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ABSTRACT

The main objective of this research is to understand the history of the eucrite parent body
through the isotopic and petrologic study of the monomict eucrite Jonzac. Jonzac is a type
7 eucrite defined by less prominent Ca-zoning than that of type 4 eucrites and that it
contains partly inverted pigeonite, which is a type 6 feature. The metamorphic textures
observed include aggregates of polygonal pyroxene, jagged-shaped plagioclase, and
recrystallization of the clastic matrix. Four isotopic systems (Lu-Hf, Sm-Nd, Pb-Pb, and
U-Pb) were used to determine ages reflecting igneous formation and subsequent thermal
and impact metamorphism of this meteorite. The igneous crystallization age is 4.546 +
0.050 Ga (20) defined by U-Pb in zircon which we interpret as being the least prone to
thermal disturbances. The other ages are either much younger or show signs of
disturbances. A 4-point Lu-Hf isochron of age 4.236 + 0.026 Ga (26; MSWD = 2.4) and
a step-leaching 3-point Pb-Pb inverse isochron age of 4.352 + 0.018 Ga (20; MSWD =
436) are much younger than the generally accepted formation interval for non-cumulate
eucrites. A 4-point Sm-Nd isochron produced an ‘age’ of 4.733 + 0.087 Ga (26; MSWD =
0.38). The discordant set of isochron ages indicate decoupling between isotope systems
and support the hypothesis that the Lu-Hf, step-leaching Pb-Pb, and Sm-Nd isotope
systems are disturbed. The ages likely reflect disturbances related to recrystallization
during a period(s) of thermal metamorphism likely related to impact processes. The Lu-
Hf and step leaching Pb-Pb ages place constraints on the timing of impact processes on the
HED parent body and these ages are substantially older than the generally accepted period

of late-heavy-bombardment (4.1 — 3.8 Ga) inferred from lunar studies.
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Chapter 1

Introduction

1.1 History of HED meteorites

The howardite-eucrite-diogenite (HED) series of achondrites were first grouped
petrogenically by Mason (1967), and later by Clayton et al. (1976) and Clayton and
Mayeda (1996) who used stable O isotopes to link them. Duke and Silver (1967)
classified the eucrite group as either basalts or basaltic cumulates. While igneous
orthopyroxenite cumulates were classified as diogenites (Mason, 1967), and
mechanically combined clastic mixtures of both eucrites and diogenites were classified as
howardites (McCarthy et al., 1972). Numerous observations point towards a single parent
body source from which the HED meteorites originated. McCord et al. (1970) originally
proposed that 4 Vesta was the source of these HED series meteorites, which has further
been supported by two principal studies. One was based on similarities in reflection
spectra between 4 Vesta and eucrites (Binzel and Xu, 1993). The other looked at small
asteroids, called Vestoids, with similar orbital parameters and spectral similarities with
Vesta, which are believed to have allowed the HED meteorites to obtain Earth-crossing
orbits (Knezevic et al., 1991). With the help of the Hubble Space Telescope, there are

more detailed surface observations that link that particular asteroid as the true HED



parent body (Binzel et al., 1997). Recently, NASA’s Dawn mission has allowed further
connections to be drawn between spectral analysis of Vesta’s surface and laboratory

spectra of HED meteorites samples (e.g. Reddy et al., 2012).

The monomict eucrite Jonzac was selected to be used to gain a greater
understanding of the geologic and compositional history of the HED parent body. Jonzac
was an observed fall on June 13th, 1819 in France’s Poitou-Charentes region. The
collected original mass was 5 kg, and has been subsequently split and shared with
museum and academic institutions around the world. Studies have classified Jonzac even
further as a monomict class eucrite. Monomict class eucrites, such as Stannern and
shaped plagioclase, and a recrystallized clastic matrix (Yamaguchi et al., 1996).
Particularly, Jonzac has a type 7 classification by Yamaguchi et al. (1996) due to the way
that some low-Ca pyroxene grains are partially inverted, while at the same time having
lower levels of Ca-zoning than other classification types. An explanation of the different
classification types can be explained in Table 1. The slightly recrystallized clastic
matrices of Jonzac have grains with smooth, curved grain boundaries, as well as larger
fragments with their original angular shape. The selection of Jonzac was based on the
classification as a non-cumulate eucrite, which allowed greater preservation of a uniform
isotopic signature in the rock’s mineral grains. Its recrystallized texture allows the
investigation of the timing of thermal metamorphism and its relationship to the timing of
impact processing on other solar system objects. Thus, Jonzac was an ideal choice for

gaining further understandings of the HED parent body. According to previously



Table 1. Eucrite classification types. Types 1-6 details taken from Takeda and Graham, (1991), and type 7 details taken

from Yamaguchi et al. (1996).

. . Inversion to Clouding of Mesostasis Exsolution of
Type Chemical zoning -
Opx pyroxene glass augite
1 fully preservt_ed none none preserved TEM scale
extensive zoning
2 metastable Fe-rich none none not clear TEM scale
pyroxenes are absent
Fe-Ca trend from core TEM scale
3 - none trace not clear
to rim coarsened
4 homogeneous host none resent recrystallized resolvable by
and remnant of zoning P or absent EPMA
homogeneous host of . recrystallized resolvable by
> exsolved pigeonite stacking fault present or absent EPMA
6 homogeneous host of artly inverted resent recrystallized resolvable by
exsolved pigeonite partly P or absent EPMA
7 same as 4, less artly inverted resent recrystallized resolvable by
prominent Ca-zoning partly P or absent EPMA
published chemical data, Jonzac lies on
7L Stannern trend O Jonzac i
along the main group-Nuevo Laredo . ® Ofereene
. . 6F . LT 4
trend (see Figure 1). The previously o .
— 5 ® ¢ * ]
published ages for Jonzac are limited to g Se
& ™
a U-Pb concordant age of 4.56 Ga s T 2 ] |
o0 ‘ L
L] -
(Bukovanska and Ireland, 1993), and a 3 "3 :‘f;.. MG-NL trend 4
L
(7 ]
P L)
Pu-Xe age of 4.472 £ 0.016 Ga 2r .' ® . 1
(Shukolyukov and Begemann, 1996). . . : : "
FeOtotal/MgO

Figure 1. La vs. FeOrwta/MgO plot for non-cumulate eucrites
(falls and least weather finds). All three Jonzac points use La
data from Barrat et al. (2000), while the FeOrota/MgO data are
from Urey and Craig (1953), Barrat et al. (2000), and Stolper
(1977). The other eucrite data are from original figure modified
from Barrat et al. (2007) and references therein.



1.2 The Isotopic Systems

The elements Lu, Hf, Sm, and Nd are all refractory, making the Lu-Hf and Sm-Nd
isotope systems ideal for understanding the chronology and silicate differentiation history
of asteroids. Since these isotopic systems’ parent and daughter nuclides are both
lithophile and are fractionated by fractional crystallization/partial melting, they are
sensitive to processes of crust-mantle differentiation. The Earth, Moon, and Mars are the
three most studied planetary bodies, but all three have gone through various amounts of
change since first accreting and differentiating. This can be contrasted by the relatively
unmodified compositions of carbonaceous chondrites and ordinary chondrites which
define the chondritic uniform reservoir (CHUR) (DePaolo and Wasserburg, 1976;
Jacobsen and Wasserburg, 1980) for Lu-Hf and Sm-Nd. However, data in the literature
(Bizzarro et al., 2003; Thrane et al., 2006) show that different initial *’®Hf/*""Hf isotopic

values may exist for differentiated planetary and asteroidal bodies.

Previous studies of early solar system materials through the use of Pb-Pb
analysis have proved to be fruitful (Amelin et al., 2002; Amelin, 2006; Amelin,
2008). The ability to leach out terrestrial Pb to allow for the meteoritic Pb to be
detectable has yielded high-precision and accuracy ages of many varieties of
meteorites, including eucrites. This vigorous method uses serial dissolution to peel
away the layers of each mineral grain using progressively stronger acids until you
are left with the most pristine Pb for extremely reliable meteoric data. U-Pb dating
of zircons in eucrites (Bukovanska and Ireland, 1993; Misawa et al., 2005; Righter

etal., 2011) allows for precise in situ dating of a sample while providing the earliest

4



crystallization age due to the high closure temperature for U-Pb in zircon (Cherniak

etal., 1996).

Chapter 2

Objectives of Research

The objective of this research was to collect high-precision isotopic data of
constituent minerals from the basaltic eucrite Jonzac. These data are used to construct
internal isochrons that constrain crystallization ages and to determine the initial
8H£/AT"HE and 1*Nd/***Nd isotope ratios for Jonzac. The age of Jonzac was expected to
be acquired by high-precision Pb-Pb chronology using modified methods of Amelin
(2008). This additional data would create an isochron that could be able to help determine
the initial isotope compositions more accurately. Precision of the current techniques

provide mineral formation dates within 0.5-1.0 Myr (Amelin, 2006).

Petrologic analysis of the sample provides a necessary context for the chronologic
data. This work, conducted at the NASA Johnson Space Center, produced mineral maps
and chemical analyses using their scanning electron microscope (SEM) and electron
probe micro-analyzer (EPMA) instruments, respectively. Zircon was found during SEM
imaging and was targeted for in situ analysis by laser ablation ICPMS to obtain U-Pb

data that would define the igneous crystallization age for Jonzac.



Chapter 3
Analytical Methods

The Lu-Hf, Sm-Nd, and Pb-Pb isotopic data were obtained by a combination of
column chemistry and mass spectrometry analysis for each element of interest. The U-Pb
data were obtained by petrographic mapping and laser ablation analysis. The mineral
chemical compositions were obtained by phase mapping and microprobe analysis. The
following are an overview of the methods for preparing the samples for the mass
spectrometers, how the mass spectrometers provided the data, how the data was

converted into a usable form, and methods of error calculation.

3.1 Sample Selection/Preparation

The ~1 g-sized sample of the eucrite Jonzac was selected based on the non-
cumulate nature. Also, the relatively unstudied isotopic systems of Jonzac were also
expected to provide significant results to better understand the history of the HED parent
body. Previous studies have never concentrated on as many different analyses of a class 7

eucrite.

Initial preparation began with the removal of fusion crust, followed by crushing
and sieving a ~470 mg aliquot of sample into coarse-grain (100-200 mesh), fine-grain
(200-325 mesh), and powder (>325 mesh) cuts. An untouched piece of Jonzac with the

fusion crust removed was saved in order to make both thin and thick sections for



petrographic analysis. The crushing was achieved by using an alumina ceramic mortar
and pestle, while the use of a Teflon sieve assisted in the sieving process. The coarse- and
fine-grain cuts were then processed through a two-step heavy liquid separation.
Acetylene tetrabromide was used first to separate out the plagioclase grains from the
more dense phases. This was followed by thallium malonate processing in order to
separate the pyroxene from the more dense oxide phases. The six cuts were then picked
to ensure the purest mineral separates possible. Weights of each pure cut were recorded
to ensure enough material was being dissolved for analysis. The purest fine-grain cuts of
plagioclase and pyroxene were set aside for Pb chemistry, while the remaining cuts had
the proper Sm-Nd and Lu-Hf spike amounts calculated based on the estimated amount of
each element. These estimated amounts were calculated by averaging values of other
known eucrites (Hsu and Crozaz, 1996). In order to achieve optimal spiking, a quantity of
Lu-Hf mixed spike was added to the sample to bring the *"®Hf/*""Hf ratio to 2.2, and the
150N d/A**Nd ratio was brought to 0.5 with the Sm-Nd mixed spike. The fine-grained cut
obtained from sieving was split and utilized to represent whole rock (WR) compositions.
One of WR cuts was all powder, while the other incorporated the material picked out of
all the pure cuts of plagioclase, pyroxene, and oxides into the remaining powder. The
limited amount of pure oxide required the combination of both the coarse and fine-grain
picked cuts to ensure measurable amounts of Lu. After the samples were carefully
weighed, spikes were added to each of the cuts, and then the cuts were dissolved in Parr
bombs in an 80/20 mixture of 2x distilled 29M HF and 2x distilled 14M HNOz. The

bombed samples were transferred into clean Savillex beakers and taken through repeated



evaporations with 2x distilled 14M HNO3 to remove fluoride salts before chemical

purification of the elements of interest.

The pure fine-grained plagioclase and pyroxene separates were weighed out into
three aliquots. The two smaller aliquots of plagioclase and pyroxene were targeted for
Pb-Pb dating and were taken through a leaching procedure that involved the following
steps: 1) The sample was leached in 0.5 mL of 0.5M HNOs in an ultrasonic bath for 20
minutes. The acid was then pipetted in a clean beaker marked as Wash-1. The Wash-1
collection process was repeated an additional 3 times to ensure most surficial
contamination was removed. 2) The next leaching step involved 0.5 mL of 6M HCI
added to the sample, and the sample was then heated for 1 hour on a hotplate at 120 °C.
The solution was then pipetted into a clean beaker marked as Wash-2. The Wash-2

collection process was repeated an additional 2 times with 6M HNOa.

The larger aliquot of pyroxene was taken through a more vigorous serial
dissolution process which included the same collection steps as the Wash-1 and Wash-2
described above, but with additional leaching steps. The full procedure for the leaching
steps in addition to those listed above are as follows: 1) After Wash-2 was prepared from
the sample aliquot, 1 mL of 6.0M HCI-0.2M HF was added to the sample, followed by 20
minutes in an ultrasonic bath, and then a 100 minutes of undisturbed rest on the lab
counter at room temperature. The HCI-HF acid was then pipetted into a beaker labeled
Wash-3, and the grains were rinsed 2 times with 1 mL of ~6M HCI, which was also
pipetted in the Wash-3 beaker. 2) 1 mL of 6M HCI-2M HF was added to the sample, and

then followed by 60 minutes on a hotplate at 120 °C. The HCI-HF acid was then pipetted



into a beaker labeled Wash-4, and the grains were rinsed twice with 1 mL of ~6M HCI,
while pipetting these rinses in the Wash-4 beaker. 3) The final leaching step involved
adding 1 mL of 7M HNOs-14M HF, and then heating to 120 °C on a hotplate overnight.
The HNO3-HF acid was then pipetted into a beaker labeled Wash-5. Two rounds of 30
minute washes with 1 mL of ~6M HCI on a hotplate at 120 °C ensured dissolution of
fluoride salts; these washes were also pipetted into the beaker labeled Wash-5. The
remaining materials from the three aliquots and the wash solutions were then transferred
to an ultra-clean set of mini Teflon capsules (for Pb use only) with 200 pL 29M HF and
50 pL 14M HNOg, and were placed in a high-pressure digestion vessel heated to 150 °C
for 48 hours to insure complete digestion. The goal of keeping Pb blank to a minimum
was always paramount in any of the steps used to prepare the sample aliquots for

analysis.

The small intact portion of Jonzac that was saved prior to crushing and sieving
was sent to Johnson Space Center and mounted as a thin and thick section. The thick
section, Jonzac-1, is 100 um thick and has an average diameter of approximately 2.8 mm.
The thin section, Jonzac-2, is 30 um thick and has an average diameter of approximately

2.5 mm.

3.2 Column Chemistry

The Hf-Nd samples were processed through the first of four columns, where the
cation resin held onto Fe allowing the remaining elements of interest to be passed through

and collected. The second set of column chemistry used Ln-spec resin to allow for the



separation of Hf from my samples, while at the same time purifying the Hf cut by
removing Ti and Zr (e.g. Munker et al., 2001). The Hf collected was then ready for
analysis on the multi-collector ICPMS after transitioning it from HCI-HF over to HNO3
phase. The major and rare earth element (REE) cut that was collected off the second
column was then put through the third set of columns that incorporates Re-spec resin to
help remove the remaining major elements and purify the REE even further. The fourth
and final column used for the Hf-Nd samples utilized a-HIBA acid in order to separate

out the REEs into Lu-Yb, Gd, Sm, and Nd cuts.

There was only one column used for Pb chemistry, but the samples were put
through multiple rounds of Pb chemistry to ensure that the Pb was purified. Each sample
was put through at least two rounds of chemistry before being considered for additional
rounds. The 1.5 mL volume Pb columns used were hand-crafted using head shrink
tubing, an aluminum plug machined to be the desired volume, the same frit material used
in the glass columns, and a heat gun to bring it all together. The reason for creating small
volume columns was to limit the amount of terrestrial Pb blank that would be introduced

to the samples from the acids used in chemistry.

Initial concentration analysis of Pb on the multi-collector ICPMS made evident
that the earlier washes had thallium contamination that was likely left over from the
thallium malonate used during heavy liquid separation. This required a new method of
thallium removal to be created for these Pb samples using the same columns used for
cleaning the Pb samples. The most successful removal method mimicked the Pb

purification chemistry, but the loading and eluting acids were remixed with 1% H20-

10



added. The 1% H»0- causes the thallium to stick to the resin by oxidizing it to TI** while

the Pb was allowed to elute with near 100% reclamation.

3.3 Hf Isotope Analysis

The Nu-Plasma Il multi collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) at the University of Houston was used for analyzing the collected Lu and
Hf cuts. During the first round of chemistry, the first picked oxide mineral separate was
contaminated, which required a second picked oxide mineral separate to be prepared and
run through chemistry. Due to sample contamination of the first oxide mineral separate,
there were two runs for both Lu and Hf. The first runs for each element included all
separates but the oxide cut (plagioclase, pyroxene, and whole rock separates), while the

second run only had the oxide.

Prior to sample analysis on the MC-ICP-MS, concentration checks are done in
order to determine the best method for running all samples at comparable concentration,
and to make sure the standards that are being run in tandem have similar concentrations.
To do this the dried down samples are brought up in 500 pL of 2% HNO3z (or 2% HNOs-
1% HF when working with Hf). After allowing adequate time for sample to dissolve
(heating on hotplate if needed), 10 pL is pipetted into an auto sampler vial containing 490
pL of 2% HNOs (or 2% HNO3-1% HF when working with Hf). These 1:50 diluted
samples were then analyzed to obtain concentration values, and the samples to be

analyzed were diluted to be analyzed at 10 ppb, 25 ppb, or full concentration.

11



Hafnium samples and standards were introduced into the mass spectrometer via a
micro-concentric desolvating nebulizer (Cetac Aridus I1) in a 2% HNO3-1% HF matrix at
~10-40 ppb concentration of Hf (samples were either 10 or 25 ppb, excluding the oxide
that was run at full strength). Prior to introduction of sample, 60 seconds on-peak zero
measurements were made using the same blank acid that was used during sample
preparation. The nebulizer’s uptake was ~120 pL/min, with each analysis consuming
~7.5 ng during the 6 minute run at 10 ppb. During analysis, the masses 173, 175, 181,
and 182 (cups L4, L2, H4, and H5 respectively) were monitored in order to remove the
178y and 1®Yb isobaric interferences on 1"°Hf, %W + 180Tq interference on 8°Hf, as
well as 1Ta interference on 8'Hf. The other masses monitored were 172, 174, 176, 177,
179, and 180 (cups L5, L3, L1, Ax, H1, H2, and H3 respectively). The isobaric
interferences were corrected using the following isotopic compositions: P Hf/*""Hf =
0.7325, Y°Lu/*™Lu = 0.02656, 18°Ta/*1Ta = 0.000123, "°Yb/*"2Yb = 0.5845, and
180\/t82\y = 0.004521. To avoid any bias in 176 volts due the use of a mixed spike, the
samples were underspiked for Lu, and the 1"®Lu interference on 1"®Hf was kept less than
0.005% via chemical purification. The instrumental mass fractionation on the isobaric
interference correcting isotope ratios were compensated for by normalizing to "°Hf/2""Hf
= 0.7325 using an exponential law prior to adjustment of 1’°Hf and ®°Hf volts. Between
all analyses, not just Hf, on-peak zeros were taken to accurately subtract off total
background the machine would have added to measurements. Unlike normal background
subtractions, the on-peak zero method takes residual effects from previously run samples,
and not just the background noise from the electronics. Instrumental mass bias and spike
subtraction methods followed those in Lapen et al. (2004).

12



The 1®Hf/*""Hf operating values for the UW JMC-475 standard used during the
first run analyses were; 25ppb = 0.282167 + 0.000017 (20, n = 14), and 10ppb =
0.282157 +0.000002 (25, n = 2). The Y"®Hf/*""Hf operating value for the PlasmaCal
standard used during the first run analyses was 0.282159 + 0.000016 (26, n = 14). The
18Hf/1"Hf operating values for the in-house standards used during the first run analyses
were; UH JMC-475 25ppb = 0.282196 + 0.000013 (25, n = 59), UH JMC-475 10ppb =
0.282196 + 0.000029 (26, n = 8), UH JMC-475 25ppb + Yb-Lu 6 ppt = 0.282205 +
0.000014 (25, n = 10), UH AMES 25ppb = 0.282369 + 0.000018 (25, n = 10), UH
AMES 10ppb =0.282350 + 0.000006 (25, n = 2). For the second run for the oxide
sample, ®Hf/A"’Hf operating values for the 10 ppb UW JMC-475 standard used during

the analyses was 0.282143 + 0.000033 (2c, n = 4).

3.4 Lu Isotope Analysis

Lutetium isotope analysis is similar to the Hf analysis, except that Lu samples
were brought up using a 2% HNO3 solution before being introduced into the MC-ICP-
MS. The masses monitored during analysis were 171, 172, 173, 174, 175, 176, 177, 178,
179, 180, 181, and 182 (cups L5, L4, L3, L2, L1, Ax, H1, H2, H3, H4, H5, and H6
respectively). The masses 174, 176, and 180 were monitored in order to remove the 14Hf
isobaric interference on 174Yb, the 1®Hf and YD isobaric interferences on 1"°Lu, and the
180\ + 189T3 interference on 8°Hf. Because it is difficult to separate Yb from Lu, we
employed the isobaric interference and mass bias corrections for 1">Lu/*"®Lu ratios of

Vervoort et al. (2004).

13



3.5 Nd Isotope Analysis

Neodymium isotope analysis method is similar to the Lu method. The masses
monitored during analysis were 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, and
150 (cups L5, L4, L3, L2, L1, Ax, H1, H2, H3, H4, and H5 respectively). The masses
140 and 147 were monitored for 14°Ce and 4’Sm in order to calculate the isobar
intensities of 1*2Ce, 1%4Sm, 148Sm, and *°Sm. These intensities were then used to remove
the 142Ce isobaric interference on 1*2Nd, the 1**Sm isobaric interference on **Nd, the
148Sm isobaric interference on 1*8Nd, and the **°Sm interference on **°*Nd. The isobaric
interferences were corrected using the following isotopic compositions; 142Ce/*4°Ce =
0.7219, **4Sm/**'Sm = 0.205023, 1*8Sm/**’Sm = 0.749697, and °Sm/*’Sm = 0.4921.
Instrumental mass bias and spike subtraction methods followed those in Lapen et al.

(2004).

The “3Nd/***Nd operating values for the JNdi (Nu) standard used during the
analyses were; 25ppb = 0.512105 £ 0.000010 (26, n =7), and 10ppb =0.512114 £
0.000036 (26, n = 2). The *3Nd/***Nd operating values for the in-house standard, UH
AMES, used during the analyses were; 25ppb = 0.511979 £ 0.000025 (26, n = 46) and

10ppb = 0.511979 + 0.000018 (2, n = 2).

3.6 Sm Isotope Analysis

Samarium isotope analysis method is similar to the Lu and Nd methods. The

masses monitored during analysis were 144, 145, 146, 147, 148, 149, 150, 151, 152, 153,
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154, 155, and 156 (cups L5, L4, L3, L2, L1, Ax, H1, H2, H3, H4, H5, H6, and H7
respectively). Mass 146 and 155 were monitored for 14Nd and **°Gd in order to calculate
the isobar intensities of 1*Nd, 1*8Nd, *°Nd, and **Gd. These intensities were then used
to remove the 1**Nd isobaric interference on #4Sm, the 148Nd isobaric interference on
1485m, the °°Nd isobaric interference on °°Sm, the 1*2Gd isobaric interference on ?Sm,
and the >*Gd interference on **Sm. The isobaric interferences were corrected using the
following isotopic compositions; $*2Gd/***Gd = 0.013686, **Gd/***Gd = 0.147335,

144N d/*8Nd = 1.38523, 18 Nd/1“®Nd = 0.334642, 1*°Nd/**®Nd = 0.327534, and

147Sm/%52Sm = 0.560825.

3.7 Pb Isotope Analysis

The Triton Plus thermal ionization mass spectrometer (TIMS) at the University of
Houston was used for running some of the collected Pb cuts. The first batch of Pb cuts
were loaded onto rhenium filaments, coated with silica gel (to promote ionization)
following methods of Gerstenburger and Haase (1997), mounted onto the turret, and
placed in the TIMS. Only 50% of material from two samples in the first batch were saved
for later analysis (12P40 Wash-2 and 12P42 Wash-2). The filaments were then heated up
until a detectable Pb signal was able to be used to focus the beam with the use of charged
plates in the source. The operating values for the 20 ng UH NBS-981 standards used
during the TIMS analyses were; 2°°Pb/?%Ph = 16.9195 + 0.0135 (20, n = 4), 2°’Pb/?**Pb =
15.4679 + 0.0183 (20, n = 4), 2°8Pb/?%Pb = 36.6249 + 0.0554 (25, n = 4), 2°’Pb/?%Pb =

0.914212 + 0.000343 (26, n = 4), and 2%8Pp/2%%Pp = 2.16465 + 0.00160 (26, n = 4). The
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first batch of samples failed to yield usable data due to issues with ionization suppression

from a suspected thallium (TI) contamination.

The remaining samples from the first batch, along with the second batch of Pb
cuts were then successfully run on the Nu-Plasma Il multi collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the University of Houston. Samples were
given initial concentration checks in the same way as the Hf-Nd samples. The
concentration checks showed a Tl contamination issue for the early washes, and this
would prevent accurate analysis until the Tl contamination was fully removed. After
adequate TI removal chemistry was done on all affected samples, the Pb samples were
doped with 4 ppb of the UH NBS-997 Tl standard. This inclusion of Tl was to allow for
correction of instrumental mass bias, because Pb has no stable isotope ratio which would

allow for internal normalization.

Lead isotope analysis method is similar to the previous above methods. The
masses monitored during analysis were 202, 203, 204, 205, 206, 207, 208, and 209 (cups
L3, L2, L1, Ax, H1, H2, H3, and H4 respectively). Instrumental mass bias was corrected
using the isotopic composition 2®TI/2%T| = 2.38890 using the exponential mass bias law
(Russell et al., 1978). The mass 202 was monitored for 2°?Hg in order to calculate the
isobar intensities of 2%“Hg. These intensities were then used to remove the 2*Hg
interference on 2%Pb. The isobaric interferences were corrected using the isotopic

composition 2%Hg/?%?Hg = 0.229866.

Two Pb standards (UH NBS-981 and UH NBS-982) were doped with the UH

NBS-997 thallium standard. The Pb operating values for 4 ppb of UH NBS-981 doped
16



with 4 ppb of UH NBS-997 were; 2°8Pb/2%Ph = 2.1665 + 0.0010 (25, n = 6), 2°’Ph/?*®Pb
= 0.914629 + 0.000203 (25, n = 6), 2°6Ph/2%Ph = 16.9468 + 0.0269 (2, n = 6),
207ppy/20%4py = 15 5003 + 0.0271 (20, n = 6), and 2°8Ph/2%Ph = 36.7165 + 0.0753 (26, n =
6). While the Pb operating values for 2 ppb of UH NBS-982 doped with 4 ppb of UH
NBS-997 were; 2%Pb/2%Pp = 1.000142 + 0.000152 (25, n = 6), 2°’Pb/?%°Pb = 0.467044 +
0.000093 (25, n = 6), 2%Pb/?%*Pb = 36.8610 + 0.1142 (25, n = 6), 2°’Pb/?*4Pb = 17.2153 +
0.0567 (25, n = 6), and 2°8Pb/?%*Pb 36.8661 + 0.1168 (25, n = 6). In the age calculations

for the Pb-Pb inverse isochron, 2c uncertainties were used.

3.8 Microprobe Analysis

The thick and thin section mounts (Jonzac-1 and Jonzac-2) were taken to Johnson
Space Center (JSC) for analysis via EPMA in order to obtain chemical compositions of
the mineral phases. Prior to microprobe analysis, both section mounts were carbon coated
and then imaged using a SEM at 100x magnification. The SEM images were pieced
together to make a complete map of each section mount. The main goal of the mapping
was to find as many chromite grains as possible to allow for more detailed petrologic

characterization, and secondarily, attempt to locate possible zircons.

After successfully locating and identifying nearly all heavy mineral phases in both
sections, the sections were transferred to the Cameca SX-100 electron microprobe. The
sets of JSC standards used for Jonzac were split between the oxide and silicate phases.
The set of standards for the oxide phases are; Si [diopside], Al [chromite], Ti [rutile], Cr

[chromite], V [V-metal], K [orthoclase-1], Zr [zirconia], Ca [diopside], Fe [chromite],
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Mn [rhodonite], Hf [Sp-metal], Na [oligoclase], and Mg [chromite]. The set of standards
for the silicate phases are; Si [diopside], Al [oligoclase], Ti [rutile], Cr [chromite], K
[orl], Ca [diopside], Fe [fayalite], Mn [rhodonite], Na [oligoclase], and Mg [Marjalahti-
olivine]. After calibrating the machine with standards, the mapped out grains were found
and targeted for analysis. All zircon and chromite mineral grains were targeted, while the
more abundant phases (ilmenite, high-, med-, and low-Ca pyroxene, plagioclase, silicate,
troilite) selected throughout the sections in order to receive a fairly encompassing spread
representing not a single area of the sections. Improperly identified phosphate phases
during SEM mapping resulted in insufficient microprobe calibration to retrieve complete

data for the phosphates.

3.9 U-Pb Isotope Analysis

The zircons found during SEM and microprobe work were small (1 um — 10 um),
yet obtaining U-Pb data from these minerals is critical to this project. The quadrupole
ICPMS at University of Houston was used to analyze all identified zircon grains in the
thick section, Jonzac-1. Laser ablation analyses at the University of Houston were
conducted with a Photon Machines Analyte.193 excimer laser with a 7.7 um beam
diameter at 7 Hz (140 total shots, 3 J/cm? fluence, He flow 0.550 L/min). Instrumental
fractionation of U/Pb and 2°Pb/?°’Pb during analyses was calibrated by analyzing
fragments from zircon standard FC5z (1099 + 1 Ma 2c; Paces and Miller, 1993) and
Plesovice (Slama et al., 2008). All instrumental elemental and mass fractionation

corrections and error propagation follow methods outlined in Shaulis et al. (2012).
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Chapter 4

Results

The following tables contain the concentrations, isotopic ratios, and the errors
associated with the measurements. Along with the isochron and concordia diagrams
displaying how ages were obtained from the data. Chemical compositions of the

constituent phases are also presented.

4.1 Calculated Dates

The Lu-Hf and Sm-Nd dates obtained were calculated based on the slope of the

isochron and the y-intercept. Equation 1 was used for this calculation is;

(daughter) _(daughter)
T = 1 Inl1+ ratio /sample ratio /initial
— U n (parent parent

ratio )sample ( ratio )initial

(Eq. 1)

Where the time T is the calculated age, and A is the decay constant for the parent

isotope. The initial daughter ratio is the isochron’s y-intercept value.

The date obtained from the Pb-Pb inverse isochron approach is based on a linear
regression through 2°’Pb/2%Ph and 2%4Pb/?%Pb isotope ratio data. On an X-Y plot of
204pp/2%pp and 2°7Pb/2%°Ph data, the Y-intercept of the linear regression through the data

(the 2°7Pb/?%Pp ratio at 2°*Pb/?°°Pb = 0) indicates the radiogenic 2°7*Pb/?%"Pp ratio
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representing radiogenic ingrowth since the system was closed to Pb diffusion. A 2’Pb-

205pp age is calculated from equation 2 using Isoplot v4.13 (Ludwig, 2003).

(207Pb)* 1 x[(elzsst—n €02
= Q.

206pp 137.88 (e238t—1)

The U-Pb Concordia diagram is created by plugging a value for t into the
following two equations (Equations 3 and 4) and generating coordinates that draw the
curve on a 2%¢*Pb/2*8U versus 2°""Pb/?*U diagram, otherwise known as a Concordia
diagram. To get a concordant age from the diagram, you must have data that falls on top

of Concordia curve. The closest point on the Concordia to the data point dictates the age.

<206Pb) <206Pb)
206ph« 204pp ), \204py
t 0 Aozgt
= = e”238+ — 1] (Eq. 3)
238(j 238y
<204Pb)t

207pp\  /207py
207 -
.
235y 235y = et —1 (Eq. 4)
(204Pb)t

4.2 Lutetium-Hafnium Results

The Lu and Hf isotope data for the plagioclase cut falls just off the isochron,
similar to other studies (e.g. Shafer et al., 2010). The inclusion of the plagioclase has

minimal effect on the age that the isochron provides (see Figure 1). From the data in
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Table 2, a 4-point Lu-Hf isochron (excluding plagioclase) yielded an age of 4.236 +

0.026 Ga, an initial "®*Hf/*""Hf value of 0.29932 + 14 and MSWD = 2.4, Figure 2.

Table 2. Lu and Hf Data for Jonzac mineral separates. "*Hf/"’Hf data is reported relative to JMC-475 = 0.282167 +
0.000017 (20, n = 14). Uncertainties in the 17Lu/Y""Hf ratio are 0.2% based on the long-term reproducibility of
replicate analyses of standards. All errors displayed as * 2c.

sample #  description weight (9)  Lu(ppm)  Hf (ppm)  7SLu/"Hf 6Hf/ATTHf
12HNS Plagioclase 0.03267 0.0704 0.3740 0.02730 0.282242 + 2
12HN9 Pyroxene 0.11999 0.3039 1.096 0.04020 0.283248 + 2

12HN11 Whole Rock 1 0.03187 0.3450 1.255 0.02891 0.282314 + 2
12HN12 Whole Rock 2 0.03013 0.2503 1.375 0.02484 0.281963 + 2
12HN26 Oxide 0.00056 0.2357 16.51 0.00303 0.280186 + 3

data-point error ellipses are 2c
0.2835 |
o Px
w— 0.2825 |
T Plg, o WR-1
=
5 ¢ WR-2
= g EXCLUDING PLG
@I 0.2815 Age = 4236426 Ma
™~ Initial 7SHF/77Hf =0.279932:£0.000014
MSWD = 2.4 )
i INCLUDING PLG
0.2805 Age = 4248+200 Ma
7 Ox Initial 1SHf/77HF =0.27994+0.00011
MSWD =21 y
0.2795 : : : : : : : : :
0.00 0.01 0.02 0.03 0.04 0.05
176 _u/r7"Hf

Figure 2. Lu-Hf isochron line excludes the plagioclase. The ages were obtained using a "5Lu decay constant of
1.865x10* (Scherer et al., 2001). All errors displayed as + 2c.
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4.3 Samarium-Neodymium Results

During the Sm and Nd oxide analysis, the oxide cut was unable to provide
sufficient signal to be seen over background noise. This was expected due to the low
amount of oxide dissolved and the pre-determined estimation of the oxide’s Sm and Nd
concentrations. Also, both the Sm and the Nd concentrations are half of what previously
published concentration data shows for Jonzac (Barrat et al. 2000; Blichert-Toft et al.
2002). This would imply that the concentration of the University of Wisconsin mixed
spike used was underestimated due to evaporation of the spike. The true higher
concentration caused the reported Sm and Nd concentrations of Jonzac to be lower than
they really are (see Table 3). From the data in Table 2, a 4-point Sm-Nd isochron yielded
an age of 4.765 + 0.088 Ga, an initial **Nd/***Nd value of 0.50669 + 11 and MSWD =
0.38, Figure 3. We have not yet ascertained the reason for the slope of the isochron that is

too steep.

Table 3. Results from Sm and Nd samples analyzed on the multi-collector ICPMS. The Sm and Nd concentrations are
not true concentrations, see above discussion for explanation. *43Nd/**“Nd data is reported relative to JNdi (Nu) =
0.512105 +0.000010 (26, n = 7). Uncertainties in the 7Sm/**Nd ratio are 0.2% based on the long-term
reproducibility of replicate analyses of standards. All errors displayed as + 2c.

;ample description weight (g)  Sm (ppm) Nd 147Sm/M44Nd 143N d/4Nd
(Ppm)

12HN8  Plagioclase 0.03267 1.283 0.3710 0.1665 0.511952 + 08

12HN9 Pyroxene 0.11999 2.304 0.8052 0.2013 0.513054 £ 11

12HN11 Whole Rock 1 0.03187 2.429 0.7951 0.1886 0.512655 + 07

12HN12 Whole Rock 2 0.03013 2.624 0.8371 0.1837 0.512505 + 09
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data-point error ellipses are 2c
0.5132
/,G',I/Dx
0.5128 .
-
Z © WR-1
3
=< & WR-2
o -
= 0.5124 |
™
3
0.5120 + o,/'P’I'é Age = 476588 Ma
Initial 143Nd/4“Nd =0.50669:0.00011
MSWD = 0.38
05116 L
0.155 0.165 0.175 0.185 0.195 0.205
1478 m/144Nd

Figure 3. All obtained data are represented in this Sm-Nd isochron. The age was obtained using a *4’Sm decay constant
of 6.539x1022 (Scherer et al., 2001). All errors displayed as + 2c.

4.4 | ead-Lead Results

The first set of Pb samples run on the TIMS yielded no data, possibly due to
suppressed ionization. The remaining samples from the first set (plagioclase wash-2 and
pyroxene wash-2) were run on the multi-collector ICPMS, along with the second set of
samples. Out of the four samples containing the most radiogenic Pb (pyroxene washes 2,
3, 4, and 5), the three with the greater intensities (pyroxene washes 2, 4, and 5), and thus
lowest error, were used. From the data in Table 4, a 3-point Pb-Pb inverse isochron

(excluding wash 3) yielded an age of 4.352 + 0.018 Ga, an initial 2°’Pb/?%Pb value of
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0.5419 + 0.0068 and MSWD = 436, Figure 4. The inclusion of wash-3 does not

significantly alter the age. While constructing the inverse isochron, the sample with the
largest overbearing amount of terrestrial Pb (pyroxene wash-1) wasn’t included for being
unable to identify a radiogenic Pb signature. On the other end, the lowest Pb intensity

samples (plagioclase wash-2 and pyroxene residue) were also excluded from the isochron

because of issues with detection limits causing large errors. The excluded data was

plotted along with modern day Pb in Figure 5.

Table 4. Results for the successfully run Pb samples analyzed on the multi-collector ICPMS.

All errors displayed as + 2c.

sample # description 204ppy/206py 207pp/206ppy

12P40 W2 Plagioclase Wash-2 0.034984 + 66 1.05048 + 10
12P42 W1 Pyroxene Wash -1 0.055445 + 09 0.86569 = 03
12P42 W2 Pyroxene Wash -2 0.046834 + 25 0.89787 = 05
12P42 W3 Pyroxene Wash -3 0.007591 + 31 0.60465 = 05
12P42 W4 Pyroxene Wash -4 0.001056 £ 05 0.55045 = 02
12P42 W5 Pyroxene Wash -5 0.003301 £ 11 0.56649 = 02
12P42 Res Pyroxene Residue 0.050602 + 138 0.83127 = 23
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Figure 4. The Pb-Pb isochron line uses only pyroxene washes 2, 4, and 5. The ages were obtained using 23°U and 238U
decay constants of 9.8569x10° and 1.54993x10-2° (Schoene et al., 2006), respectively. All errors displayed as + 2.
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Figure 5. All Pb-Pb data plotted, in addition to modern day Pb values from Stacey and Kramers, (1975).
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4.5 Uranium-Lead Results

The data collected by laser
ablation were only from the largest of
the zircon grains (Figure 6). The
smaller grains were not able to

provide a large enough integration

x1000 10 pm

Figure 6. The back-scattered electron image of Jonzac-1, and the

The FC5z standard is best because it successful zircon analysis at 7.7 um target spot size marked by
the circle. The minerals surrounding the zircon include; ilmenite

(1lm), plagioclase (Plg), and pyroxene (Px).

window to produce reliable age dates.

yielded higher signals of 2°’Pb than
the younger Plesovice standard at 7.7 um spot sizes resulting in a more robust correction
of the unknown grains. From the FC5z corrected data in Table 5, a U-Pb concordia plot

yielded an age of 4.546 + 0.050 Ga, and MSWD = 0.12, Figure 7.

Table 5. Zircon U-Pb data corrected using FC5z standard. The item ‘rho’ represents the correlation coefficient between
the 207Ph/235U and 2°6Ph/238U isotope ratios. All errors displayed as + 2c.

208pb/238U 207pb/235U 207pb/206pb U Th

27ppy206ply 207ph/25Y  26ph28Y  rho U/Th
age age age ppm ppm
0.6221 86.98 1.014 4513 4546 4560
+ 280 +4.70 +53 0.64 + 169 54 + 65 125 51 244
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Figure 7. Concordia plot for zircon data corrected using the FC5z standard. The ages were obtained using 23°U and 238U
decay constants of 9.8569x101° and 1.54993x10-° (Schoene et al., 2006), respectively. All errors displayed as * 2c.

4.6 Microprobe Data

The Jonzac pyroxene data obtained from the microprobe with averages for low-,
med-, and high-Ca grains are listed in Table 6, along with previous published data for
comparison. The entire dataset has been graphically displayed on a pyroxene
quadrilateral (Figure 8) with other eucrites and diogenites. Jonzac’s trend plots just

between the Sioux County, a main-group eucrite, and Y-791195, a cumulate eucrite.
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Table 6. Compositions of pyroxene grains from representative eucrites. Jonzac is from this study. The Jonzac low-Ca
average is from 11 grains with analyses ranging from 1 to 8 per grain. The Jonzac med-Ca average is from 2 grains
with analyses ranging from 2 to 3 per grain. The Jonzac high-Ca average is from 9 grains with analyses ranging from 1
to 10 per grain. Sioux County is a main group eucrite, Christophe Michel-Levy et al. (1987).

Jonzac Sioux County
low-Ca med-Ca high-Ca low-Ca high-Ca

Chemical Composition (wt %)

SiO; 50.0 50.2 51.3 49.1 50.7
Al;Os 0.24 0.34 0.61 0.23 0.47
TiO; 0.17 0.20 0.33 0.25 0.32
Cr.03 0.16 0.12 0.24 0.42 0.39
FeO 35.7 31.8 17.2 36.1 16.6
MnO 1.17 1.04 0.58 1.12 0.53
MgO 12.2 11.9 10.6 11.7 9.84
Ca0 1.00 5.29 19.3 0.78 20.8
Na,O nd nd 0.03 nd Nd
Total 100.63 100.87 100.21 99.70 99.65

Cation Formula Based on 6 Oxygen

Si 1.9871 1.9771 1.9756 1.9786 1.9695
Al 0.0113 0.0158 0.0277 0.0109 0.0215
Ti 0.0051 0.0061 0.0096 0.0076 0.0093
Cr 0.0051 0.0039 0.0072 0.0134 0.0120
Fe 1.1849 1.0484 0.5532 1.2166 0.5393
Mn 0.0393 0.0347 0.0190 0.0382 0.0174
Mg 0.7239 0.6976 0.6079 0.7027 0.5697
Ca 0.0425 0.2232 0.7957 0.0337 0.8658
Na 0.0006 0.0002 0.0026 -- --

Total Cations 3.9998 4.0070 3.9985 4.0017 4.0045

Cation Ratios Ca:Mg:Fe, Fe/Mn and mg# (100*Mg/(Mg+Fe))

Ca 2.2 11.3 40.7 1.7 43.8
Mg 37.1 354 311 36 28.8
Fe 60.7 53.2 28.3 62.3 27.3
Fe/Mn 30 30 29 32 31
mo# 37.9 40.0 52.4 36.6 51.4
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Figure 8. Pyroxene quadrilateral for pyroxenes found in eucrites and diogenites. The data for Sioux County, Christophe
Michel-Levy et al. (1987); Jonzac, from this study; Y-791195, Mittlefehldt and Lindstrom (1993); Serra de Magé,
Harlow et al. (1979); Moore County, Pun and Papike (1995); Johnstown, Fowler et al. 1994; Y-75032, Takeda and
Mori (1985).

The low- and high-Ca pyroxene numbers were also used to calculate a closure
temperature via two pyroxene thermometry equation (Equation 5) obtained from Brey
and Kohler (1990). Where pressure (P) was set to 0 kbar, and elemental cation data was

used to get T =755 £ 81 °C.

Fe

23664+126.3 x(

T = (Eq. 5)

Fe

(1—Ca/1-Na)cpx )
Fe+Mg/opx

(1—Ca/1-Na)gpx

13.38+|In

]2+ 11.59 x(
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The Jonzac chromite and ilmenite data obtained from the microprobe are listed in

Table 7, along with previous published data for comparison.

Table 7. Compositions of chromite and ilmenite grains from representative eucrites. Jonzac data is from this study. The
Jonzac chromite average is from 9 grains with analyses ranging from 1 to 3 per grain. The Jonzac ilmenite average is
from 7 grains with analyses ranging from 1 to 9 per grain. Sioux County is average chromite and ilmenite, main-group
eucrite, Bunch and Keil (1971). Millbillillie is average chromite and ilmenite, main-group eucrite, Yamaguchi et al.
(1994).

Jonzac Sioux County Millbillillie
chromite ilmenite chromite ilmenite chromite IImenite

Chemical Composition (wt %)

TiO; 1.92 52.4 3.4 52.9 2.37 525
Al203 8.64 0.06 7.20 0.03 8.09 0.06
Cr203 51.9 0.09 51.6 0.06 52.6 0.03
V203 0.73 0.37 0.93 bd nd Nd

FeO 34.7 46.2 355 45.00 334 443
MgO 0.30 0.43 0.28 0.61 0.36 0.63
MnO 0.603 1.007 0.62 0.87 0.58 0.96
Total 98.78 100.55 99.53 99.47 97.40 98.48

Cation Formula Based on 4 Oxygen

Ti 0.0520 1.3144 0.0625 1.4013 0.0594 1.4107
Al 0.3658 0.0024 0.2074 0.0012 0.3177 0.0025
Cr 1.4752 0.0025 0.9970 0.0017 1.3856 0.0008
\% 0.0209 0.0099 0.0182 -- -- --

Fe 1.0415 1.2903 0.7256 1.3256 0.9307 1.3237
Mg 0.0184 0.0285 0.0102 0.0320 0.0179 0.0335
Mn 0.0160 0.0215 0.0128 0.0260 0.0164 0.0291
Total Cations 2.9897 2.6694 2.0337 2.7878 2.7277 2.8003

Cation Ratios Cr:Al:2TI, Fe/Mn, mg# (100*Mg/(Mg+Fe)) and cr# (100*Cr/(Cr+Al))

Cr 75.9 - 75.0 - 76.0 -
Al 18.8 - 15.6 - 17.4 -
2Ti 53 - 9.4 - 6.5 -
Fe/Mn 65 60 57 51 57 46
mo# 1.7 1.6 1.4 24 1.9 2.5
cr# 80.1 50.5 82.8 57.3 81.3 25.1
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The chromite dataset has been graphically displayed on a ternary plot (Figure 9)
with other eucrites and diogenites. Jonzac’s data plots with the other eucrite and diogenite
data. The cumulate eucrites plot with the highest Ti values, the diogenites plot with the
lowest values, and the main-group eucrites plot mostly in-between the other two.
Unfortunately, Jonzac’s data are fairly spread out, with the bulk of the data plotting on

the low Ti end of the other main-group eucrites.

Cr
Cr
Al 2Ti
50 A VA V. VA
Al 2Ti
o Main-group Eucrite :: Sioux County A Cumulate Eucrite :: Moore County
@ Main-group Eucrite :: Millbillillie ¢ Diogenite :: Johnstown
« Non-cumulate Eucrite :: Jonzac (this study) & Diogenite :: Y-75032
& Cumulate Eucrite :: Serra de Magé

Figure 9. Ternary plot for chromite probe data for eucrites and diogenites. The figure to the left is a zoomed-in view of
the figure to the right. The data for Sioux County, Christophe Michel-Levy et al. (1987); Millbillillie, Yamaguchi et al.
(1994); Jonzac, from this study; Serra de Magé, Harlow et al. (1979); Moore County, Pun and Papike (1995);
Johnstown, Fowler et al. 1994; Y-75032, Takeda and Mori (1985).
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The Jonzac plagioclase data obtained from the microprobe are listed in Table 8,

along with previous published main-group eucrite data for comparison.

Table 8. Plagioclase analyses for representative eucrites. Jonzac data is from this study. The Jonzac plagioclase average
is from 8 grains with analyses ranging from 1 to 33 per grain. Juvinas and Pasamonte are average chromite and
ilmenite, main-group eucrite, Bunch and Keil (1971).

Jonzac Juvinas Pasamonte

Chemical Composition (wt %)

Si0, 46.9 45.9 46.6
Al,0; 334 332 33
FeO 0.44 1.20 0.9
MgO 0.07 0.30 bd
Ca0 17.2 18.0 17.4
Na;O 1.55 1.00 1.8
K20 0.14 bd bd
Total 99.66 99.60 99.70

Cation Formula Based on 8 Oxygen

Si 2.1643 2.1323 2.1588
Al 1.8160 1.8179 1.8020
Fe 0.0171 0.0466 0.0349
Mg 0.0049 0.0208 0.0000
Ca 0.8494 0.8960 0.8637
Na 0.1389 0.0901 0.1617
K 0.0084 0.0000 0.0000
Total Cations 4.9990 5.0037 5.0211

Cation Ratios mg# (100*Mg/(Mg+Fe)) and Molecular Proportion of Orthoclase (Or), Albite (Ab),
Anorthite (An)

mg# 22 31 -
Or 0.8 - -
Ab 13.9 9.1 15.8
An 85.2 90.9 84.2

32



The anorthite content of plagioclase in Jonzac (Figure 10) is consistent with other

non-cumulate eucrites, and considerably lower than the cumulate eucrite data.

BTN 00300
Caldera
Chervony Kut
EET 87520
EET 90020
EET 90029
EET 92004
GRA 98098
GRO 95533
LEW 85305
LEW 83353
LEW 88009
LEW 88010
MAC 02522
MET 01081
PCA 82501
PCA 91078
QUE 94484
QUE 97014
QUE 97053
QUE 99658
RKP A80224

ALH A81313
EET 92023
Moama
Moore County
Serra de Magé

Jonzac (tlus study)

75% 80% 85% 90% 95% 100%
An % for each plagioclase grain

Figure 10. Anorthite (An) ranges for plagioclase analyses for eucrites. Black and light grey bars are basaltic and
cumulate eucrite, respectively (modified from Mayne et al., 2009); Jonzac is the dark grey bar, from this study.

The Jonzac zircon data obtained from the microprobe are listed in Table 9, along
with previous published monomict eucrite data for comparison. The zircon data differs
mostly from the other monomict eucrites by having substantially more Fe and Ti, yet an
unlisted sample, Y-75011, from Misawa et al., (2005) has similar compositions and was

noted for having the electron beam spot overlapping surrounding ilmenite. The zircon
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grains were small, measuring between 5 and 10 pum in diameter. At such small scales, the

microprobe was having difficulty keeping the electron beam centered on the target grains.

This drift caused much of the oxide data to be thrown out, and is a possible reason for the

higher Fe and Ti values.

Table 9. Representative analysis of eucritic zircon (in wt %). Jonzac data is from this study. The Jonzac zircon average
is from 2 grains with analyses ranging from 1 to 2 per grain. A-881388, A-881467, and Padvarninkai are monomict
eucrites, Misawa et al. (2005).

Jonzac A-881388 A-881467 Padvarninkai
Chemical Composition (wt %)
SiO; 31.8 324 325 33.0
AlO3 0.01 0.00 0.01 0.01
TiO, 1.7 0.00 0.16 0.03
FeO 1.9 0.66 0.34 0.78
MnO 0.02 0.03 0.01 0.01
MgO 0.001 0.02 0.02 0.02
CaO 0.06 0.12 0.02 0.11
Cr03 0.04 0.00 0 0.00
ZrO; 63.895 66.0 66.3 64.7
HfO, 1.565 0.96 1.31 1.42
Total 101.1 100.2 100.7 100.1
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Chapter 5
Discussion

Here each isotopic system will be compared. The class 7 monomict eucrites are
known to exhibit extensive recrystallization, yet no ages have yet to be published that
match the ones determined for Jonzac in this study. The metamorphic textures and the

implications for the thermal history of this stone will be discussed.

5.1 Age Comparisons

The 4-point 4.236 £ 0.026 Ga (26; MSWD = 2.4) Lu-Hf isochron age is over 200
million years younger than the inferred igneous crystallization interval for non-cumulate
eucrites (e.g. Misawa et al., 2005). The 3-point Pb-Pb inverse isochron age of 4.352 +
0.018 Ga (20; MSWD = 436) falls fairly close to the Lu-Hf age. These two young ages
represent a resetting event that is much older than what would be expected from late

heavy bombardment (Bogard and Garrison, 2009).

Table 10. Collection of age data from all explored systems. All errors displayed as + 2c.

System mineral analysis y-intercept age

Lu-Hf Isochron px-plag-WR-0x 0.279932 + 14 4236 *+ 26
Sm-Nd Isochron px-plag-WR 0.50669 + 11 4733 = 87
Pb-Pb Inv. Isochron pX 0.5435 + 84 4352+ 18
U-Pb Concordia zrc - 4546 + 50
U-Pb 207-206 zrc - 4560 * 65
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The initial 2**Nd/***Nd is far too low, and the 4-point Sm-Nd isochron age of
4.733 £ 0.087 Ga (20; MSWD = 0.38) is far too old to be a realistic age. When compared
to literature data (see Figure 11), the *3Nd/***Nd ratio appears to plot within error, yet the
147Sm/*4Nd has a significant spread that can only be attributed to a spiking problem.
However, the same spike was used before and after on other projects and did not yield a

similar anomaly in the reported data.
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S
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™
3
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147Sm/144Nd

Figure 11. The data for Jonzac plotted against the published Sm-Nd whole rock data of Blichert-Toft et al. (2002).

The zircon ages measured by LA-ICPMS are 4.560 * 0.065 Ga (2c; 2°’Pb-2%°Pb)
and a U-Pb concordia age of 4.546 + 0.050 Ga (2c) agree well with previously published
zircon ages from eucrites (Misawa et al., 2005; Righter et al., 2011) as well as a

previously analyzed zircon in Jonzac (concordant 4.56-Ga U-Pb; Bukovanska and
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Ireland, 1993). These data allow us to confirm that the initial crystallization age of Jonzac
is within the range of other zircon ages while the Lu-Hf and Pb-Pb isochrons ages reflect

later disturbances likely due to thermal metamorphism.

5.2 Metamorphic/Thermal History

The igneous formation age of
~4.5 Ga for the eucrite parent body has
been very well established with, for
example, short-lived chronometers

(e.9., Mn-Cr; Lugmair and

Skukolyukov, 1998), by U-Pb zircon

data (Bukovanska and Ireland, 1993;

Figure 12. The back-scattered electron image of Jonzac.
(A) Classic exsolution of pyroxene lamella in relict
grains. (B) Disturbed/brecciated plagioclase grain mass.

2011; this study), by coupled *2Nd- (C) Additional brecciation fractures of pyroxene.

Misawa et al., 2005; Righter et al.,

143Nd data (Andreasen and Sharma, 2006; Boyet et al., 2010), and by Pu-Xe
(Shukolyukov and Begemann, 1996). The textures visible in SEM images (Figure 12)
match those noted in Yamaguchi et al., (1996), which indicate brecciation and
recrystallization. The relict grains of pyroxene that have gone through exsolution can be
seen in Figure 12. While the highly disturbed/brecciated grain masses throughout the
sample studied here (Figure 12). This indicates that Jonzac at one time has been part of

events to have caused metamorphism to create the observed textures, and subsequently,

37



additional events that caused further destruction and ultimately ejection from the parent

body.

The Lu-Hf and Pb-Pb ages record such metamorphic disturbance at ages between
~4.2-4.3 Ga. The metamorphic processes that would have caused these systems to have
reset would be situated between the initial igneous formation age, ~4.55 Ga, and the age
in which the HED parent body was experiencing significant bombardment perhaps
related to the late-heavy-bombardment (LHB; ~3.8-4.0 Ga; Bogard and Garrison, 2003).
The data presented here suggests that the impact processes that resulted in metamorphism
in Jonzac may have happened earlier than this interval. The study by Bogard and
Garrison (2003) defended both the resilience of the Pu-Xe ages to thermal
metamorphism, due to a greater resistance to degassing than the Ar-Ar system, and also
the U-Pb/Pb-Pb ages where analyses of zircons are concerned. Other isotope systems
such as Pb-Pb (non-zircon) and Sm-Nd provide ages where metamorphic disturbances are
being recorded. Ar-Ar ages recorded for HED meteorites are often the youngest ages

recorded, and can be attributed from impacting heating caused by bombardment.

According to Mayne et al. (2009), basaltic eucrites have exsolution temperatures
between 654 and 1034 °C. The 2-pyroxene equilibration temperature data from this
study, 755 + 81 °C, fits within the expected range. Jonzac’s temperature is on the low
end, which may indicates a slow cooling rate. Slow cooling allows for exsolution lamella
to be as abundant and thick as what is observed in Jonzac. The equilibration temperature
data indicates subsolidus equilibration (Yamaguchi et al. 1996), and approach the

equilibration temperatures observed in cumulate eucrites (e.g. Moore County, Takeda et
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al. 1983). The Yamaguchi et al. (1996) study also indicated that type 7 eucrites could
have experienced slower cooling and lower temperatures, as is evident by the remnant

Ca-zoning.

This study’s zircon data recording the igneous formation age is supported by the
calculated closure temperature for Jonzac’s zircon using the following equation from

Dodson (1973).

T, = R/[E In(AtDy/a?)] (Eq. 6)

Where R is the gas constant, E the activation energy, T the time constant (calculated using

the cooling rate), a takes into account the diffusion size, and A is a numerical constant

dependent on the parent isotope.

A cooling rate of ~20 °C/Myr for Jonzac was inferred from the study of Haraiya
by Schwartz and McCallum, (2005). Both Haraiya and Jonzac are type 7 eucrites, and as
such, have similar cooling histories resulting in similar metamorphic textures. The

resulting closure temperature for a 10 um zircon was ~900 °C.

With an approximate temperature range inferred from Haraiya of ~1000 to 700 °C
during a ~50,000 year thermal annealing period (Schwartz and McCallum, 2005), it can
be concluded that the zircon used to obtain the Concordia age for this study would not
have an affected U-Pb isotopic system. Jonzac did not spend enough time at temperatures

above 900 °C.
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Collected published isotopic ages of eucrites were turned into a histogram (see
Figure 13) as a visual summation of the thermal history of all eucrites, including Jonzac.
There is an apparent collection of formation ages around the 4.5-4.6 Ga, which is where
all nearly all ages obtained from zircons plot. There is a seemingly lower abundance of
Ar-Ar ages during the 4.1-4.4 Ga period, where Jonzac’s thermally disturbed
metamorphic ages (Pb-Pb and Lu-Hf) are plotted. Lastly, a long period of bombardment,

as represented by the large span of Ar-Ar ages during the 3.4-4.0 Ga period.
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Number

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6

B Ar-Ar B Pb-Pb [ Sm-Nd ] Rb-Sr
B U-Pb (zrc) B Pb-Pb (zrc) Pu-Xe Mn-Cr
Jonzac U-Pb Jonzac Pb-Pb Jonzac Lu-Hf

Figure 13. Histogram of eucrite age data rounded, including ages obtained in during this study. For a complete list of
ages and sources used, refer to Appendix II.

40



CHAPTER 6

Conclusion

The precedence has already been established for the study of HED meteorites.
Understanding 4-Vesta is easily within our grasp by using the same in-depth analysis
which Jonzac experienced in this study. The potential to successful acquire five ages
from multiple isotopic systems/methods, opens the door to what a single aliquot of
sample can provide. It was hypothesized that this study would have yielded significant
information about Jonzac, and that the additional petrographic research would provide

new and useful data. To that extent, this study was a success.

The undisturbed igneous formation age provided by zircon analysis is supported
by closure temperature data. The metamorphic disturbance of the Lu-Hf and Pb-Pb
systems in Jonzac help place a lower boundary for continued thermal events not related to
bombardment. Petrographic confirmation of type 7 attributes, and pyroxene exsolution

thermometry help to provide a broader view of type 7 eucrites, such as Jonzac.

It is highly encouraged, that anyone looking into studying future meteoritic
samples, to consider the complete gauntlet of dating and petrographic methods available,
and to seek out further knowledge of other material from the HED parent body. Even

with some methods failing to yield results (e.g. the Pb sample analyses on the TIMS), it
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provided new methods to be developed (e.g. the Tl removal required for Pb sample
analyses on the MC-ICP-MS). The end result of this study was not just a substantial data

set for Jonzac, but a better set of tools to utilize for future studies.
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Appendices

Appendix I — Previously Published Jonzac Data

Modal Mineral Abundances

all in (%) Opx Pig Aug Feld Sili IIm Cm Phos Troil
Delaney (1984) 25.8 16.2 10.8 447 15 05 0.3 0.1 0.2
Whole Rock Composition Data
all in (ppm) Ba Nd Yb
Ahrens (1970) 26 5.36 1.56
all in (ppm) Sc Co | Ni | Cu | Zn Ga Rb Sr Y Zr Nb Cs Ba
Barrat et al. (2000) 299 | 85| 15| 86 | 63 | 158 | 064 | 74 | 1727 | 39.01 | 3.27 | 0.020 | 304
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
242 6.42 0.984 4.86 1.60 0.579 2.15 0.399 2.73 0.621 1.76 1.72 0.268
Hf Ta w Th U
1.05 0.183 0.049 0.313 0.092
all in (ppm) K 5Rb 863y
Birck and Allegre (1978) 400 0.13 7.076
all in (ppm) Lu Hf Sm Nd
Blichert-Toft et al. (2002) 0.2628 1.264 1.666 5.098
all in (ppm) F Cl Br |
Dreibus et al. (1979) 15 51 0.021 0.01
in (ppm) S
Gibson et al. (1985) 1180
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Whole Rock Composition Data (continued)

all in (ppm) Na K Rb Cs
Mittlefehldt (1987) 3470 363 0.428 0.0147
all in (ppm) Rb Sr
Papanastassiou and Wasserburg (1969) 0.459 73.19
all in (ppm) Hf w
Quitte et al. (2000) 1.186 0.4028
Li Na K Rb Cs Ca Sr Ba

(ppm) (%) (ppm) (ppm) (ppb) (%) (ppm) (ppm)

Tera et al. (1970) 9.65 0.332 329 0.405 13.9 7.16 74.6 29.0

duplicate 9.59 0.334 324 0.405 14.6 7.15 74.1 29.1

duplicate 9.43 - 327 0.404 14.6 - 74.2 29.3

all in (108 ccSTP/g) He® He* Ne? Ar¥® Are Arto
Heymann et al. (1968) 371+18 7300 £ 400 5.00£0.25 3.82+0.20 5.29+0.27 2360 =120
duplicate 36.8+1.8 9500 £ 500 494 +0.25 411+0.20 5.67+0.30 2780 + 140
all in (ccSTP/g) 136X ep, 126X eq
Shukolyukov and Begemann (1996b) 3.27 229
all in (dpm/kg) e 7\
Aylmer et al. (1988) 25.8+26 895+ 1.4
all in (wt %) Si0, | TiO; | ALO; | Cr0s FeO MnO | MgO | CaO Na,0 | KO | P,Os
Barrat et al. (2000) - 0.72 129 0.38 20.15 0.56 7.77 10.26 0.46 - -
Stolper (1977) 49.3 0.73 12.6 0.25 18.2 0.47 6.7 10.2 0.61 - -
Urey and Craig (1953) | 4832 | 052 | 1273 | 033 | 17.76 | 028 | 742 | 1048 | 091 | 0.22 | 0.16
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Whole Rock Isotopic Ratios

176Lu/177Hf 176Hf/177Hf
(% 20/\n)
Albaréde et al. (2006) 0.0295 0.282404
Blichert-Toft et al. (2002) 0.02949 0.282404 + 4
OHF/SW + 26 BAN/BW + 26 eW
Quitte et al. (2000) 347+0.03 0.864936 + 24 22+03
147Sm/144Nd 143Nd/144Nd
( 20/4n)
Blichert-Toft et al. (2002) 0.1976 0.512647 + 13
8"Rb/%5Sr 87Sr/%6Sr
Birck and Allegre (1978) 0.01913 0.70016 + 8
Papanastassiou and Wasserburg (1969) 0.01671 0.700062
5%Fe * 20 3*Fe + 20 3%Fe + 20
Schoenberg and von Blanckenburg (2006) -0.016 + 62 -0.002 + 117 -0.05+41
SMn/%2Cr eCr
Trinquier et al. (2008) 2.14 0.65+0.10
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Appendix Il — Age List of Eucrites

Previous Published Eucrite Ages (U-Pb, Pb-Pb, Pu-Xe, and Mn-Cr)

Meteorite Type U-Pb error  Pb-Pb error Pu-Xe error  Mn-Cr error Source
A-881388 monomict 4.520 0.073 u
A-881467 monomict 4.565 0.01 4551 0.014 t,u

4.562 0.011
Béréba monomict 4.534 0016 4522 0004 4512  0.018 f,v, dd,
4498  0.016 fh
Bouvante monomict 4514 0.004 4.547 0.015 dd, hh
Cachari monomict 4.453 0.015 hh
Caldera unbrecciated 4516 0.003 kk
Camel Donga monomict 4521 0.02 dd
Chervony Kut monomict 4.538 0.019 4.5636 0.0009 r, dd
EET 79004 polymict 4527 0.05 4511 0.093 bb
EET 79006 polymict 4.446 0.25  (zircon) cc
4.523 0.12  (baddeleyite)
EET 87520 cumulate 4.420 0.020 q
Jonzac monomict 4.472 0.016 dd
Juvinas monomict 4.539 0.004 4548 0023 45625 0001 IS V. dd,
4.556 0.012 4551  0.015 9%
LEW 85300 polymict 4.450 0.024  4.486 0.037 cc
Millbillillie monomict 4522 0.016 v, dd
4.507 0.021 (coarse-grain)
4.566 0.024 (fine-grain)
Moama cumulate 4.426 0.094 hh
Moore County cumulate 4.484 0.019 hh
Nuevo Laredo monomict 4534 0.002 4.507 0.027 h, dd, hh
4514 0.015
Padvarninkai monomict 4.555 0.014 4555 0.013 4.52 0.022 u, dd
Pasamonte polymict 4573 0.011 4.576 0.019 dd, ii
PCA 82502 unbrecciated 4.559 0.025 dd
Pomozdino cumulate 4.559 0.015 dd
Serra de Magé cumulate 4.399 0.035 hh
Sioux County monomict 4.526 0.010 4.499 0.017 dd, ff
Stannern monomict 4.128 0.016 4.434 0.013 v, dd, hh
4.46 0.028
Vetluga monomict 4.479 0.022 dd
Y-75011 polymict 4.552 0.017 45501  0.0094 u
Y-792510 monomict 4.564 0.032 4545 0.018 u
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Previous Published Eucrite Ages (Ar-Ar, Sm-Nd, and Rb-Sr)

Meteorite Type Ar-Ar error Sm-Nd error Rb-Sr error Source
A-881388 monomict 4.480 0.007 454 0.15 c,z
A-881467 monomict 4.57 0.06 z
Béréba monomict 4.08 0.26 g
Binda cumulate 4.544 0.088 e
BTN 00300 unbrecciated 4.479 0.013 d
Caldera unbrecciated 4.493 0.012 4.544 0.019 c, kk
Chervony Kut monomict 4.55 0.03 jj
EET 87520 cumulate 4473 0.011 4547 0.009 c,q
EET 87548 cumulate 34 0.1 c
EET 90020 unbrecciated 4.486 0.008 4.43 0.03 c,qyll

4.489 0.013 451 0.04
EET92023 unbrecciated 3.760 0.029 d
GRA 98098 unbrecciated 4.45 0.01 c
4.49 0.02
GRO 95533 unbrecciated 3.55 0.02 c
Juvinas monomict 4.56 0.08 4.60 0.07 a,n
MET 01081 unbrecciated 3.715 0.054 d
Moama cumulate 4.48 0.01 4.594 0.079 c el
4.46 0.03
Moore County cumulate 4.25 0.03 4.456 0.025 ¢, e hh
4.542 0.085
Nagaria cumulate 3.468 0.053 d
Padvarninkai monomict 3.893 0.007 451 0.11 d, m, x
3.88 0.01 371 0.01  (melt)
38 0.01 (basalt)
Pasamonte polymict 4.58 0.12 i
PCA 82501 unbrecciated 3.778 0.016 d
PCA 92502 unbrecciated 4.506 0.009 c
Piplia Kalan brecciated 35 0.1 4.57 0.023 c |
Pomozdino cumulate 4.54 0.12 k
QUE 97014 unbrecciated 3.54 0.03 c
QUE 97053 unbrecciated 4.480 0.015 c
Serra de Magé cumulate 3.38 0.03 441 0.02 c,p
Stannern monomict 4.48 0.07 3.2 0.5 b, 0
Y-7308 unbrecciated 4.48 0.03 j
Y-75011 polymict 3.98 0.03 3.94 0.04 452 0.05 w, ee
4.55 0.14 4.56 0.05
Y-792510 monomict 34 0.16 4.34 0.06 4.26 0.62 y
3.6 0.04 457 0.09 3.26 0.24
Y-82202 monomict 3.925 0.006 (melt) d
3.950 0.026 (WR)
Y-980318 cumulate 4.567 0.024 aa
Y-980433 cumulate 4542 0.042 aa
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Sources for Eucrite Ages

[a] Allégre et al. (1975)

[ b] Birck and Allégre (1978)

[ ¢ ] Bogard and Garrison (2003)

[ d ] Bogard and Garrison (2009)

[ e] Boyet et al. (2010)

[ f] Bukovanska and Ireland (1993)
[9]1BVSP 1981

[ h] Carlson et al. (1988)

[ 1] Jacobsen and Wasserburg (1984)
[j ] Kaneoka (1981)

[ k] Karpenko et al. (1991)

[ 17 Kumar et al. (1999)

[ m] Kunz etal. (1997)

[ n] Lugmair (1974)

[ 0] Lugmair and Scheinin (1975)

[ p ] Lugmair et al. (1977)

[ g1 Lugmair et al. (1991)

[ r] Lugmair and Shukolyukov (1998)
[ s] Manhés et al. (1984)

[ t] Misawa and Yamaguchi (2001)
[u] Misawa et al. (2005)

[ v] Miuraet al. (1998)

[ w1 Nyquist et al. (1986)

[ x ] Nyquist et al. (1996)

[y 1 Nyquist et al. (1997)

[ z] Nyquist et al. (2001)

**Please Note — errors reported above vary by publication**
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[ aa] Nyquist et al. (2008)
[ bb ] Righter et al. (2011)

[ cc ] Righter et al. (2012)

[ dd ] Shukolyukov and Begemann (1996)

[ ee ] Takeda et al. (1994)

[ ff] Tatsumoto et al. (1973)

[ gg ] Tasumoto and Unruh (1975)
[ hh ]Tera et al. (1997)

[ii ] Unruh et al. (1977)

[ji ] Wadhwa and Lugmair (1995)
[ kk ] Wadhwa and Lugmair (1996)

[ 117 Yamaguchi et al. (2001)






