern (St) trends are shown. Bouvante
(Bo) lies along the Stannern trend; Pomozdino (Po) has an
unusual composition and does not plot among the other
cucrites. Pebbles 1-4 plot just below most main-group eucrites;
pebble 5, with a lower Sm concentration, plots even lower.
Pebbles 6 and 7, with high mg* and extremely low concentra-
tions of incompatible elements, plot near the cumulate eucrites.

main-group eucrites or pebbles 1-4. The ex-
tremely low concentrations of incompatible ele-
ments (typified by Sm) indicate that the residual
liquid content of the pebble’s parental material
was very low, probably < 1%. The Eu concentra-
tion in pebble 6 is ~ 40% lower than those in
pebbles 1-5, but Sm is more than a hundredfold
lower. The high Eu/Sm ratio in pebble 6 reflects
the presence of pyroxene and plagioclase and the
virtual absence of intercumulus liquid. Because
pebbles 6 and 7 are similar in composition, both
must have been derived from such liquid-poor
cumulate material. Subsequent brecciation altered
the original texture of pebble 7.

Individual plagioclase and pyroxene grains in
the progenitors of pebbles 2 and 5 were partly
melted and subjected to a (shock-induced) shear-
ing stress, producing alternating pyroxene-rich and
plagioclase-rich bands (much more pronounced in
pebble 5 than in pebble 2). Random nucleation
and growth of grains occurred in the sheared
crystals, producing randomly oriented grains in
the bands.

The low Ir/Ni ratios in the pebbles (relative to
that of mesosideritic or chondritic metal) may also
have resulted from shock processes. Widom et al.
[12] found that metal nodules in ordinary
chondrites are depleted in Ir and refractory
siderophiles other than W by large factors relative
to typical fine-grained matrix metal; they pro-
posed that shock-induced vaporization of
chondritic material was responsible. It seems pos-
sible that analogous processes in the Vaca Muerta
regolith (i.e,, shock-induced vaporization of
mesosideritic material) are responsible for the low
Ir/Ni ratios of the pebbles.

The occurrence of plagioclase with 120° triple
junctures and the uniformity of mineral composi-
tions indicate that the pebbles have been equil-
ibrated. Because all of the pebbles are at least
partly equilibrated and all seem to have reacted
with metal, we favor pebble annealing after for-
mation of the Vaca Muerta metal-silicate assem-
blage.

4.3. Impact gardening

The diverse textures of the pebbles indicate
that they formed at a variety of depths. Impact
processes are probably responsible for excavating
the more deeply-buried rocks (e.g., pebble 10) and
mixing them with rocks that formed closer to the
surface (e.g., pebble 3). The shapes of the pebbles
(angular to subrounded) reflect variable abrasion
in the regolith.

After the pebbles had been mixed with metal
and incorporated into the Vaca Muerta host, a
period of heating caused reaction of the pebbles
with the metal: FeO in the silicates was reduced,
some P from the metal was oxidized, and merril-
lite and excess silica were formed in the pebbles.
Impacts probably were the dominant heat source
responsible for this annealing [23].

A high impact rate at the surface of the basaltic
achondrite parent body is consistent with the
brecciated nature of mesosiderites, howardites and
non-cumulate eucrites. However, it appears that
mesosiderites experienced more extensive heating
than either howardites or eucrites. Although how-
ardites contain a few impact-melt-rock clasts and
crystalline chondrule-like spherules, howardites
contain few, if any, pebble-size impact-melt brec-
cias. The Cachari eucrite contains shock veins, but
most areas of Cachari have not been impact-



melted. In contrast, type 4 mesosiderites, which
constitute ~ 35-40% of known mesosiderites [3,
table 1] appear to have been entirely impact-melted
{2,3,24]. Two of the 10 Vaca Muerta pebbles (20%)
also appear to have been impact-melted.

We suggest three alternative models to explain
the greater proportion of impact-melted material
among mesosiderites:

(1) Mesosiderites were derived from a different
parent body than eucrites, howardites and di-
ogenites with the mesosiderite parent body experi-
encing a higher meteoroid fluence.

(2) Mesosiderites are from the same parent
body as the basaltic achondrites, but mesosideritic
regolith experienced more extensive impact-melt-
ing than other regions, perhaps because the accre-
tion of large metallic core fragments from dis-
rupted differentiated asteroids onto these regions
resulted in more extensive heating (and heat reten-
tion) in mesosiderites. Wasson and Rubin [25]
suggested that such core fragments accreted to the
regolith of a basaltic achondrite parent body at
low relative velocities (~1 km s™'). Such low
velocities can only cause melting (e.g., [26, fig. 2])
if the heat is efficiently trapped and distributed
nonuniformly. The accretion of core fragments
may have provided both extensive heating of the
regolith and the coarse (metallic) particles neces-
sary for significant heat retention.

(3) Portions of all regolithic regions suffered
extensive shock-heating. Metal-free howarditic re-
gions tended to be ground mechanically into finer
particles that cooled quickly by radiation. In the
case of the mesosiderites, the abundant coarse
metal allowed significant heat retention and weld-
ing of regolith material into larger and tougher
objects better able to survive the rigors of inter-
planetary space. We favor the second and third
alternative models.
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