3

V.

For the best experience, open this PDF portfolio in
Acrobat X or Adobe Reader X, or later.

Get Adobe Reader Now!



http://www.adobe.com/go/reader


Nicole X. Nie Postdoctoral fellowship application

Description of Ph.D. Research

During my Ph.D., my research topics covered the surface processes that shaped the early
earth and early Mars, and the formation of the Moon. I use non-traditional stable isotopes as my
primary tool, combing with other interdisciplinary techniques, to investigate, interrogate and solve
complex questions in the realm of geochemistry and cosmochemistry.

In the beginning of my Ph.D., I explored the behavior of the Fe isotopic system in aqueous
Fe oxidation-precipitation processes, for a better understanding of the mechanisms responsible for
the formation of two of the most unique Fe entities involving large quantities of Fe transport:
banded iron formations (BIFs) and Martian hematite spherules (MHS). Their iron sources were
thought to be aqueous Fe(Il) from hydrothermal vents for BIFs, and leached Fe(Il) from basalts
for MHS. Ferrous iron from the sources was oxidized to Fe(Ill), and due to the much lower
solubility, Fe(IIl) precipitated to form BIFs and MHS. The oxidizing mechanism, since ancient
Earth and Mars lacked oxygenated atmospheres, had been suggested to be either bioactivity (i.e.,
oxygen produced by photosynthesis of cyanobacteria [1], [2], or anoxygenic photosynthesis of
bacteria [3]) or UV photo-oxidation [4], [5].

My study was focused on testing the possibility of UV photo-oxidation causing the
precipitation of BIFs and MHS. Definitive evidence of life on Earth during the formation of the
earliest BIFs (~3.8 Gyr) was non-existent. UV photo-oxidation mechanism, which does not
involve life, had been largely ignored in literature despite the fact that ancient Earth could have
allowed about 5 times more UV light than the present penetrate through the thin atmosphere and
oxidize the surface. I tested the UV photo-oxidation hypothesis from two aspects: (i) Is the Fe
isotope fractionation during UV photo-oxidation consistent with the isotope signature of BIFs? (ii)
Is UV photo-oxidation efficient enough to oxidize such large quantities of Fe? The latter is of great
importance for testing the photo-oxidation hypothesis for MHS, considering samples of MHS are
not available yet for isotope measurement.

To answer question (i), I designed and performed lab photo-chemical experiments to mimic
UV photo-oxidation, and measured the isotope evolution of the system. A broad-spectrum UV
lamp for mimicking the early sun was used to irradiate and oxidize aqueous Fe(II) [Fe(Il)aq] to
Fe(Ill) precipitate [Fe(Ill)ppe] under anoxic conditions. Fe(Il)aq and Fe(Ill),pc were sampled at
certain time intervals during the experiment. The samples were run through Fe chromatography
and measured for Fe isotopic compositions (8°%°4Fe) using the MC-ICP-MS in our lab. With the
isotope data, I constrained the Fe(Ill)pp-Fe(Il)aq isotope fractionation factor during UV photo-
oxidation. The factor could explain the Fe isotopic variation observed in BIFs. In addition, I
measured carefully the mass-dependent isotope fractionation law (i.e., the relationship between
£3934Fe and 8°7*Fe) of UV photo-oxidation products. The expectation was that different processes
would follow a slightly different mass dependent fractionation law (e.g., [6]). If photo-oxidation
was responsible for BIF precipitation, the photo-oxidation products and BIFs should follow the
same law. The method has not been widely used, because these measurements examining the very
small differences between two laws are very analytically challenging. Interestingly, the measured
BIF sample and the photo-oxidation run products did follow the same law. This provides further
evidence that photo-oxidation is consistent with BIF precipitation (the laws for microbial-involved
oxidations have not been measured and could not be compared with). To further test the scenario,
I collaborated with Richard Greenwood from Open University, to measure oxygen isotopes of the
UV photo-oxidation experiment products. Oxygen was known to show some peculiar isotopic
effects (mass-independent fractionation) during some processes involving UV lights (e.g., [7]-[9]).
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If photo-oxidation produces mass-independent oxygen isotope fractionation, it would not be
consistent with BIF formation, because mass-independent oxygen isotopes have not been observed
in BIFs. We did not observe mass-independent oxygen isotope fractionation in the photo-oxidation
products, substantiating that UV photo-oxidation is a possible mechanism accounting for BIF
precipitation.

To answer the question (ii), I created a mathematical model to calculate rates and
timescales for photo-oxidation of Fe in lakes with various depths. Photo-oxidation rate of Fe is a
function of many parameters, such as Fe(II) concentrations, water depths, UV wavelengths and
flux, Fe speciation, Fe molar absorptivity and quantum yield. My model aimed to be more realistic
than previous models by using more accurate values for the parameters (e.g., I used the quantum
yield determined in my experiments) and by taking into account the details that could affect the
result such as solar incident angle, the distance of Mars from the Sun, water pH change as Fe gets
oxidized, diurnal effect and so on. As a result, more realistic timescales were obtained (For
example, it would take ~40 years to oxidize the Fe(Il) in a lake with a depth of 100 m in my model
vs. 50 days obtained in previous calculations). This model suggested that photo-oxidation could
be very effective, compared with the normal lifetime of a lake and with the timescale of oxidation
by oxygen (due to the low oxygen content of Martian atmosphere, oxidizing a lake could be
extremely slow). The main conclusion of the work was that photo-oxidation was a viable oxidation
mechanism to form BIFs and MHS. This work was published in Earth and Planetary Science
Letters [10].

After studying the UV photo-oxidation mechanism, I was excited to learn more about the
detailed MHS formation processes, i.e., how was Fe transferred from the source (presumably
basalts) to eventually form hematite spherules. Since MHS were not available, I studied a
terrestrial analogue, hematite spherules and associated lithologies from Hawaii, using Fe isotopes
and elemental concentrations. I compared various types of alteration the Hawaii samples
experienced (acid-sulfate alteration, low-T and high-T hydrolytic alteration, and hydrothermal
alteration under neutral to basic condition) and found that acid-sulfate alteration was the only
process among them that could effectively leach Fe from basalts. The Fe isotope fractionation
factor during acid-sulfate alteration was constrained very precisely for the first time by looking at
rock slabs from a heterogeneously altered basalt. Furthermore, by studying the Fe isotopes of acid-
sulfate altered rocks, tephras, and individual hematite spherules, the detailed hematite formation
processes of Fe leaching, transport, mixing, precipitation and enrichment were reconstructed. The
work provides valuable insights into MHS formation, and a prospective study for the future
returned Martian samples. This work is currently in revision.

Using Fe isotopes to trace detailed geological processes is sometimes limited by our
knowledge of the equilibrium Fe isotope fractionation factors between different phases. For
example, the study above on the reconstructing of hematite formation processes suffered from the
lack of the knowledge of the exact equilibrium fractionation factors between Fe phases such as Fe
oxides. Therefore, I initiated a project to precisely constrain equilibrium Fe isotope fractionation
factors between several common rock-forming minerals (garnet, ilmenite, biotite, plagioclase and
tourmaline). Constraining equilibrium fractionation factors is fundamental in isotope geochemistry
but is far from straightforward, and studies using different methods sometimes give contradicting
results. Equilibrium fractionation factors are normally constrained using four methods: (1)
measuring natural minerals that are in isotope equilibrium at known temperatures, (ii) measuring
the isotopic compositions of lab experimental run products where two phases are allowed to
exchange isotopes to reach equilibrium, (iii) measuring the strength of the bonds in phases by
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NRIXS (Nuclear Resonant Inelastic X-ray Scattering spectroscopy), and (iv) ab-initio calculations.
Natural minerals generally involve equilibration over longer timescales, so they can more closely
approach equilibrium than phases in lab experiments, but the exact equilibration temperatures are
usually unknown (equilibrium isotope fractionation is a function of temperature). The NRIXS
method is relatively new and more studies are needed to ascertain its reliability. Ab-initio
calculations may suffer from systematic biases.

I planned my study such that accurate equilibrium fractionation factors between minerals
could be obtained, and meanwhile, the consistency among different methods could be tested. In
my study, a unique metamorphic rock (a schist) from Mt. Moosilauke was selected, because the
minerals were in chemical equilibrium and the metamorphic condition was precisely at
aluminosilicate triple point (i.e., the temperature and pressure were well known; [11]). I crushed
the rock, carefully picked the cleanest minerals individually under a microscope (which took me
about a month since minerals intergrew during the metamorphism), measured the Fe isotopic
compositions and calculated the equilibrium fractionation factors between them. To confirm that
the obtained factors reflected equilibrium isotope fractionation, I performed NRIXS measurements
at Argonne National Lab to obtain the factors independently, and also collaborated with a
colleague at U of Chicago who does ab-initio calculations to obtain the theoretical fractionation
factors. Through the comparison among the three methods, I was able to constrain very precisely
the equilibrium isotope fractionation factors that were not available before, and to test the
reliability of each method. The work is in preparation for a peer-reviewed journal, and it will be
useful for future Fe isotope studies in that it provides fundamental equilibrium isotope
fractionation data for Fe isotope interpretations and presents methods for obtaining accurate data.

Another dream of mine during my Ph.D. was to investigate the Moon formation. Although
the giant impact hypothesis is very good in explaining many features of the Moon, there remain
questions concerning the hypothesis. One of the most outstanding questions is regarding the
volatile element depletion of the Moon. The Moon is very similar to the Earth in concentrations
and isotopic compositions of refractory elements, but has very low contents of volatile elements
such as Zn, K and Rb (depletion by a factor of ~5). This volatile element depletion has been
considered to be due to volatile loss during the giant impact [12]-[14]. However, the isotopic
compositions of these volatile elements in the Moon do not match quantitatively the extents of
volatile loss based on evaporation theories, and the specific temperature and pressure conditions
under which the Moon lost its volatiles are to a large extent unconstrained. To better understand
the processes, I decided to investigate the Earth-Moon system using a novel isotopic system, Rb,
for that Rb is volatile and very sensitive to volatilization, and that it makes a good comparison
with the recently reported K isotopic system in the Earth-Moon system [13] due to the very similar
chemical behaviors of the two elements. Developing the separation and isotope measurement
method of Rb was a major challenge, and not much work had been done for Rb isotopes. Rubidium
is a trace element and behaves very similarly to K, separating it from major elements especially
from K is extremely difficult. For the past several years, in parallel with the Fe projects above, I
have been experimenting with various types of resins and performing numerous analytical tests to
determine the best way to achieve pure Rb separation. I was able to develop two methods, and
both methods yielded same results in high data quality. My methods also allow for complete K
separation from the same samples. Rubidium separation is much more painful and time-consuming
compared with chromatography for other elements, and therefore the work is still ongoing, but is
in its final stage and will be finished in one or two months.
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Directions of Future Work

The Rb isotopic system is very recent and emerging, and not much data has been reported.
Alkali metals such as K and Rb have been of great interests to scientists since very early but
studying of them has been limited by analytical techniques. For my postdoc research, I would like
to take advantage of my newly developed method, to measure correlated Rb and K isotopes (the
two elements make a unique and powerful pair) in other planetary bodies, and to compare with
that of the Earth-Moon system, for a better understanding of the universal volatile element
depletion signature among terrestrial planetary bodies (see the Research Plans). Another future
direction I am interested in pursuing is to apply the two elements to paleoclimate records, as they
are both very sensitive to weathering. The two isotopic compositions are likely to vary with
weathering intensity, and can provide insights into different geological and even biological
processes with respect to paleoenvironmental change.
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Research plans for the postdoctoral fellowship at Carnegie Institution for Science
Investigation of volatile element depletion in Vesta

Scientific background
A striking feature of the rocky planetary bodies

(e.g., Earth, Moon, Mars and Vesta) is that they are all . _"HLL{'E_

depleted in volatile elements compared with chondrites, 7 : co__ "

which are their building blocks. As shown in Fig. 1, £ N .
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elements U and Sr, respectively, show a depletion trend e Moon

of volatiles among the planetary bodies [1]. Under what 2
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The asteroid Vesta is probably the best place to 5

investigate the phenomenon. It has been considered to be 8 ;

the best representative of a rocky proto-planet (e.g., [2]). 0001 _Angrites P

It accreted and differentiated at the very beginning of the T E—

solar system formation. Age constrains from short-lived K/U (normalized to Cl chondrites)

. : 26Al 26 60Ca G6ONI: 53 Fig. 1. Cl chondrite normalized Rb/Sr vs.
SOtOpIC Systemlzz AIIBZMg [3]-[5], *"Fe-—""Ni [6], >*Mn- K/gl]J ratios showing volatile depletion in

Cr [7] and “*Hi-"*W [8]-{10] suggest that Vesta planetary bodies. Modified from [1]
formed and differentiated within the first several million ' '
years after CAl formation (the time zero of solar system). Differentiated bodies like Vesta are
considered to be the components that larger terrestrial planets predominantly accreted from (e.g.,
[11], [12]). Vesta is also one of the most volatile depleted objects, more depleted than Mars and
the Earth-Moon system (Fig. 1). The antiquity and the highly volatile depletion feature of Vesta
allow one to probe the origin and the evolution of volatile elements in planetary bodies (Angrites
are a very good candidate, as shown in Fig.1, but their volatile depletion is too extreme to be
studied using the proposed method below. Besides, they are very rare compared to meteorites from
Vesta, which are ~60 % of all achondrites [13]).

For my postdoctoral research, | intend to investigate the volatile depletion processes that
occurred on Vesta, to allow better understanding of the reasons for the volatile depletion feature
of rocky planetary bodies. To tackle this, | propose to use isotope tracers to assess the conditions
that could have potentially led to the volatile depletion. Isotope tracers are very powerful in
reconstructing geological processes, and there are more and more emerging isotopic systems
showing great potential [14]. | will focus on two most recent and novel isotopic systems, K and
Rb, to measure their isotopic compositions in HED (Howardite—Eucrite-Diogenite) meteorites,
which are thought to be sourced from Vesta [15]-[18]. The reasoning behind choosing to
investigate these two elements are that they are both volatile, and are therefore the most suitable
for studying volatilization processes. In addition, they are both alkali metals and have very similar
chemical behaviors (i.e., following each other closely in many processes), but are contrasting in
mass. During volatilization, this mass difference would translate to different extents of isotope
fractionation, and the slope of the two isotope fractionations would be very diagnostic in
differentiating evaporation kinetics (e.g., equilibrium vs. kinetic processes). Combining the two
elements together would present a unique and powerful tool in examining the volatilization
conditions in fine detail, which would be difficult by looking at just one isotopic system.
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Another intriguing feature of Vesta is that in addition to the depletion in K and Rb, the ratio
of the two elements (K/RDb) is quite different from that of other planetary bodies. It can be seen
from Fig. 1 that Vesta deviates a lot from the 1:1 line that other planetary bodies follow (U/Sr ratio
is more or less constant for these bodies here, and it is the change in K/Rb ratio that causes the
deviation from the line). This is quite surprising, because theoretically, the two elements should
track each other closely in magmatic processes, since they have quite similar chemical behaviors.
Volatility difference between K and Rb would not likely cause such a large fractionation (note that
the Moon is depleted to a similar extent but its K/Rb ratio is not much fractionated). One possibility
is that the ratio is controlled by mineral crystallization during magmatic differentiation (i.e., the
measured K/Rb ratios in HEDs are not fully representative of bulk VVesta). Fractionation of K from
Rb have been observed in plagioclase (e.g., [19]), which is a major phase in HED meteorites.
Therefore, in addition to K and Rb isotope measurements, | intend to also perform lab petrology
experiments to investigate the elemental partition and isotope fractionation of K and Rb during
magmatic differentiation of mafic compositions relevant to Vesta. This experimental study will
tease out the contribution of magmatic differentiation to the volatile depletion signature of Vesta.

Specific hypotheses to test

The low abundances of volatile, alkali elements K and Rb, and the very fractionated K/Rb
ratio in HED meteorites were noticed very early, pointed out first in 1960 [20]. The hypotheses
that have been proposed since then to explain the depletion can be classified as three types: (i)
incomplete condensation of elements in Vesta's building blocks [21], (ii) core formation of Vesta
leading to partition of volatile elements into the core [22]-[24], and (iii) partial vaporization
processes through magma eruption [25], magma outgassing during crystallization [26], or Vesta’s
early magma ocean [27], [28].

The three hypotheses can be effectively differentiated using isotopic compositions of
volatile elements such as K and Rb as outlined below. (i) For incomplete condensation, the theory
of evaporation condensation predicts that the condensates would be enriched in light isotopes in a
kinetic condensation regime [29]. Therefore, if incomplete condensation is primarily responsible
for volatile element depletion, Vesta should have light bulk isotopic compositions compared with
chondrites. (ii) Core formation in Vesta featured high temperatures (> 1500 K; [23], [24], [30]),
under which the isotope fractionation theory predicts negligible equilibrium isotope fractionation
between the core and the mantle. Therefore, core formation would not change much the isotopic
composition of the silicate portion of Vesta, and Vesta should have similar isotopic compositions
to the building block chondrites. (iii) Partial vaporization processes, based on evaporation theories
[29], would most likely leave a heavy isotopic signature in Vesta since light isotopes are expected
to be preferentially evaporated away due to Kinetic isotope fractionation.

Potassium and Rb isotope data are still very rare, due to the analytic challenges associated
with their measurement. Humayun and Clayton (1995) measured K isotopic compositions among
planetary bodies but the precision was not high enough to distinguish any differences among them
[31]. Tian et al. (2018) reported, in abstract form, some K isotope data with enough precision to
observe heavy K isotopic compositions of HEDs compared with chondrites [28], and much larger
K isotopic variation of HEDs (~0.6 %.) compared with that of terrestrial igneous rocks (~0.1 %o).
For Rb isotopes, only two data points of HEDs have been reported [32]. The two values are both
heavier than chondrites but are quite contrasting from each other (a difference of ~1 %o). It is not
clear which value is representative of the bulk Rb isotopic composition of Vesta and if the two
values reflect the range of isotopic variations of HEDs.
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Taken at face value, the reported heavy K and Rb isotopic compositions of HEDs are more
consistent with the last scenario stated above, i.e., (iii) partial vaporization. However, it remains
unknown, considering the large variation of reported K isotopic compositions among HEDs and
very few Rb isotope data, the bulk K and Rb isotopic compositions of Vesta. More data is required,
especially for Rb isotopes. Whether the reported large isotopic variation of K could be due to or
partly due to magmatic differentiation and mineralogical control needs to be examined. It has been
suggested that a high K/Rb elemental ratio in mafic rocks could be largely controlled by their
plagioclase [19]. This could be the reason why HEDs have a fractionated, high K/Rb ratio (Fig. 1),
considering abundant plagioclase in HEDs (especially in eucrites). It is also likely that some
isotope fractionation could have occurred along with the elemental fractionation, causing isotopic
variations in HEDs. To test this, I will perform lab experiments to check the effect of plagioclase
crystallization on K and Rb contents and isotopic compositions in mafic rocks. The bulk isotopic
compositions of Vesta will be established after teasing out the effect of plagioclase crystallization,
and it will provide a baseline to differentiate the proposed scenarios. If partial vaporization is
responsible for the volatile depletion, the further question would be to distinguish/disentangle the
processes and conditions that could have caused the partial vaporization (i.e., large-scale magma
ocean or relatively local-scale magma eruption/degassing). This will be done by examining the
concentrations and correlated isotopic compositions of K and Rb in individual HEDs carefully,
comparing them with that of the bulk Vesta and with evaporation theories.

Methods

Measuring K and Rb isotopes is still a major analytical challenge in the field, resulting in
only a few isotope data. The main difficulty for K is in MC-ICPMS analysis, due to the isobaric
interference of Ar, which is the main sample introduction gas. For Rb, it is a trace element, and a
clean separation of it from matrix elements especially K is quite challenging due to the very similar
chemical behaviors of the two elements. Nonetheless, my Ph.D. training at the University of
Chicago has prepared me for the work. | spent three years developing a Rb purification and isotope
measurement method, for investigating the formation of the Moon. The method allows separation
of both clean Rb and K from a same sample (in comparison, a test on the Rb separation method in
a recent paper [32] showed an insufficient separation of the two elements) and worked very well
on terrestrial and lunar samples. For the period of my postdoctoral study, | would like to apply the
newly developed method to Vesta, measuring Rb and K isotopic compositions of HED meteorites
(measuring HEDs is more challenging than measuring the Earth-Moon system since they are more
depleted, but is doable). For the study, only HED “falls” will be used because the “finds”
experienced terrestrial weathering under which K and Rb isotopes could have been fractionated
(the two elements are very sensitive to fractionation during weathering). There are 62 HED “falls”
in total (35 Eucrites, 16 Howardites and 11 Diogenites), and 20 representative samples (12 Eucrites,
4 Howardites and 4 Diogenites) will be measured for the study. I currently have 10 Eucrites and 1
Diogenite, and the rests will be obtained by requesting from Field, Smithsonian and other museums.

For lab experiments, | will start with plagioclase crystallization experiments, analyzing K
and Rb concentrations and isotopes in the experimental plagioclases and glasses to constrain the
equilibrium fractionation between the two phases. The merits of performing lab experiments,
rather than measuring natural plagioclase, are that crystallization conditions (composition,
temperature, oxygen fugacity etc.) can be controlled, and one can also use elevated concentrations
of K and Rb for starting materials to facilitate isotope measurements. More experiments (i.e.,
crystallization and investigation of the effects of other phases) can be conducted if the plagioclase
experiments are successful.
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