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ABSTRACT

Most meteorites are fragments from main-belt asteroids and contain extremely
primitive materials that have preserved a compositional record of the early Solar System.
After the formation of their parent bodies, carbonaceous chondrites experienced secondary
modification from thermal metamorphism and/or aqueous alteration. Secondary processing
likely influenced the synthesis and/or final composition of organic compounds in parent
bodies; thus, these effects may be elucidated from the study of different meteorites.
Although the role of aqueous alteration has been investigated for a few specific classes of
compounds (such as amino acids), the effect of aqueous alteration on the full inventory of
organic compounds in carbonaceous chondrites is still poorly understood.

I investigated the nature of soluble organic compounds in a full range of aqueously
altered CM chondrites by electrospray ionization ultrahigh resolution orbitrap mass
spectrometry. | determined that soluble organic composition was relatively consistent in
CM chondrites despite varying degrees of aqueous alteration on the parent body/bodies;
however, additional thermal metamorphism did show an extreme depletion in the organics
identified. Additionally, I estimated the degree of aqueous alteration for CM chondrites
that did not have a numerical degree of aqueous alteration via comparison of identified
organics (although these estimates would need further verification). Finally, | observed that
the position of the phyllosilicate-bound hydroxyl band in reflectance IR spectra of
meteorites is related to the degree of aqueous alteration in meteorites. Organic-rich

meteorites exhibited a maximum IR absorbance between 2.70 and 2.85 microns for the

Vi



phyllosilicate-bound hydroxyl band. This research has the potential to influence asteroid
sample return missions, such as the current NASA OSIRIS-REx mission, by providing a

more informative and accurate correlation of sample site to organic composition.
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CHAPTER ONE: BACKGROUND

Most meteorites are fragments from main-belt asteroids and contain extremely
primitive materials that have preserved a compositional record of the early Solar System.?
Carbonaceous chondrites are a class of carbon-rich meteorites that are composed primarily
of fine-grained matrix, chondrules, and refractory inclusions.? There are nine known
groups of carbonaceous chondrites: CM, CI, CV, CR, CH, CB, CK, CO, and C-ungrouped,
each categorized based on bulk chemical and mineralogical composition.

Several groups of carbonaceous chondrites are known to contain organic
compounds, which can be divided into two main types: soluble organic matter (SOM) and
insoluble organic matter (IOM).}34 SOM comprises small (low molecular weight) organic
compounds that can be extracted with typical aqueous and organic solvents. The
carbonaceous chondrite group that contains the highest molecular complexity in the SOM
is most likely CM chondrites, which may contain over a million different compounds based
on the work of Schmitt-Kopplin et al.>® Tens of thousands of unique molecular formulas
representing four different general molecular classes (CHO, CHNO, CHOS, and CHNOS)
were identified in the Murchison meteorite using Fourier-transform ion cyclotron
resonance mass spectrometry.®

After the formation of their parent bodies, carbonaceous chondrites experienced
secondary modification from thermal metamorphism and/or aqueous alteration. Thermal

metamorphism was caused by various heating events, such as shockwave heating (impact-



associated), gravitational compression, and radioactive decay, and resulted in anhydrous
minerals.>” Aqueous alteration was caused by reactions with water and resulted in hydrous
minerals. When assessing the extent of secondary processing, there is a petrographic scale
from 1-6, where types 1-2 represent meteorites that have experienced different degrees of
aqueous alteration (1 being most aqueously altered) and types 3-6 reflect thermal
metamorphism (6 being the most thermally metamorphosed).” Furthermore, multiple
research groups have developed diagnostic techniques to more finely assess the aqueous
alteration scale such as the work by Browning et al., Rubin et al., and Alexander et al.2°
For example, Alexander et al. identified that aqueous altered meteorites could be easily
classified based on the degree of hydration (wt.% H in water and OH). This scale ranges
from 1.0 - 3.0 using 0.1 increments, and goes beyond assigning CM chondrites to simply
CM1 or CM2 subgroups.?

Secondary processing likely influenced the synthesis and/or final composition of
organic compounds in parent bodies; thus, these effects may be elucidated from the study
of different meteorites. The effect of aqueous alteration on specific classes of organic
compounds has been documented, such as the work by Glavin et al. where they determined
that amino acid abundances were lower in the more-aqueously altered CM1 chondrites
compared to CM2 chondrites.!! Furthermore, these authors hypothesized that enantiomeric
enrichment of L-isovaline and other a-dialkyl amino acids were due to aqueous alteration
on the parent body.!! Although the role of aqueous alteration has been investigated for a
few specific classes of compounds (such as amino acids), the effect of aqueous alteration
on the full inventory of organic compounds in carbonaceous chondrites is still poorly

understood.!? For example, how does the soluble organic composition in CM chondrites



change with increasing aqueous alteration? Are there any soluble organics that are common
to all CM chondrites regardless of the degree of aqueous alteration? Do CM chondrites that
have experienced very similar degrees of aqueous alteration have the same distribution and
abundance of soluble organic compounds?

In this thesis, | investigated the nature of soluble organic compounds in a full range
of aqueously altered CM chondrites by electrospray ionization ultrahigh resolution orbitrap
mass spectrometry. ESI is a soft ionization technique suitable for more polar molecules
(such as compounds containing N, S, and O), and results in little to no fragmentation.t3-2°
Thus, mass peaks in an ESI mass spectrum usually represent parent ions. In positive ion
mode, ESI generates positive ions of basic compounds by protonation ([M+H]*) and/or by
adduct formation (e.g., [M+Na]*, [M+K]*).1¢%" The generation of molecular formulas from
accurate mass measurements is tied to both the accuracy of the mass spectrometer as well
as its mass resolution. Mass resolution is the ability to separate two peaks in the mass
spectrum and is defined as m/Am (at full-width at half-maximum). The orbitrap mass
spectrometer is capable of ultrahigh mass resolution with a resolving power of 140,000 at
m/z 200. For highly complex samples, ultrahigh resolution is required for resolving
different mass peaks and to enable accurate mass measurements. While the orbitrap mass
spectrometers cannot capture the level of molecular information compared to Fourier-
transform ion cyclotron resonance mass spectrometers, the orbitrap is still very capable for
the analysis of highly complex natural samples and sufficient for determination of unique
molecular formulas of organic compounds with masses <600 Da.® A single mass spectrum
at ultrahigh mass resolution provides tremendous amount of molecular-level information

regarding the soluble organic composition of meteorites. Since ESI-MS response of



analytes are determined by multiple factors (not just solution concentration), abundances
could not be determined in this thesis because it would require a seemingly endless supply
of reference standard (the vast majority are not commercially available). Instead, | used
data processing software to understand how the composition of soluble organic compounds
changes with increasing aqueous alteration (and added thermal alteration in some
meteorites). In this thesis, | used the scale by Alexander et al. to assess the degree of
alteration in meteorites.*°

Kendrick mass defect (KMD) analysis was used to help visualize and simplify the
data produced. First, the experimental mass is converted to a Kendrick mass, see Eq. 1. In
this work, CH2 was used to produce Kendrick mass values by multiplying the experimental
mass by the nominal mass of CH, (14.00000) and dividing by the exact mass of CH>

(14.01565). 1920

[14.00000]
14.01565

KM = massexperimental X 1)
where KM is the Kendrick mass. Subtracting the Kendrick mass from the nominal (integer)
Kendrick mass produces a Kendrick mass defect, Eq. 2, which is identical for all
compounds of identical heteroatom content and double bond equivalents.
KMD = KMnominal — KM (2)

A typical plot has the bounds KMD vs. Kendrick Mass (KMnominal), Where data points that
fall into a horizontal line would be identified as belonging to a homologous series (in this
case, increasing in alkylation).

It is important to point out that the terrestrial locations that carbonaceous chondrites

can be found vary wildly in climate, and thus the amount of terrestrial contamination that

they are exposed to varies as well. All of the meteorites analyzed in this thesis were



collected from Antarctica, as these samples have shown to be the least contaminated.?
Lastly, it must be noted that while the majority of samples analyzed in this study were CM
chondrites, each meteorite has experienced terrestrial weathering. The weathering grade of
each meteorite is listed in Table 1 and details the amount of rust and/or evaporate minerals
present, which are indicators of terrestrial weathering. Data on meteoritic organic
compounds was cross-checked with the weathering grade to ensure trends established in
this work were not due to terrestrial weathering effects.
Asteroid Sample Return

While the study of meteorites provides some insight into the nature and distribution
of organic material in asteroids, collection of uncontaminated material through direct
sampling of asteroids would be more advantageous. The Origins, Spectral Interpretation,
Resource Identification, and Security-Regolith Explorer (OSIRIS-REX) is NASA'’s first
asteroid sample return mission, which aims to retrieve a surface sample directly from
Bennu, an asteroid believed to be rich in organic material.?? From previous Earth-based
reflectance spectra, Bennu has been classified as a B-type asteroid and thought to be similar
to Cl and CM chondrites, indicating aqueous alteration was likely.?3-25

Following a brief period of orbit, the spacecraft will obtain IR spectra of the surface
using the OSIRIS-REXx Visible and Infrared Spectrometer (OVIRS) with the purpose of
assisting in the selection of an ideal sampling site on Bennu.?’ Special attention will be
focused on the 2.9 - 3.6 um spectral region, which corresponds to an IR range involved
with vibrational excitations of organic molecules; however, only very limited information
regarding organic composition can be gathered from these measurements. From reflectance

IR spectra of carbonaceous chondrites, the IR band at 3.4 pm (2941 cm™; sp® C-H



stretching vibration) is typically used to indicate the presence of alkyl-organic compounds;
however, it is often weak and does not inform on the complex distribution of soluble
organic compounds in carbonaceous chondrites.

Alternatively, there is a strong IR band between 2.7 - 3.0 um (3704 - 3333 cm™?)
that represents the phyllosilicate-bound hydroxyl groups.?22° We hypothesize that this IR
band between 2.7 - 3.0 um in the reflectance IR spectra of carbonaceous chondrites can be
used to predict the relative abundance and type of organics present if there is a relationship
between IR bands and the extent of aqueous alteration based on the scale of Alexander et
al. Otherwise, we postulate that once OVIRS spectra of Bennu regolith can be fitted to the
most spectrally similar chondritic meteorite samples, we can provide molecular-level data
of Bennu analogs assuming they are among the meteorites analyzed in this thesis. These
data may greatly assist in the selection of a sample site(s) that has the highest science return
for the OSIRIS-REX mission as well as other future asteroid sample return missions.
Furthermore, this characterization technique could be used to provide detailed information
in extraterrestrial small bodies, specifically regarding their SOM inventory, without the
need for sample recovery, leading to a very efficacious diagnostic tool for assessing

potential organic delivery.



CHAPTER TWO: EXPERIMENTAL

2.1 Sample Handling/Meteorites Preparation

All sample handling tools (e.g. mortars, pestles, aluminum foil) and glassware were
heated in an oven held at 500 °C for ~24 hours to remove any organic contamination.
Meteorite samples were removed from their sample containers, photographed with an
optical microscope, and then powdered with a ceramic mortar and pestle. Sample masses
were weighed by difference using a Mettler Toledo XS64 analytical balance into baked-
out ampules (2 mL). The meteorites analyzed in this study are listed in Table 1 with their
name (three-letter prefix shown, which abbreviates the geographic location from where the
meteorite was recovered), designation regarding the specific fragment obtained,
classification, and weathering grade.

2.2 Testing Sample Extraction Methods

Formic Acid Extraction with Desalting

The first method of sample preparation involved an extraction of the meteorite
sample (100 mg + 1 mg) with formic acid (1 mL, 98+%) in a flame-sealed ampule. The
samples were then placed in an oven at 100 °C for 24 hours. Once cooled, the ampules were
placed in sterile centrifuge tubes (15 mL) and centrifuged for 10 minutes. To open the
ampules, the bottom portion of the ampules were frozen in liquid nitrogen and broken using
ampule openers (Fisherbrand SafeSnap). Once thawed, ampules were placed in new, sterile

centrifuge tubes (15 mL) and re-centrifuged. The supernatant was transferred with a pipette



to a tared and baked out test tube (13 mm). Solids that were left in the ampule were rinsed
with 1 mL of formic acid, vortex-mixed, re-centrifuged, and the resulting supernatant was
combined. This rinsing procedure was carried out twice to ensure the majority of soluble
organic material that was extracted was transferred into the test tube. The sample extracts
(now ~3 mL each) were placed in a vacuum centrifuge and dried overnight at room
temperature to completely remove solvent.

For each sample, the dried residue was then reconstituted in 1% trifluoroacetic acid
in water (300 uL) to desalt the samples prior to analysis, following instructions provided
by Pierce for C18 pipette tip desalting. Next, the 100 uL C18 pipette tip was prepared by
rinsing with 50:50 acetonitrile:water (100 uL, twice), followed by 0.1% TFA in water (100
uL, twice). The sample was then aspirated 30 times. The tip was rinsed with 0.1% TFA/5%
acetonitrile (100 uL, twice) and the sample was eluted with 3-sequential, 100 uL rinses of
0.1% formic acid with varying acetonitrile:water concentrations of 50:50, 75:25, and 95:5,
respectively. The resulting eluent was analyzed by ultrahigh resolution mass spectrometry
in ESI (+) mode.

Formic Acid Extraction Without Desalting

One meteorite sample was also prepared without the desalting procedure. From the
dried residue stage, the sample was reconstituted in 0.1% formic acid with varying
acetonitrile:water concentrations of 50:50, 75:25, and 95:5, respectively (100 uL each, 300
pL total) to mimic the final solvent concentration from the desalting procedure above. The
resulting solution was vortex-mixed and sonicated, transferred to an Eppendorf tube (2 mL)
and centrifuged. A biphasic mixture was produced, where the top layer was a clear, yellow

and the bottom layer was a cloudy, orange/brown (the latter subsequently clogged the ESI



infusion line). This was hypothesized as being due to excess salts being present after
producing the dried residue, where the polarity of the solutions used for reconstitution led
to a separation of layers. Both layers were analyzed separately by ultrahigh resolution mass
spectrometry in ESI (+) mode.

Methanol Extraction

A simpler and faster approach was taken using less meteorite sample (50 mg +1
mg) and methanol (500 pL, Optima® LC/MS) as the extraction solvent. Additionally,
methanol was shown by Schmitt-Kopplin to extract more soluble organics than any of the
following solvents: ethanol, water, DMSO, acetonitrile, chloroform, and toluene.®> Once
added to an ampule, the samples were flame-sealed and heated in an oven at 100 °C for 24
hours. The ampules were opened and the sample was transferred with a Pasteur pipette to
a 2-mL Eppendorf tube. Much of the original solid powder was transferred as well, so the
samples were centrifuged and transferred again to a new 2-mL Eppendorf tube. This
resulting solution was directly analyzed by ultrahigh resolution mass spectrometry in both
ESI (+) and ESI (-) modes. This extraction method was selected and applied to all meteorite

samples in our study.
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Table 1: All 35 Meteorites Investigated in This Thesis

Name Specific Parent Classification ~ Weathering”
ALH 83100 272 33 CM1/2 Be
ALH 84029 64 30 CM2 Ae
ALH 84033 41 9 CM2 Ae
ALH 84034 34 25 CM2 A
ALH 84042 25 19 CM2 A
ALH 84044 33 13 CM2 Ae
ALH 85013 65 23 CM2 A
DOM 03183 25 15 CM2 B
DOM 08003 14 9 CM2 B
EET 83355 39 9 C2 ungrouped A/B
EET 87522 46 3 CM2 Be
EET 96016 16 0 CM2 Be
EET 96029 78 68 CM2 A/B
GRO 95566 36 11 CM (anomalous) A/Be
LAP 02333 24 16 CM2 B
LEW 85311 74 24 CM (anomalous) Be
LEW 85332 66 12 C3 ungrouped B/C
LEW 87022 39 5 CM2 B
LEW 87148 25 0 CM2 Ae
LEW 88001 23 3 CM2 Ce
LEW 90500 79 2 CM2 B
LON 94101 107 8 CM2 Be
MAC 87300 80 27 C ungrouped B
MAC 88100 55 46 CM2 Be
MAC 88107 67 8 C ungrouped Be
MAC 88176 23 10 CM2 Be
MET 01070 48 0 CM1 Be
MIL 07700 37 28 CM2 A
PCA 02012 25 3 CM2 B
PCA 91008 46 40 CM (anomalous) B
QUE 97990 54 0 CM2 Be
QUE 99038 28 20 CM (anomalous) A/B
SCO 06043 25 0 CM1 B/Ce
TIL 91722 13 0 CM2 B/Ce
WIS 91600 61 59 CM (anomalous) A/Be

“Weathering information obtained from Antarctic Meteorite Classification Database on
NASA Johnson Space Center’s curation website and is described as follows. A: Minor
rustiness; rust haloes on metal particles and rust stains along fractures are minor. B:
Moderate rustiness; large rust haloes occur on metal particles and rust stains on internal
fractures are extensive. C: Severe rustiness; metal particles have been mostly stained by
rust throughout. e: Evaporate minerals visible to the naked eye.
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2.3 Mass Spectrometry Parameters

The orbitrap mass spectrometer used in this study is ideal for an analysis of complex
organic samples, such as those presented here. The instrument generates an electric field
between an inner and outer electrode that acts on the incoming ionized molecules
differently based on each ion’s generated electric field, which is dependent on the mass of
each ion. The movement of charged species generates an image current that is detected and
Fourier-transformed into a resulting m/z value. The benefits to this specific mass analyzer
are due to both a high mass resolution and mass accuracy at which m/z values are
detected.®® A highly-resolved mass spectrum allows for peaks very close in m/z to be
distinguished as individual peaks and high mass accuracy allows for near-exact
identification of a peak’s m/z value. The latter is essential to this analysis because
molecular formulas can be calculated for peaks solely based on m/z values, assuming a
mass spectrometer (like the orbitrap used here) can provide such detailed information.

Samples were analyzed using direct infusion at 10 uL/min into a Thermo Scientific
Exactive Plus Orbitrap mass spectrometer equipped with an electrospray ionization source.
A Pierce LTQ Velos ESI Positive lon Calibration Solution was used to calibrate the
instrument in ESI (+) mode, which resulted in mass error routinely below 1 ppm. Similarly,
a Pierce ESI Negative lon Calibration Solution was used prior to ESI (-) analyses, where
mass error was usually below 2 ppm. Typical parameters for the mass spectrometer are

shown in Table 2.
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Table 2: Orbitrap Instrument Parameters
Parameter ESI (+) ESI (-)
Scan range m/z 100-600 m/z 100-600
Resolution 140,000 140,000
Sheath gas flow rate 6-8 psi 10 psi
Aux gas flow rate 0 psi 1-2 psi
Spray voltage 2.80 kV 2.30 kV
Capillary temp. 240 °C 240 °C
S-lens RF level 50 50
Aux gas heater temp. 30°C 30°C

The syringe and infusion line were initially rinsed with 500 uL of methanol,
followed by 500 uL of 1:1 MeOH:H20. The ESI (+) samples were analyzed twice to ensure
reliability in data replication; ESI (-) samples were analyzed once due to limited remaining
sample volume. Both the spray cone and stainless steel ion transfer capillary were cleaned
between the analysis of ESI (+) and ESI (-), using a sonication procedure in methanol, 1:1
MeOH:H20, and water, sequentially, for 20 minutes per solution. While collecting mass
spectra for ESI (+), the first run for each sample was compiled of 1,000 scans/sample and
the second run averaged 500 scans/sample. ESI (-) used an average of 500 scans/sample.

2.4 Data Analysis

Data analysis was performed using software designed for petroleomics. For both
ESI (+) and ESI (-) spectra, the mass accuracy was set at 2 ppm with a minimum abundance
threshold of 0.02% of the base peak from m/z 100-600. A double bond equivalent (DBE)
limit was set from 0-40 and four passes were made to identify molecular classes; the
possible elements were increased as described in Table 3 with each sequential pass. For
Orbitrap mass spectra, generally a constant peak width of 0.005 Da is appropriate. Also,
mass spectra were collected for a procedural blank (methanol) in ESI (+) and ESI (-),

respectively, and were used to background subtract from the sample spectra.
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Table 3: Elements used for series identification, in the order they were applied
Pass 1 2 3 4
C 0-200 0-200 0-200 0-200
H 0-1000 0-1000 0-1000 0-1000
@) - 0-20 - 0-20
N - - 0-20 0-20
S - - - 0-5

The software uses mass accuracy in two ways: first, when calculating de novo
compositions used to initiate assignment of a new class and second, when extending the de
novo assignments by CH> and H> differences. In the first case, only those compositions
within +/- the ppm tolerance of the target peak are allowed, and in the second case, any
peak considered for matching by series extension must be within +/- the ppm tolerance of
the "anchor" peak from which the extension is being tried. The maximum de novo mass
used for identifying molecular classes was set at 250 m/z. A peak can have only one
monoisotopic species assigned to it, but it could have more than one higher isotopic species
assigned, which attempts to account for the fact that with higher isotopes, it is possible to
have multiple unresolved peaks that appear as one when centroided. The software’s
algorithm relaxes the one assignment per peak rule and allows a peak to be assigned to
more than one non-monoisotopic composition, which can also lead to the total assigned
abundance to sum to more than 100% if there are a lot of these multiple assignments.

The percentage is calculated by summing the abundances of the assignments at that
level (Class or DBE) and dividing by the total assigned abundance. It is also important to
note that percentages are completely non-quantitative since they are based on abundance
only and do not take into account differences in ionization or detection efficiency based on
composition or m/z. Additionally, when the resulting molecular formulas are compared by

percentage this does not represent the abundance of these compounds within the meteorite
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sample. This is due to variations in ionization efficiency as some compounds are more
likely to become charged (and thus detectable) than others. However, comparing the same
classes of compounds across different meteorites gives more information regarding relative
abundance, as it can be assumed that identical compounds in different meteorite samples
will still have identical ionization efficiency.

Ultrahigh resolution orbitrap mass spectra revealed the presence of numerous
homologous series of molecules, which were identifiable by regular intervals between
peaks that correspond to —CH>— groups (alkylation). In addition, regular intervals between

peaks differing in degree of saturation (H2) were also commonly observed.
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CHAPTER THREE: RESULTS

Both positive ion and negative ion ultrahigh resolution mass spectra were acquired
for methanol extracts of 35 different meteorite samples. In this thesis, only positive ion
data will be discussed. Figure 1 shows mass spectra from four different meteorite samples,
which are representative of meteorites that experienced varying degrees of aqueous
alteration and in one case, additional thermal alteration. These mass spectra were produced
by including only compounds assigned to molecular formulas using the petroleomics
software and, therefore, do not show all of the peaks actually measured in the originally
acquired mass spectrum. The resulting mass spectra are still complex. For example, 1,138
molecular formulas were identified for TIL 91722, 1,452 molecular formulas were
identified for LAP 02333, and 859 molecular formulas were identified for MET 01070,
which are aqueously altered meteorites. For meteorites that have experienced additional
thermal metamorphism, the number of identified organics was greatly reduced; for
example, only 72 molecular formulas were identified in ALH 84033. As aqueous alteration
increases from TIL 91722 (1.9) to MET 01070 (1.2), the centroid of the mass spectrum

shifts from near m/z 200 to just below m/z 300.
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01070, 1.2. The three-letter, five-number code identifies the meteorite analyzed,
where the number following is linked to the aqueous alteration experienced by the
sample, identified from Alexander et al. (2012).
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For aqueously altered CM chondrites, a closer examination of the ultrahigh
resolution mass spectra reveal the presence of numerous distinct homologous series of
compounds, which can be defined according to “class” (i.e. numbers of heteroatoms),
“type” (i.e. number of double bond equivalents; mass spacing of ~2 Da indicating change
in degree of saturation) and “carbon distribution” (repeating mass spacing pattern of ~14
Da for (-CHz-)n groups). To illustrate an example, Figure 2 shows all compounds
belonging to all of the identified series in TIL 91722, all compounds belonging to the
CxHyN, series across all DBE, and also shows one homologous series of the same class and
same type, but different carbon distribution (repeating mass spacing pattern of ~14 Da).
The molecular complexity and variation in class, type, and carbon distribution is
reminiscent of humic/fulvic acid and petroleum, the latter typically containing numerous
organic compounds with a single nitrogen atom, however, molecular diversity within and
across chemical classes is generally accepted as evidence of extraterrestrial/meteoritic
chemistry.31:32

Across a majority of the meteorites, 10 molecular classes of interest were identified.
In Table 4, each box reports a percentage for a specific molecular class, which was
calculated by summing the intensity of detected molecular formulas belonging a specific
class and dividing by the intensity of all identified molecular formulas. These 10 molecular
classes composed ~87% of all organics identified in meteorite samples (excluding the
thermally-altered meteorites, which lacked a large portion of organics compared to
aqueously altered meteorites). Within the CxHyN class of compounds, the percentage
appeared to increase with meteorites that have experienced greater degrees of aqueous

alteration.
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(increase of CH2 units).
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Interestingly, it may be possible to use CxHyN and CxHyN2 percentages as a method
to identify whether meteorites have undergone thermal metamorphism and/or the extent of
aqueous alteration based on trends observed in our set of 35 meteorites. For example, MAC
88100 was given an aqueous alteration value of 1.8, indicating it is less aqueous altered.
Through our analysis of this sample, it was found that both CxHyN % and CxHyN2> % were
both 0%. This would suggest that MAC 88100 has undergone some sort of late-stage
thermal alteration, such as shockwave heating. Conversely, DOM 03183 has an aqueous
alteration value of 1.6 and was previously thought to have possibly experienced thermal
metamorphism, however based on its CxHyN % and CxHyN2 % of 61.38% and 16.90%,
respectively, would indicate that the meteorite likely hasn’t experienced any significant
heating event.

For meteorites listed below DOM 08003 (1.1) in Table 4, Alexander et al. had not
identified a numerical degree of aqueous alteration associated with these meteorites, but
based on our observations of molecular class %, we would classify these meteorites as
thermally altered (2.0 or higher) with the exception of LEW 85332. LEW 85332 was
observed to be similar in organic composition to LEW 88001, possibly indicating
similarities to a value of 1.6. All other molecular classes seem fairly independent of

aqueous alteration and remain in a consistent range.
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Table 4: Meteorite series heatmap. This table correlates all meteorites
analyzed (rows) with the 10 most detected heteroatom classes (columns).

CHHR= N N, NsO Ns NO | NO; | NeO, | Os | NO | NOg

EET 83355 (2.4) 9.91

MIL 07700 (2.2) 2152 13.30
ALH 84033 (2.1) 5.04 7.66

EET 87522 (2.0) 14.72

PCA 91008 (2.0) 0.28 17.08 12.73

EET 96029 (1.9) 1.76 13.16 197 1324
LEW 85311 (1.9) | 20.29 4.65 3.04 7.91 1.23 232 3.07 6.68 0.65

TIL 91722 (1.9) | 18.79 434 492 4.69 0.92 2.15 0.06  7.37 0.04
LON 94101 (1.8) 15.10 8.35 6.60 9.23 2.77 3.70 3.10

MAC 88100 (17 s [oo0 oo 391 [amn sue)

QUE 97990 (1.7) 10.90 11.09 9.87 9.67 2.75 6.15 1.80 4.25 0.29
DOM 03183 (1.6)
GRO 95566 (1.6)
LEW 88001 (1.6)
LEW 90500 (1.6)
LAP 02333 (1.5)
ALH 85013 (1.4)
EET 96016 (1.4)
LEW 87022 (1.4)
MAC 88176 (1.4)
LEW 87148 (1.3)
ALH 84029 (1.2)
ALH 84042 (1.2)
ALH 84044 (1.2)
MET 01070 (1.2)
SCO 06043 (1.2)
ALH 83100 (1.1)
ALH 84034 (1.1)
DOM 08003 (1.1) 778 163 0.83
LEW 85332 459
MAC 87300
MAC 88107
PCA 02012
QUE 99038
WIS 91600

0.09 0.11 6.29 0.96 0.78 1.57 0.59 0.05

2.98 8155 4.99 1.84 1.40 0.41 4.48 0.09

3.33 3.81 11.52 554 1.88 4.04 6.60 0.76

0.86 0.52 9.37 131 0.71 0.94 541 0.28

5.29 6.13 10.13 1.00 2.34 1.33 7.28 0.24

551 6.92 10.89 2.25 4.28 221 6.13 0.67

1.84 6.34 6.55 2.28 0.80 1.97 5.92 0.51

9.04 5.42 7.28 3.98 4.23 1.32 2.10 0.20

0.25 0.12 6.31 5.25 0.39 0.80 2.89 0.22

0.36 0.04 5.80 1.15 0.09 0.58 6.23

522 3.39 6.98 1.65 2.63 1.00 3.32 0.11

6.77 11.09 10.97 6.94 13.59 5.35 1.56 1.05 2.29

23.42 1.30 1.24 6.81 1.65 0.96 2.53

1.03 7.70 4.69 0.36 2.25 0.50 0.59

14.66 9.09 4.96

12.94 3.32

6.47 8.85 1.22

0.99 6.05 18.33 4.24
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Along with comparing meteorites based on their total class percentage, the
meteorites were also scrutinized at the molecular level to identify if there were changes
present that may have been overlooked. To do this Kendrick mass defect plots were
generated for each sample. A standard Kendrick mass defect plot can be used to identify
compounds present within a homologous series that have increasing alkylation. This
provides a more detailed picture of the organics present. Sample Kendrick mass defect
plots for TIL 91722, LAP 02333, and MET 01070, Figures 3-5 respectively, highlight
molecular level information for the CxHyN class of compounds. The tables found below
each Kendrick plot show the molecular formula that each dot represents, as well as the base
formula and DBE associated. Both TIL 91722 and LAP 02333 have similar composition
within the CxHyN class, while MET 01070 is much more robust in both type and carbon
distribution. This study identified that as aqueous alteration increases in the meteorite, it
appears that the carbon number increases for the CxHyN class. This result leads us to believe
that aqueous alteration potentially played a role in these larger compounds formation or
perhaps extended their longevity compared to more primitive meteorite samples.
Additional Kendrick mass defect plots can be found in Appendix A, which show all the

molecular compounds identified for each meteorite.
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Due to the observation of molecular weight seeming to increase with increasing
aqueous alteration, the resulting lists of molecular formulas for each meteorite were
analyzed to determine what effect (if any) aqueous alteration played on double bond
equivalents (DBE) and carbon number, see Figure 6. It appears that all unheated meteorites
vary from an average DBE of ~4-7 and an average carbon number of ~10-20, with no
observed trend with the degree of aqueous alteration. Most thermally altered meteorites
were easily identified due to their low average carbon number in the organics identified.
DOM 03183, while previously identified as “possibly heated”, showed average DBE and
average carbon number values on the high end of the unheated meteorites, while the
majority of heated meteorites had DBE values that varied from ~1-10 and carbon number
values of ~4-12. Furthermore, DOM 03183 was relatively organic-rich, leading us to
believe that it did not experience a significant degree of thermal metamorphism or shock.
For the C, Cp, and Cs-ungrouped meteorites, both MAC 87300, MAC 88107, and EET
83355 were relatively organic-poor and more similar to thermally metamorphosed CMs.

For this thesis research to be applicable towards remote probing of organics, a
correlation to infrared spectroscopy (IR) must be made, as it is the primary instrument used
in OSIRIS-REX to recognize the presence of organics and assist with the selection of a
sampling site(s). Many meteorites analyzed in this thesis had reflectance IR spectra freely

available from the Reflectance Experiment Laboratory (RELAB) at Brown University.
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Figure 6: Correlates the average double bond equivalents across all molecular

series identified per meteorite to the average carbon number across all molecular
series. This was calculated from the molecular formulas generated upon analysis.
Data label includes the meteorite name as well as the aqueous alteration value
identified by Alexander et al. (2012) in parenthesis.

For the OSIRIS-REX asteroid sample return mission, the IR band at 3.4 um, which
corresponds to aliphatic compounds, is informative towards verifying the presence of
organic compounds in the regolith. However, this band is relatively weak and difficult to
identify due to the larger band located around 2.7-2.9 um representing phyllosilicate-bound
hydroxyl groups, which commonly obstructs some identifiable signal from the aliphatic
bands because it is very broad. Also, the 3.4 um band is not present in some meteorites,
however, it was determined that the location of the hydroxyl band’s minima could be used

to assess whether or not the sample would be expected to contain organics, see Figure 7.

Both TIL 91722 and LEW 88001 would not have been expected to be rich in organics due



to their lack of a 3.4 um band; however, using their hydroxyl band location would suggest
that there might be organics present in both samples. A band location between 2.7-2.85 um
would suggest the possibility of an organic rich sample, which was confirmed by our mass
spectral data. There is a chance, as in the case for MAC 88100, that the hydroxyl band
location would appear to represent an organic-rich sample, however, upon analysis this
was determined to not be the case. Instead, MAC 88100 appears similar to a thermally-
altered meteorite due to the limited organic inventory detected. This is considered a special
case and the location of the hydroxyl band should be used in conjunction with an identified

3.4 um band to assess the extent of organic composition.
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Figure 7: The degree of aqueous alteration as identified by Alexander et al. (2012)
correlated to the location of the hydroxyl band of bonded water to phyllosilicates. Key
identifies whether bands were present or absent at 3.4 microns, generally used for
assessing aliphatic absorption.



The location of the hydroxyl band for asteroid Bennu (in spectrum DOY 306) sits
at 2.74 um, indicating a likelihood for similarities to the more aqueously altered meteorites,
however the identification of a 3.4 um band is somewhat obscured due to the nature of the
long-range measurement.® If identifying organic bands continues to be ambiguous, then
the use of this hydroxyl band correlation should be used to provide insight as to whether
the sample site is organic-rich. This correlation could be used to assess sample sites and
determine an optimal sampling location for this mission. It is important to note that this
study pertained to CM chondrites and while there were a few chondrites of other groups
present, additional work would need to be done to investigate the role aqueous alteration
plays on the organic composition of other chondrites, such as Cl and CR chondrites.

Final Remarks

1. Aqueous alteration does not significantly affect the organic inventory within the SOM,
while thermal metamorphism causes a significant reduction in the SOM.

2. There is a no observable change in the mass spectrum, nor in the identified molecular
compounds, due to increasing aqueous alteration, possibly indicating that the SOM has
all reacted under similar conditions, unaffected by slight variations in aqueous
alteration.

3. We have identified 10 representative classes that can be used to assess the organic
inventory of CM chondrites.

4. We observed that the average carbon number ranged from 10-20 and the average DBE

ranged from 4-7 in aqueous altered CM chondrites.



5. Samples that have undergone thermal metamorphism are sporadic in their average DBE
and average carbon number response, but for the most part, result in a lower carbon
number than that of unheated chondrites.

6. IR measurements indicating the position of the hydroxyl band can be used to identify
the degree of aqueous alteration. Furthermore, we investigated the relationship between
degree of aqueous alteration and soluble organic composition. These correlations can
be extended to small bodies such as Bennu for identification of organic-rich sites using
only remote IR data. If a hydroxyl band located between 2.7 - 2.85 microns is observed
by the OVIRS instrument, it would most likely represent an organic-rich sample.
Additionally, the hydroxyl band is of much larger intensity than that of the 3.4-micron
band currently used to identify organics, leading to an increased detection limit.

7. With this correlation, extraterrestrial small bodies of similar nature to asteroid Bennu
can be remotely observed to predict their organic inventory without the need for direct
sampling. Additionally, the data collected in this study has the potential to help
scientists predict the organic composition of an asteroid surface simply from ground-

based IR measurements.
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Kendrick Mass Defect (KMD) Plots for Meteorites
In a KMD plot, carbon distribution and alkylation are easily viewable. Horizontal
lines that can be drawn through data points represent homologous series of compounds
with increasing alkylation belonging to the same heteroatom class (i.e. CxHyN with a DBE
of 1 would be present in a horizontal line). The plots correspond to ESI (+) data for all
meteorites analyzed, where each dot represents a specific compound identified. Figure
captions include meteorite name, aqueous alteration scale value (if known), and total

number of organics identified.
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Figure 8: KMD Plot for EET 83355. Aqueous alteration value of 2.4 with 50
molecular formulas identified.
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Figure 9: KMD Plot for MIL 07700. Aqueous alteration value of 2.2 with 72
molecular formulas identified.
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Figure 10:  KMD Plot for ALH 84033. Aqueous alteration value of 2.1 with 61
molecular formulas identified.
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Figure 11: = KMD Plot for EET 87522. Aqueous alteration value of 2.0 with 14
molecular formulas identified.
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Figure 12: =~ KMD Plot for PCA 91008. Aqueous alteration value of 2.0 with 71
molecular formulas identified.
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Figure 13:  KMD Plot for EET 96029. Aqueous alteration value of 1.9 with 21
molecular formulas identified.
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Figure 14:  KMD Plot for LEW
molecular formulas identified.
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Figure 15:  KMD Plot for TIL 91722. Aqueous alteration value of 1.9 with 1138
molecular formulas identified.
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Figure 16

molecular formulas identified.
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Figure 17:  KMD Plot for MAC 88100. Aqueous alteration value of 1.7 with 12
molecular formulas identified.
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Figure 18:  KMD Plot for QUE 97990. Aqueous alteration value of 1.7 with 1082
molecular formulas identified.
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Figure 20:  KMD Plot for GRO 95566. Aqueous alteration value of 1.6 with 805
molecular formulas identified.
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Figure 21:  KMD Plot for LEW 88001. Aqueous alteration value of 1.6 with 1036
molecular formulas identified.
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Figure 23:  KMD Plot for LAP 02333. Aqueous alteration value of 1.5 with 1452
molecular formulas identified.
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Figure 24:  KMD Plot for ALH 85013. Aqueous alteration value of 1.4 with 1195
molecular formulas identified.
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Figure 25:  KMD Plot for EET 96016. Aqueous alteration value of 1.4 with 265
molecular formulas identified.
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Figure 26:  KMD Plot for LEW 87022. Aqueous alteration value of 1.4 with 459
molecular formulas identified.
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KMD Plot for MAC 88176. Aqueous alteration value of 1.4 with 824
molecular formulas identified.
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Figure 28:  KMD Plot for LEW 87148. Aqueous alteration value of 1.3 with 231
molecular formulas identified.
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KMD Plot for ALH 84029. Aqueous alteration value of 1.2 with 991

Figure 29

molecular formulas identified.
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Figure 30:  KMD Plot for ALH 84042. Aqueous alteration value of 1.2 with 351
molecular formulas identified.
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KMD Plot for ALH 84044. Aqueous alteration value of 1.2 with 989

Figure 31

molecular formulas identified.
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Figure 32:

KMD Plot for MET 01070. Aqueous alteration value of 1.2 with 836
molecular formulas identified.
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Figure 33:  KMD Plot for SCO 06043. Aqueous alteration value of 1.2 with 525
molecular formulas identified.
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Figure 34:  KMD Plot for ALH 83100. Aqueous alteration value of 1.1 with 246
molecular formulas identified.



Kendrick Mass Defect

0.35 4 1
0.3
0.8
0.25 4
0.2+
0.6
=
= 0.15 £
. ® & o
® 2
L]
® ® 0.4
0.1
[ ] [
L]
L B
* @
* @08 & @ & @
0.05
L] * ° @
®* ® & & @& & & @9
° 0.2
D,
-0.05 i
T T T T T T T T . T T T T T T T T . T T T T T T T ]
100 200 300 400 500 600

Nominal Kendrick Mass

Figure 35:  KMD Plot for ALH 84034. Aqueous alteration value of 1.1 with 299
molecular formulas identified.
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Figure 36:
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KMD Plot for DOM 08003. Aqueous alteration value of 1.1 with 1193
molecular formulas identified.
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Figure 37:  KMD Plot for LEW 85332. Aqueous alteration value has not been
reported with 186 molecular formulas identified.
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Figure 38:  KMD Plot for MAC 87300. Aqueous alteration value has not been
reported with 34 molecular formulas identified.
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Figure 39:  KMD Plot for MAC 88107. Aqueous alteration value has not been
reported with 107 molecular formulas identified.
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Figure 40:  KMD Plot for PCA 02012. Aqueous alteration value has not been
reported with 7 molecular formulas identified.
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Figure 41: KMD Plot for QUE 99038. Aqueous alteration value has not been
reported with 3 molecular formulas identified.
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Figure 42:  KMD Plot for WIS 91600. Aqueous alteration value has not been
reported with 43 molecular formulas identified.
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