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The Estherville mesosiderite: U-Pb, Rb-Sr, and Sm-Nd isotopic study of a polymict breccia 
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Abstract-A systematic U-Pb, Sm-Nd, and Rb-Sr isotopic study shows that the Estherville mesosiderite 
was formed between 4.56 and 4.43 Ga. Observed isotopic heterogeneity is in agreement with multiple 
generations of meteoritic impacts described in other mesosiderites. 

At least part of the Estherville silicate fraction was formed early in solar system history as indicated 
by the Pb-Pb (4555 + 35 Ma), U-Pb (4560 f 31 Ma), Rb-Sr (4542 f 203 Ma), and Sm-Nd (4533 f 94 
Ma) ages. Mesosiderites therefore present not only petrological but also geochronological similarities with 
eucrites. The Pb isotopic composition of the metal phase plots on the same isochron as the silicates, 
indicating formation and subsequent mixing with silicates early in the history of the solar system. This 
is consistent with previous observations indicating that iron was reduced during the silicate-magmatic 
stage, most likely a consequence of mixing with metal. 

In addition to these more-ancient portions of the Estherville breccia, other parts were formed later as 
suggested by the Pb-Pb (4422 * 50 Ma) and U-Pb (4437 * 1 I Ma) ages observed in a second group of 
leaches and residues. This age is similar to some cumulate eucrite ages and may represent the formation 
of a second mesosiderite component. 

The Sm-Nd and the Rb-Sr ages obtained on Estherville show large errors that may be a consequence 
of the mixing between the 4.56 and 4.43 Ga endmembers. 

Estherville, like most mesosiderites, was affected by a major heating event around 3.5-3.7 Ga as shown 
by the Ar-Ar ages (BOGARD et al., 1990). This heating event partially disturbed the Rb-Sr isotopic system 
(Rb-Sr metamorphic ages range between 3.8 I and 4.08 Ga). 

INTRODUCTION 

IN THE PAST FEW YEARS the petrology and geochemistry of 

mesosiderites have been intensely studied in order to better 

understand their origin(s) and age(s). However, they are still 
the matter of intense debates because of the very complicated 

nature of mesosiderites. 
Mesosiderites contain approximately equal amounts of 

iron-nickel metal and silicates (PRIOR, 1920). The silicate 

fraction of mesosiderites is highly brecciated and contains a 
complex assemblage of minerals (orthopyroxene, plagioclase, 
and olivine) and lithic clasts (diogenites, cumulate eucrites, 
basaltic eucrites, and dunites; FLORAN, 1978). The silicates 
record magmatic (partial melting, differentiation) and meta- 
morphic (recrystallization, impact melting, brecciation) 

events, and argue for an origin at, or near, a planetary surface 
(FLORAN, 1978; FLORAN et al., 1978; HEWINS, 1983). How- 
ever, the mixing of silicates with metal appears to be hard to 
reconcile with a near-surface environment (DELANEY, 1983; 

GREENBERG and CHAPMAN, 1984). 

Most of the models proposed for the origin of mesosiderites 
(mixing of silicates and iron either by interaction of a basaltic 
crust with the metal core, or by impact) require that the me- 

sosiderites were formed early in the history of the solar system 
(BOGARD et al., 1990). However, until very recently, there 
was no such chronological evidence. Indeed, all ages obtained 

* Present address: DUNE Travaux Spkciaux, Laboratoire d’Anal- 
yses et de Recherches, C.E.I., Campus Universitaire de la Doua, BP 
2 132. 69603 Villeurbanne Cedex, France. 

on mesosiderites were quite young compared to the 4.55 Ga 
age of Juvinas (ALLEGRO et al., 1975). Potassium-Argon and 

Argon-Argon ages of mesosiderites range between 3.23 and 
4.25 Ga (MEGRUE, 1966; BEGEMANN et al., 1976; MURTHY 
et al., 1977, 1978; BOGARD et al., 1988. 1990). MURTHY et 

al. (1978) reported a 4.24 t 0.03 Ga Rb-Sr age for Estherville 
while MITTLEFEHLDT et al. (1986a) showed young, likely dis- 

turbed, Rb-Sr model ages (x3.6 Ga) for several other me- 

sosiderites. 
In the last two years, older internal isochrons were obtained 

for Morristown (4.47 f 0.02 Ga by Sm-Nd; PRINZHOFER et 
al., 1989) and Estherville (4.56 2 0.04 Ga and 4.57 f 0.02 
Ga by Pb-Pb and U-Pb; BROUXEL and TATSUMOTO, 1990) 
suggesting that at least some mesosiderites, or mesosiderite 

fractions, may have been formed early in solar system history. 
However, mesosiderites have likely been disturbed by a major 
heating event around 3.5-3.7 Ga, which is recorded by Ar- 

Ar ages (BOGARD et al., 1990). This event may have also 
affected some of the other isotopic systems. For a better un- 
derstanding of this problem, a comparison of different chro- 
nological methods is required. In this paper, we examine the 
Estherville mesosiderite using U-Pb, Rb-Sr, and Sm-Nd iso- 

topic systematics to help decipher the history of this polymict 
breccia. In a previous study of the U-Pb systematics of Es- 
therville, we have suggested that different portions of the sil- 
icate fraction were formed at different times (Pb-Pb and U- 
Pb ages between 4.42 t 0.05 Ga and 4.57 f 0.02 Ga; 
BROUXEL and TATSUMOTO, 1990). Therefore, interpretation 
of the effects of metamorphism on the earlier igneous events 
is likely to be complicated by the polymict, rather than mon- 
omict, nature ofthe Estherville breccia (UNRUH et al., 1977). 
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SAMPLE PREPARATION 

This study was conducted on a 13 g Estherviile brecciated clast 
provided to us by V. R. Murthy from a slice kept at the University 
of Minnesota (the other portion is located now at the US National 
Museum). The sample was first washed for one minute using 1 N 
HCl in an ultrasonic bath and then rinsed repeatedly in distilled 
water. The sample was then crushed using a stainless steel mortar 
and divided into four sized fractions (~63 wrn, 63-150 Mm, 150-300 
grn, >300 pm) using nylon cloth sieves. As much metal as possible 
was removed using a hand magnet. The different steps of the sample 
preparation are summarized in Fig. 1. 

Twenty-one separates were obtained either by handpicking, or by 
using density and magnetic separation techniques. They were grouped 
into three sets analyzed for U-Pb (BROUXEL and TATSUMOTO, 1990), 
Rb-Sr, and Sm-Nd isotopes (set A), for U-Pb isotopes (set B), and 
for Rb-Sr and Sm-Nd isotopes (set C). 

dissolved only slightly in I:4 acetic acid (less than 4% in 24 h). This 
fraction was then separated into four density separates (p < 2.58, 
2.58 < p < 2.95,2.95 < p < 3.3, p > 3.3) using mixtures ofmethylene 
iodide and acetone. The two heaviest separates, still coated by iron, 
or containing “iron dandruff,” were divided into two splits using a 
magnetic separator (quartz chute filled with 1 X sub-boiling distilled 
ethanol). We used the density limits proposed by MURTHY et al. 
(1977) which were meant to separate orthopyroxene in the heaviest 
density separates, plagioclase in the 2.58-2.95 density separate, and 
the mesostasis (interstitial phases) into the lightest density separate. 

Orthopyroxene and brecciated silicate fragments, apparently similar 
to the brecciated and angular polycrystalline fragments described by 
POWELL (197 l), were handpicked from the coarse-grain fraction 
(1300 gm). 

These nine separates were then stepwise leached, two times five 
minutes, in HBr (0.1 N and 0.5 N), HCI (2 N), and HF (1 N) + I-IN03 
(2 N). AI1 leaches and residues were analyzed. 

Set A (Nine Separates) 

The finest grained fraction (~63 pm) was analyzed without further 
mineral separation as an approximation to the whole-rock (silicate 
fraction). 

The 63- 150 urn fraction was first leached twice. each time overnight 

In contrast to set A, separates of set B and C were leached as gently 
as possible in order to control the leaching effects on the U-Pb. Rb- 
Sr, and Sm-Nd isotopic systems. 

Set B (Five Separates) 

(12 hf. in weak acetic acid (1:4, 1 X sub-ailing distilled) in order to 
remove the iron coating. A trial test showed that apatite (terrestrial) 

Five separates (pla~ocia~, o~hopyroxene, iron, chromite, and 
troilite) were handpicked from the 150-300 pm fraction. Iron was 

1 ESTHERVILLE MESOSIDERITE 1 

<63pm 
I i 

2.95cpc3.3 magnetic 

1 ,300pm 1 1 150-300pm 1 

Hand-picking 

Lsachlng 
- O.lN HBr 

i 

- OSN HBr 
- 2N HCI 
-1NHFt2NHN0, 

U-Pb (Brouxel and Tatsumoto, 1990) i:1::::“‘:::- 

/ 
Plagioclase 
Orthopyroxene 
iron 
Chromite 
Troilite 

Washing 
. Water + ethanol J Leaching 
_ 0.01 N HBr 

ft.-Pb ---> Table 11 

Pigeonite (a 8 b) 

Washing 
- Water + 1 ethanol 

FIG. 1. Sample preparation procedure 
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leached two times five minutes with 0. I N HBr and dissolved in 6 
N HCI. All the other separates were washed with water and ethanol 
and then gently leached two times five minutes with very dilute HBr 
(0.01 N) in order to remove the contamination introduced during 
the sample preparation. All washes, leaches, and residues were ana- 
lyzed. 

Set C (Seven Separates) 

Seven other separates (two plagioclase, two pigeonite, two olivine, 
and a whole rock) were also handpicked from the 150-300 pm frac- 
tion. These separates were washed with water and ethanol, and then 
analyzed for Rb-Sr and Sm-Nd. 

ANALYTICAL PROCEDURES 

The analytical procedures and mass spectrometric techniques for 
U-Pb, Rb-Sr, and Sm-Nd are similar to those reported in detail by 
NAKAMURA et al. (1976), TATSUMOTO et al. (I 987). and PREMO et 
al. (1989). 

The leaches and residues were spiked with one (233U, ?J t3*Th, 
*“Pb), two (“Rb, “‘Sr and ‘49Sm, 15’Nd) or three (U-Th-Pb,‘Rb-Sr, 
and Sm-Nd) mixed tracer solutions, dried down, and dissolved in 
concentrated HF + HN03. 

Lead isotopic ratios were measured on single Re-filaments using 
the phosphoric acid-silica gel technique and corrected for a mass 
fractionation of 0.13 f 0.05% per amu as determined by replicate 
analyses of an NBS SRM-982 Pb standard. The U and Th isotope 
ratios were measured using a triple Re (MARZ-grade) filament con- 
figuration, and U mass fractionation was corrected using 233U/236U 
spike ratios. All isotopic measurements were performed on an NBS- 
type two-stage mass spectrometer using an ion pulse counter at the 
end of the second stage. The analyses were corrected for laboratory 
U, Th, and Pb contamination (blank Pb had an isotopic composition 
of 206Pb/2”“Pb = 18.66 + 0.15, 207Pb/204Pb = 15.57 + 0.20, and ““Pb/ 
204Pb = 38.52 + 0.25) and for initial Pb using the Cafion Diablo 
Troilite primordial Pb isotopic composition of TATSUMOTO et al. 
(1973). A blank correction of 50 to 100 pg for Pb and 2 pg for U 
and Th were applied. Thorium and uranium decay constants used 
in this paper are, respectively, from LEROUX and GLENDENIN (1963) 
and JAFFEY et al. (1971). 

Strontium and neodymium isotopic compositions were measured 
on a VG Micromass 54R mass spectrometer following the procedure 
described by LUDWIG (1985a). Strontium isotopic compositions were 
reduced from the spiked runs and were normalized to 86Sr/88Sr 
= 0.1194. Strontium was measured on a single W-filament using a 
Ta + HsP04 activator (BIRCK, 1986). Measured values for NBS SRM- 
987 were 87Sr/*6Sr = 0.710276 + 15. Our Sr isotopic values were not 

*O’ 
Iron 

Plagloclase , 

Water and ethanol 
washes and dilute 
HBr leaches 

16 18 20 22 

*06 Pb/ *04 Pb 

FIG. 2. 207Pb/204Pb vs. 2”Pb/204Pb diagram of all the data of set B 
(washes, leaches, and residues). All ages were determined using the 
algorithms of LUDWIG (1980, 1985c), which use the regression ap- 
proach of YORK (1969). Uncertainties are reported at the 95% con- 
fidence level. 

Upper intercept : 4549 f 64 Ma 

Chromile Iroll o,8 _ / / ~loclase 

0.6 

!f?x> PYroxe”e 

t 
o.4 - Water and ethanol 

washes and dilute 
HBr teaches 

0.2 
0 0.25 0.50 0.75 1.00 1.25 

238 ” / 206 Pb 

FIG. 3. 20’Pb/2”Pb vs. 238U/206Pb modified concordia diagram after 
TERA and WASSERBURG (1972) for all the data of set B (washes, 
leaches, and residues). MT = Modern Terrestrial Pb. The data were 
corrected for laboratory U, Th, and Pb contamination and for initial 
Pb using the Cafiyon Diablo Troilite primordial Pb isotopic com- 
position of TATSUMOTO et al. (1973). 

corrected for interlaboratory bias. Neodymium was measured as 
NdO+ using an oxygen leak. The oxygen isotopic composition of our 
reservoir was determined by running “‘Nd spike (‘5~d180/‘5~d’60 
and r~d’70/‘~d’60). The Nd isotopic compositions were reduced 
from the spiked runs normalizing ‘46Nd/‘“Nd = 0.7219 (‘46Nd’60/ 
‘44Nd’60 = ‘62NdO/‘“Nd0 = 0.72226) following the method of 
WASSERBURG et al. (198 I). The mean value of the La Jolla standard 
was ‘43Nd/‘44Nd = 0 5 11892 + 10; therefore, our values were corrected 
to ‘43Nd/‘“Nd = 0.; 11860 (LUGMAIR and CARLSON, 1978; UNRUH 
et al., 1984). Total blanks were less than 0.05 ng for Rb and Sm, less 
than 0. I ng for Nd, and less than 0.2 ng for Sr. The decay constants 
for 87Rb and “?m used in this paper are X = 1.42 X IO-” a-’ and 
6.54 X lo-‘* a-‘, respectively. 

RESULTS 

All the Pb isotopic data of set A (50 analyses) plot on a 
4228 a 85 Ma Pb-Pb isochron, which has been interpreted 
as a two or more component mixing-line (the U-Pb data of 

set A were previously reported; BROUXEL and TATSUMOTO, 
1990). These data were divided into four different groups 

based on their U-Pb isotopic compositions. Analyses of group 

1, characterized by 207Pb/206Pb initial ratios x 0.65, define, 
in the modified concordia diagram of TERA and WASSER- 

BURG (1972), an almost horizontal chord intersecting con- 
cordia at 457 1 + 18 Ma and 144 f 110 Ma. The U-Pb upper- 

intercept age is in agreement with the Pb-Pb age obtained 
when plotting these points in a 206Pb/204Pb vs. 207Pb/204Pb 
diagram (4556 f 35 Ma). Analyses of group 2, characterized 

by 207Pb/206Pb initial ratios = 0.58, also define an almost 
horizontal chord intersecting concordia at 4437 + 11 Ma and 

-40 -+ 56 Ma. Again, the U-Pb upper-intercept age is in 
agreement with the Pb-Pb age obtained when plotting these 
points on a 206Pb/204Pb vs. 207Pb/204Pb diagram (4422 + 50 
Ma). Data from group 3, characterized by 207Pb/206Pb initial 
ratios ranging between 0.67 and 0.85, and from group 4, 
characterized by 207Pb/206Pb initial ratios ranging between 
0.7 and 1 .O, cannot be strictly differentiated on the basis of 
their U-Pb data. They have likely been disturbed by our 
leaching procedure (variable 238U/206Pb isotopic ratios at 
constant 207Pb/206Pb initial isotopic ratios) and give conflicting 
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Pb-Pb and U-Pb ages (4496 f 80 Ma and 4082 f 210 Ma, 
respectively, for group 3 analyses; 4557 + 45 Ma and 4480 
+ 160 Ma, respectively, for group 4 analyses; BROUXEL and 
TATSUMOTO, 1990). 

The U-Th-Pb data obtained on the five separates of set B 
(washes, leaches, and residues) are listed in Table 1. It can 
be seen that very small amounts of U, Th, and Pb were re- 
moved by the water and ethanol washing. The very dilute 
HBr leaching removed greater amounts of Pb, the compo- 
sition of which is similar to those of the water and ethanol 
washes (Fig. 2). All washes and leaches have Pb isotopic com- 
positions close to the blank isotopic composition, suggesting 
that most terrestrial Pb was removed by the leaching process. 
All the residues plot on a 4553 + 35 Ma isochron (Fig. 2), 
except for the troilite which plots below the 4553 Ma isochron. 
Its isotopic composition is very close to that of the blank. Its 
very low Pb concentration level (42 ppb) compares well to 
some troilite grains analyzed in chondrites (UNRUH, 1982) 

rather than to those found in iron meteorites (TATSUMOTO 
et al., 1973). If corrected with the measured Pb blank, it plots 
on a 4569 Ma isochron together with the Caiion Diablo Troi- 
lite. If an increased Pb blank correction is used (0.3 ng), the 
troilite plots with the other points on the 4553 Ma isochron. 
However, because troilite is known to be dissolved easily even 
in very dilute acid, the troilite leaching was limited to one 
minute in an ultrasonic bath while the other samples were 
leached for five minutes. It is possible, therefore, that this 
short leaching was not able to remove all the contamination. 

The U-Pb data are plotted in Fig. 3 on the modified con- 
cordia diagram of TERA and WASSERBURG ( 1972). The data 
are corrected using Caiion Diablo Troilite Pb (TATSUMOTO 
et al., 1973) as the assumed initial Pb isotopic composition. 
The washes and leaches plot very close to the blank isotopic 
composition. All the residues plot to the left of the concordia 
curve, indicating an excess of radiogenic Pb. They define a 
chord intersecting concordia at 4549 -+ 64 Ma and 590 f 330 

Table 3 : Rb-Sr isotopic ratios of the Estherville mesosiderite leaches and residues 
(T= 4542 Ma). 

--__--------------------------- 

Sample wthY=B W3t-BaSr(~ 

&LL 
HBr (O.lN) kachn 

p > 3.3 0.01794 * 0.0035 
p > 3.3 magn. 0.00979 * 0.0024 
2.95<p<3.3 0.02026 f 0.0032 
2.95<p<3.3 magn. 0.00135 f 0.0020 
2.58<p<2.95 0.00811 f 0.0020 
p < 2.58 0.02657 * 0.0032 
OPX 0.04915 + 0.0042 
Breccia 0.03826 + 0.0036 
Whole Rock 0.00770 + 0.0016 

HCl (Zh!I leachm 
p > 3.3 0.00206 f 0.0020 
p > 3.3 magn. 0.00208 * 0.0032 
2.95<p<3.3 o.oo604 f 0.0032 
2.95<p<3.3 magn. 0.00517 f 0.0018 
2.58<p<2.95 0.00571 f 0.0009 
p < 2.58 0.01310 Lt 0.0034 
OPX 0.00300 + 0.0036 
Breccia 0.01176 f 0.0026 
Whole Rock 0.00323 f 0.0014 

HF UN) + HNOg (2N) kachea 

p > 3.3 0.00447 f 0.0010 
p > 3.3 magn. 0.00324 ? 0.0012 
2.95<p<3.3 0.00318 * 0.0012 
2.95cpc3.3 magn. 0.00269 * 0.0009 
2.58<p<2.95 0.00243 f 0.0008 
p < 2.58 0.00477 f O.ooO8 
OPX o.Ocm9 + 0.0014 
Breccia 0.00442 rt o.OmJ 
Whole Rock 0.00337 + O.ooO8 

ReGdues 
p > 3.3 
p > 3.3 magn. 
2.95<p<3.3 
2.95<p<3.3 magn. 
2.58<p<2.95 
p < 2.58 
OPX 
Breccia 
Whole Rock 

0.02172 & 0.0012 
0.02646 + 0.0014 
0.03065 f 0.0007 
0.02aOl * 0.m 
0.01181 It; 0.0004 
0.02465 * 0.0005 
0.05362 f 0.0018 
0.04435 f 0.0010 
0.03799 f 0.0012 

w vnkvchai~ampks 

Plagioclase (a) 0.01066 + 0.00x 
Plagioclase (b) 0.01311 * ON04 
Pigeon& (a) 0.01601 + 0.0004 
Pigeonite (b) 0.01562 * 0.0004 
Whole Rock 0.01394 + o.Oc07 

0.7cO460 f 0.000260 0.699265 
0.699710 + 0.000190 0.699057 
0.699980 * 0.000250 0.698630 
0.699520 ? 0.000180 0.699430 
0.699510 + 0.000180 0.698970 
0.699800 + 0.000240 0.698030 
0.701860 * o.ooo350 0.698586 
0.7C0460 + 0.000280 0.697911 
0.699750 + 0.000150 0.699237 

0.699720 * O.OC0180 0.699582 
0.699590 + 0.000220 0.699451 
0.699630 k O.ooo250 0.699227 
0.699430 + 0.000170 0.699085 
0.699343 * 0.000076 0.698962 
0.699435 * O.COO250 0.698562 
0.699802 ?C O.COO280 0.699602 
0.699660 * 0.000200 0.698876 
0.699270 * O.OQO130 0.699055 

0.699550 k O.OOC090 0.699252 
0.699250 * O.OC01oO 0.699034 
0.699280 * O.OOC075 0.699068 
0.699190 + O.OOOO65 0.699011 
0.699220 + O.OOC06O 0.699058 
0.699390 + 0.000070 0.699072 
0.699510 * 0.000120 0.699164 
0.699520 + 0.000085 0.699225 
0.699320 ? O.OrX060 0.699095 

0.699800 ? O.OOC080 0.698353 
0.699880 * 0.000130 0.698117 
0.701040 * o.OOOO6O 0.698998 
0.700880 + 0.m50 0.699014 
0.699790 + O.OOOO60 0.699003 
0.700640 * 0.000055 0.698998 
0.702400 * 0.000160 0.698827 
0.701740 + o.m90 0.698785 
0.701320 * O.ooO1OO 0.698789 

0.699710 k O.OOiX4.0 0.699OC0 
0.699880 * 0.000050 0.699007 
0.7cm80 * o.OilOO6O 0.699014 
0.700050 * 0.000050 0.699010 
0.699940 + O.OOC07O 0.699011 
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FIG. 4. s”Sr/s?Sr vs. “Rb/%r diagram for nine separates (residues) 
of the Estherville mesosiderite. 

Ma. This upper intercept age is similar to the 4553 Ma Pb- 
Pb age (Fig. 2). As in the 206Pb/204Pb vs. 207Pb/204Pb diagram, 
the troilite plots between the blank isotopic composition and 
the chord made by the residues. 

The Rb-Sr data for sets A and C are given in Tables 2 
~~oncent~tions) and 3 (isotopic compositions). Nine res- 
idue analyses (from set A, leached, and set C, unleached) 

define a linear array corresponding to an age of 4542 z!z 203 
Ma with an initial s7Sr/s6Sr = 0.699006 + 0.000030 (Fig. 4). 
The two plagioclase separates and the 2.58 ( p < 2.95 density 
separate have the lowest “Sr/?Sr and 87Rb/86Sr ratios. The 
2.58 < p < 2.95 density separate and the plagioclase separate 
also have similar Sr concentrations (~60 ppm). The highest 
Sr concentration was measured in the light density separate 
(~80 ppm) which also has a more radiogenic Sr isotopic 
composition. This separate most likely includes a small per- 
centage of the mesostasis phase described by MURTHY et al. 
( 1977) as a light-density radiogenic phase. The most radio- 
genie Sr isotopic ratios were measured in the heavy density 
separates which are enriched in o~hopyroxene and pigeonite. 
Strontium concentrations (2.3 to 8.3 ppm) in these fine- 
grained heavy density separates are slightly higher than the 
orthopyroxene separate (1.2 ppm) and are similar to those 
of the handpicked pigeonites (2.3 and 6.7 ppm). However, 
the pigeonites have intermediate Sr isotopic composition 
(Fig. 4). 

Our Rb-Sr results are in general agreement with those of 
MURTHY et al. (1977) with several significant differences. As 
expected, the pyroxene and the high density fractions are the 
most radiogenic phases, while plagioclase is the least radio- 
genie phase. The high and intermediate density fractions 
contain almost identical Sr concentrations to those reported 

0 0.01 0.02 0.03 0.04 O.Q5 0.01 0.02 0.03 0.04 0.05 
‘, I 

2.95cpc3.3 *’ .’ 

0.702 ,’ 
2.95<p<3.3 .’ 

- ,’ -- magnetic ,’ - 0.702 
*’ I’ 

,’ ,’ 

0.7010 - 

Rb&64ng(?O%) 
Sr - 490 (51%) nQ Sr=GBOng(49%) 0.699 

‘, 1 t c ‘, 
2.5Ekp<2.95 ,’ p<2.58 2’ 

0.702 I’ .’ - ,’ ,’ - 0.702 
,’ I’ 

Rb- 19.1 ng(93 %) 
Sr-4663ng(77%) 

HBr leaches 

HCI leaches 

HF + HN4 leaches 

Residues 

87Rb/ 86Sr 
,’ 

,’ 4.54 Ga Reference isochron 

El 
The analytical error is represented 
by the size of the box 

FIG. 5. “Sr/“?Sr vs. “Rb/%r diagram for the four separates (leaches and residues) of set A which have their HF 
+ HNO, leaches and their residues plotting on the 4.54 Ga isochron. The value in parentheses represents the percentage 
of the total Rb or Sr analyzed in each sample. 
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by MURTHY et al. (1977), but Sr abundances in the whole- 
rock and plagioclase separates obtained in this study are much 
lower. In addition, our data exhibit higher 87Sr/86Sr and “Rb/ 
“Sr ratios than those from MURTHY et al. (1977). Some of 
these differences may be related to our leaching procedure 
that may have affected the Rb-Sr isotopic system. 

All the Rb-Sr data of set A leaches and residues are plotted 
in Figs. 5 and 6. It can be seen, first, that only small amounts 
of Rb were leached (the leaches never contain more than 
22% of the total Rb) while significant amounts of Sr were 
leached (usually around 50% of the Sr is measured in the 
leaches, but up to 75% of the Sr was measured in the whole- 
rock leaches). Small (negligible?) amounts of Rb and Sr were 
removed during the HBr (N 1.6 and 1.7%, respectively) and 
HCl (= 1.5 and 4.4%) leaching. During the HF + HNOj 
treatment, removal of Sr was very important (~40%) com- 

0.702 

0.7010 

0.702 

0.699 

0.702 

0 0.01 0.02 0.03 0.04 0.05 

pared to Rb (=9%). In some cases the amount of Rb analyzed 
in leaches was very close to the blank level (<O.l ng). The 
residues always contain more-radiogenic “Rbfg6Sr and “Sr/ 
86Sr ratios compared to the HF + HN03 leaches, indicating 
that our separates contain at least two components: a non- 
radiogenic component dissolved by the HF + HN03 leaching 
(likely plagioclase), and a more-radiogenic component mea- 
sured in the residues. 

The nine separates of set A reacted differently during the 
leaching procedure. The four lightest density separates (2.95 
< p < 3.3, 2.95 < p < 3.3 magn., 2.58 < p < 2.95, p < 2.58), 
that contained more than 1 wg of Sr before leaching, had 
their residues and HF + HN03 leaches plotting on the 4.54 
Ga isochron (Fig. 5). The five other separates show HF 
+ HN03 leaches plotting above the 4.54 Ga isochron and 
residues plotting below this isochron (Fig. 6). Two separates 

0.01 0.02 0.03 0.04 0.05 

lrthopyroxene 

Whole Rock 

p > 3.3 magnetic 
., . 

#’ 
_s’ 0.702 

Rb = 0.02 “6 (1 X) 
Sr-6mll %1 

87Rb/ *%r 

- 0.702 

._j 0.699 

HBr leaches 

HCI leaches 

HF + HN4 leaches 

Residues 

4.54 Ga Reference isochron 

The analytical error is represented 
by the size of the box 

Calculated mean value (euiaed 

using the percentage of Sr in the residue 

and in the leaches) 

FIG. 6. *‘Sr/%r vs. 87Rb/86Sr diagram for the five separates (leaches and residues) of set A which don’t have their 
HF + HNO, leaches and residues plotting on the 4.54 Ga isochron. The value in parentheses represents the percentage 
of the total Rb or Sr analyzed in each sample. 
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(orthopyroxene and whole-rock) have their calculated mean 
value (calculated using the percentage of Sr in the residue 
and in the leaches) plotting on the isochron. The slope of the 
line joining the residues and the HF + HNOX leaches is close 
to 4.0 Ga (4.08 f 0.33 Ga and 3.96 + 0.27 Ga, Fig. 6). The 
calculated mean value of the brecciated fragments does not 
plot on the 4.54 Ga isochron, but the slope of the line joining 
the residue and the HF + HN03 leach is also close to 4.0 Ga 
(3.81 + 0.24 Ga, Fig. 6). The slope of the line joining the 
two heavy density fractions residues and HF + HN03 leaches 
give very young ages (1.01 + 0.48 Ga and 1.89 +- 0.50 Ga; 
Fig. 6). Their calculated mean values do not plot on the 4.54 
Ga isochron. 

The Sm-Nd data for sets A and C are given in Tables 2 
(concentrations) and 4 (isotopic compositions). Eleven 
points (from set A, leached, and set C, unleached) define a 
linear array corresponding to an age of 4533 2 94 Ma with 
an initial ‘43Nd/‘44Nd = 0.506807 f 0.000020 (cNd at 4.53 
Ga = + 1.8 + 2.0) (Fig. 7). 

The 2.58 < p < 2.95 density separate, likely enriched in 
plagioclase, presents the lowest ‘43Nd/‘44Nd and ‘47Sm/‘44Nd 
ratios. Our plagioclase separate presents a similar Nd con- 
centration (x 1.4 ppm), but higher ‘43Nd/‘44Nd and ‘47Sm/ 
‘44Nd ratios. The two olivine separates exhibit almost flat 
REE patterns ( ‘47Sm/‘44Nd x 0.20) and very low Nd con- 
centration (-0.3 ppm). The highest ‘43Nd/‘44Nd and ‘47Sm/ 
‘44Nd ratios were measured in the high density separates, 
likely enriched in orthopyroxene, which present the lowest 
Nd concentration (0.08 to 0.1 ppm). The pigeonite presents 
a slightly higher Nd concentration (=O. 14 ppm) compared 
to the orthopyroxene, but similar ‘43Nd/‘44Nd and ‘47Sm/ 
144Nd ratios. 

In contrast with the Rb-Sr isotopic system, our leaching 
procedure had very little effect on the Sm-Nd isotopes. Small 
amounts of REEs were leached, and, more importantly, Sm 
and Nd apparently did not fractionate during the leaching 
procedure (Table 2). The HBr leaches contain high, but sim- 

0.5142 

r 

T= 4533 Ir 94 Ma 
0.506807 f 20 

E Nd (T) q + 1.8 f 2.0 

0.5116 
0.16 0.16 0.20 0.22 0.24 

14’Sm/ l”Nd 

FIG. 7. ‘43Nd/‘44N vs. ‘47Sm/‘44Nd diagram for I I separates (res- 
idues) of the Estherville mesosiderite. 

ilar, amounts of Sm and Nd (m9.9 and 8.8% of the total, 
respectively), while very small amounts were measured in 
the HCl(c4.2 and 3.5%) and HF + HN03 (e2.6 and 2.6%) 
leaches. In these leaches, the amount of Nd measured was 
always extremely low (< 1 ng in the HCl and HF + HN03 
leaches; Table 2). 

DISCUSSION 

Pb-Pb and U-Pb Ages 

The Pb-Pb and U-Pb ages obtained on set B separates (4553 
f 35 Ma and 4549 -t 64 Ma, respectively) are similar to the 
Pb-Pb and U-Pb ages of set A group 1 (4556 f 35 Ma and 
457 1 + 18 Ma; BROUXEL and TATSUMOTO, 1990). They 

confirm that at least part of the mesosiderite silicate fraction 

was formed early in solar system history (4555 + 35 Ma and 
4560 f 31 Ma, mean values for the Pb-Pb and U-Pb ages, 
respectively). This 4.56 Ga age may be compared to some 
eucrite ages (TATSUMOTO et al., 1973; ALLEGRO et al., 1975; 

Table 4 : Sm-Nd isotopic ratios of the Estherville meeoaiderite leaches and residues 
(T = 4533 Ma). 

Sample 147Sd44Nl 14aNdn44Nd 143Nd/144Ndf~ ENdo 

i!MA_l 
HRr (O.lh’) lea&a 
p > 3.3 0.19433 f 0.00331 
p > 3.3 mag 0.19923 f 0.00205 
2.95cpc3.3 0.16199 f 0.90151 
2.95qx3.3 mag 0.19648 f 0.00196 
2.58<p&95 0.20315 f 0.00091 
Whole Rock 0.19771 * 0.00081 

RddLW# 
p > 3.3 0.22361 f 0.00116 
p > 3.3 mag 0.22669 f 0.00100 
2.95q<3.3 0.23484 f o.cw96 
2.95cpc3.3 mag 0.23243 f 0.00096 
2.53qx2.95 0.17270 f 0.00102 
Whole Rock 0.21822 f 0.00103 

~Unkwchedswn~ 
Plagicclase (a) 0.18726 +z O.COlOl 
Olivine (a) 0.20471 f o.cO113 
Olivine (b) 0.29399 f 0.00103 
Pigeon& (b) 0.22966 f 0.00102 
Whole pock 0.21178 f 0.00113 

0.512732 f 0.000193 0.506884 3.26 
0.512340 f 0.000123 0.506843 2.45 
0.512327 k 0.000146 0.506850 2.59 
0.512730 f 0.099214 0.566757 0.75 
0.512903 * o.oooo21 0.506795 1.49 
0.512743 f 0.060810 0.506793 1.47 

0.513684 f 0.000026 0.506605 1.69 
0.513635 f 0.000622 0.506807 1.74 
0.513874 f 0.009035 0.506807 1.74 
0.513800 It o.oooo23 0.506606 1.71 
0.511999 * o.OwO31 0.506802 1.64 
0.513367 f 0.000039 0.506900 1.60 

0.512443 f o.oooo26 
0.512977 f 0.909032 
0.512911 f 0.000029 
0.513717 f 0.000026 
0.513191 f 0.000032 

0.506806 
0.506917 

8:Z 
0.606618 

1.76 
1.93 
1.59 
1.63 
1.95 
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CHEN and WASSERBURG, 1985) with which mesosiderites 

exhibit petrological similarities (DUKE and SILVER, 1967; 

POWELL, 197 1). 
Younger ages were obtained for the set A group 2 analyses, 

with Pb-Pb and U-Pb ages around 4.43 Ga (4422 f 50 Ma 

and 4437 + 11 Ma, respectively; BROUXEL and TATSUMOTO, 
1990). These younger ages were obtained on some residues 

(orthopyroxene, brecciated fragments, p > 3.3) and leaches. 

Although terrestrial contamination cannot be completely ex- 
cluded, we consider this a very unlikely possibility. Samples 

were repeatedly washed, prior to the HBr leaching, with acetic 
acid in order to eliminate any iron-coating, water, and alcohol, 

with acetone after heavy liquid treatments, and with alcohol 
at the magnetic separation stages. Moreover, the radiogenic 

nature of the Pb in some leaches (206Pb/204Pb up to 30) sug- 
gests that the remaining terrestrial contamination was neg- 
ligible, if there was any at all. In a TERA and WASSERBURG 

(1972) modified concordia diagram, the data points plot on 

an almost horizontal concordia. Therefore, U-Pb fraction- 
ation will only displace the points on the same concordia 

without modifying the resulting age. If we suppose that these 

ages were not affected by terrestrial contamination, a young 
Pb component would exist in some mineral phases, some 

interstitial phases (mesostasis phase, brecciated polycrystalline 
fragments), or coating of the grains. Therefore, the various 

minerals (pyroxene, plagioclase, olivine) and lithic (cumulate 
eucrite, anorthosite, dunite) clasts observed in Estherville 
(FLORAN, 1978) may have different ages. These younger ages, 
ranging between 4.42 and 4.44 Ga, compare very well with 
cumulate eucrites ages (4.41 to 4.46 Ga; LUCMAIR et al., 

1977; JACOBSEN and WASSERBURG, 1984; TERA et al., 1987, 
1989). The generation of chronological heterogeneity through 

multiple meteoritic impact events is compatible with previous 
interpretations of mesosiderites being affected by several gen- 

erations of brecciation ( WASSON and RUBIN, 1985). 
Analyses from groups 3 and 4 gave an intermediate Pb- 

Pb age (4506 ? 75 Ma; BROUXEL and TATSUMOTO, 1990). 
They were obtained, however, only for the HCl and HF 

+ 9696HN03 leaches. In the TERA and WASSERBURG (1972) 
modified concordia diagram, they present variable 207Pb/206Pb 
initial isotopic ratios, and therefore an U-Pb fractionation 

during our leaching process affected the 238U/206Pb isotopic 
ratios and, of course, the resulting ages. 

The fact that iron plots on the 4553 Ma isochron with the 
silicate mineral separates indicates that the metal fraction of 

the Estherville mesosiderite was formed early in solar system 
history and was likely to have mixed very early with the sil- 
icates. This is in agreement with petrological observations 
indicating that the metal-silicate mixing could have occurred 

no later than 4.4 Ga ago (BOGARD et al., 1990). It also suggests 
that iron does not necessarily come from outside the parent 
body. 

Rb-Sr Ages 

The Rb-Sr age obtained on nine separates is also close to 
4.55 Ga, albeit with a large uncertainty (4542 k 203 Ma). 
The age and error reported here are similar to those obtained 
by MURTHY et al. (1977) on the Estherville mesosiderite if 
the mesostasis phase is excluded (4.53 t- 0.26 Ga). The initial 

*‘Sr/%r ratios are also similar (0.699057 + 0.000030; MUR- 

THY et al., 1977-the machine bias was adjusted using E&A 

standard run-and 0.699006 + 0.000030, this study). The 
large errors obtained on these ages are likely related to the 
small spread of the 87Rb/86Sr and *‘Sr/*%r ratios, but may 

also be related to some sample heterogeneity and/or to some 

later disturbances. MURTHY et al. (1978) obtained a 4.24 
k 0.03 Ga Rb-Sr age with an initial “Sr/*%r ratio = 0.699040 

+ 20 for Estherville. This age is controlled largely by the 

mesostasis separate which contains a very radiogenic phase 
with a high *‘Sr/*%r ratio (0.7 13). Such high Rb/Sr mesostasis 

phases have been shown to be very sensitive to perturbations 

(ALLEGRO et al., 1975), and it is possible that this 4.24 Ga 
Rb-Sr age was partially reset by a later metamorphic event. 

Additional information regarding a later metamorphic 
event may be obtained from the leaching results. This leaching 

procedure was designed to eliminate Pb terrestrial contam- 

ination in order to obtain precise Pb-Pb and U-Pb ages, but, 
in contrast to most studies, we have analyzed those same 

leaches for Rb-Sr and Sm-Nd isotopes. 
Most of the Rb and Sr was found in the HF + HN03 

leaches and in the residues. The residues were always more 

radiogenic, suggesting the presence of at least two components 
in our density separates (Figs. 5 and 6). It can be seen in Fig. 

6 that in five cases the HF + HN03 leaches and the residues 
did not plot on the 4.54 Ga isochron, indicating some dis- 
turbance of the Rb-Sr isotopic system. 

A differential leaching of Rb and Sr during our procedure 

may explain some of the observed variations: a preferential 
removal of Sr during the HF + HN03 leaching will displace 

the point toward lower Rb/Sr ratios, while the residue will 
be moved toward higher Rb/Sr ratios. This would suggest, 

first, that only some separates have been affected differently 

by the leaching procedure and, second, that Sr is more easily 
leached than Rb or that all the leachable Rb was already 
removed. Moreover, the preferential leaching hypothesis im- 

plies that the calculated mean value should always be on the 
4.54 Ga isochron which is not true in three cases (p > 3.3, p 
> 3.3 magn., and brecciated fragments; Fig. 6). 

An alternative explanation is that the Rb-Sr isotopic system 

may have been disturbed by a later metamorphic event. When 
affected by a metamorphic event (around 4.0 Ga) which 
completely resets the Rb-Sr clock, the whole-rock (calculated 

mean value) and its two components (HF + HNO, leach 
and residue) will plot on a 4.0 Ga isochron. In the case of a 
closed system, the whole-rock should also plot on the 4.54 

Ga (orthopyroxene and whole-rock). If the system was not 
closed, or if the resetting was only partial, or in the case of 
isotopic heterogeneity at 4.54 Ga, the whole-rock (calculated 

mean value) will not plot on the 4.54 Ga isochron (brecciated 
fragments). The age of this metamorphic event is not precisely 
constrained by the Rb-Sr data (3920 f 150 Ma, excluding 
two high density fractions; Figs. 6 and 8). and it may be the 
same as the one recorded by the Ar-Ar isotopes around 3.5- 
3.7 Ga (BOGARD et al., 1990). A partial resetting of the Rb- 
Sr isotopic system will yield ages intermediate between 4.56 
and 3.5 Ga. 

However, neither of these two models are capable of ex- 
plaining why the two high density fractions show very young 
Rb-Sr ages between their leaches and residues. A younger 
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Chronology 

4555 f 35 Ma : Pb-Pb 

4560 It 31 Ma : U-Pb 
(set A group 1, ad set B) 

4422 * 50 Ma : Pb-Pb 
4437kll Ma:U-Pb 
(set A group 2) 

3920 f 150 Ma : RbSr 
metamorphic ? ages 

(partially reset ?) 

3.5 - 3.7 Ga : Age at 
50% 33 Ar release for 
15 mesosiderites [7] 

-_-- Magmatic 

++1+4+1 +l+l+i* 
Ma $$Hf - $gia 9PPP fP 

____ ______ _____,, 

and metamorphic 
events 

Formation of the mesosiderites 
/ oldest component (- eucrites), 

and mixing with metal 

3600 

Formation of the meeosiderites 
k youngest component (-cumulate 

eucrites) or terrestrial contamination 

Major heating event (collision 
between two asteroids?) followed 
by gravitational reassembly [7-81 

[l] Brouxel and Tatsumoto (1990) : Estherville 
[2] This study : Estherville 
[3] Murthy et al. (1977) : Estherville (without the mesostasis fraction) 
[4] Prinzhofer et al. (1989) : Morristown 
[5] Murthy et al. (1978) : Estherville (with the mesotasis fraction) 
[6] Crozaz and Tasker (1981) : 6 mesosiderites (absence of tracks in Estherville) 
j7l Bogard et al. (1990) : 15 mesosiderites including Estherville 
[8] Hewins (1983) 

FIG. 8. Summary of the ages obtained on Estherville and some other mesosiderites. 

metamorphic event is necessary to explain these younger ages. 
The later model involving partial resetting of the Rb-Sr system 

also suggests that the different components of the Estherville 
mesosiderite reacted differently to the metamorphic event. 

Sm-Nd Age 

The Sm-Nd isotopic data also do not allow us to determine 
precisely the age of formation of the Estherville mesosiderite. 
However, despite its rather large error, the Sm-Nd age of 

4533 -t 94 Ma is close to the Pb-Pb and U-Pb age of 4.56 

Ga. Like the Rb-Sr isotopic system, the error associated with 

the Sm-Nd age may be related to the small variations in 14’Sm/ 
‘44Nd ratios within the suite, to some sample heterogeneity, 
or to some metamorphic event that may have slightly dis- 
turbed the Sm-Nd isotopic system. 

Estherville has a positive tNd value (+ 1.8) at 4.53 Ga, but 
within 20 error (k2.0) equal to zero. It is, therefore, impossible 
to define whether Estherville was derived from a chondritic 
reservoir or a non-chondritic reservoir depleted by previous 
melting events. Remelting of cumulate gabbro-type rocks has 
been suggested for other mesosiderites by MITTLEFEHLDT 

( 1990) because of their very LREE-depleted patterns. Our 
data, at least, do not conflict with this suggestion, but they 
do not support a complete remelting. Indeed, in that case, 
no 4.56 Ga Pb-Pb or U-Pb ages would have been obtained. 

The fact that our Sm-Nd and Rb-Sr ages present large 

errors may be therefore related to the mixing between a young 
and an old component. 

CONCLUSION: ORIGIN OF MESOSIDERITES 

Despite an increasing number of petrological and geo- 
chemical data published on mesosiderites, their origin is un- 
clear. However, integration of ages obtained in this study 
along with previous age and petrological information pub- 

lished on mesosiderites make it possible to propose a model 
for their origin. 

The Pb-Pb (4555 ? 35 Ma) and U-Pb (4560 ? 31 Ma) 

ages (Fig. 8) indicate that at least a part of the Estherville 
silicate fraction was formed early in solar system history. 
Therefore, mesosiderites exhibit not only petrological but also 
geochronological similarities with eucrites. Iron, which plots 
on the same isochron as two silicate separates (4553 + 35 
Ma), probably was also formed, and likely mixed, early in 
solar system history. This is consistent with the hypothesis 
that during the magmatic stage, iron was reduced, likely a 
consequence of metal mixing (AGOSTO et al., 1980; MIT- 
TLEFEHLDT et al., 1986b; MITTLEFEHLDT, 1990). 

Younger Pb-Pb and U-Pb ages have also been obtained 
(x4.43 Ga). These ages are similar to those obtained for 
cumulate eucrites. They confirm the heterogeneity of the Es- 
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therville mesosiderite, that is in agreement with the several 
generations of meteoritic impacts described in mesosiderites 
by WASSON and RUBIN (1985). 

The Sm-Nd and Rb-Sr ages obtained for Estherville are, 
within error, similar to the 4.56 Ga Pb-Pb ages. These ages, 
showing large errors, may represent a mixing between the 
4.56 and 4.43 Ga endmembers (Fig. 8). 

A “rapid cooling” of the mesosiderite parent body would 
be necessary to explain the presence of 244Pu fission tracks 
excess in six mesosiderites at ages ranging between 3.9 and 
4.2 Ga (CROZAZ and TASKER, 1981). This means that me- 
sosiderites had attained temperatures of less than 1OO’C by 
x4.0 Ga. Such fast cooling is not consistent with the slow 
cooling rates measured on mesosiderite metals (POWELL, 
1969; SAIKUMAR and GOLDSTEIN, 1988; BCK~ARD et al., 
1990). However, it is possible that a thermal event around 
3.5-3.7 Ga reset the Ar-Ar ages and the metal cooling textures 
(BOGARD et al., 1990). A collision between two asteroids fol- 
lowed by gravitational reassembly (HEWINS, 1983; WASSON 

and RUBIN, 1985) may have been able to produce such a 
situation. 
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