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ABSTRACT  

 

Carbonates are found in meteorites collected from Antarctica.  The stable isotope 

composition of these carbonates records their formation environment on either Earth or 

Mars.  The first research objective of this dissertation is to characterize the δ18O and 

δ13C values of terrestrial carbonates formed on Ordinary Chondrites (OCs) collected in 

regions near known martian meteorites.  The second objective is to characterize the δ18O 

and δ13C values of martian carbonates from Nakhlites collected from the Miller Range 

(MIL).  The third objective is to assess environmental changes on Mars since the 

Noachian period.    

The OCs selected had no pre-terrestrial carbonates so any carbonates detected are 

presumed terrestrial in origin.  The study methodology is stepped extraction of CO2 

created from phosphoric acid reaction with meteorite carbonate.   

Stable isotope results show that two distinct terrestrial carbonate species (Ca-rich 

and Fe/Mg-rich) formed in Antarctica on OCs from a thin-film of meltwater containing 

dissolved CO2.  Carbon isotope data suggests the terrestrial carbonates formed in 

equilibrium with atmospheric CO2 δ
13C = -7.5‰ at >15°C.  The wide variation in δ18O 

suggests the carbonates did not form in equilibrium with meteoric water alone, but 

possibly formed from an exchange of oxygen isotopes in both water and dissolved CO2.   

Antarctica provides a model for carbonate formation in a low water/rock ratio, 

near 0°C environment like modern Mars.  Nakhlite parent basalt formed on Mars 1.3 

billion years ago and the meteorites were ejected by a single impact approximately 11 
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million years ago.  They traveled thru space before eventually falling to the Earth surface 

10,000-40,000 years ago.  Nakhlite samples for this research were all collected from the 

Miller Range (MIL) in Antarctica.  The Nakhlite stable isotope results show two 

carbonate species (Ca-rich and Fe/Mg-rich) with a range of δ18O values that are similar 

to the terrestrial OC carbonates.  The Nakhlite carbonates have distinctly different, 

heavier δ13C values from a presumed martian carbon reservoir.  These carbonates cannot 

form in equilibrium at 15°C with the modern Mars atmospheric CO2 (measured by the 

Curiosity rover) δ13C = 46‰, but may reflect kinetic carbonate formation from a high 

pH fluid.  Alternatively, the Nakhlite carbonates may have formed with a lighter, early 

Amazonian atmosphere of δ13C ≈ 30‰.  Assuming the martian carbonates formed in a 

thin-film environment like the OC terrestrial carbonates, an oxygen mixing model 

predicts early Amazonian martian meteoric water δ18O = -30‰.   
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CHAPTER I  

INTRODUCTION AND BACKGROUND 

 

Understanding Mars 

Why Study Mars? 

Humans are exploring Mars to determine if life currently exists on that planet, or 

if life could have existed there in the past.  Using Earth as a model for types of life that 

might exist now, or could have existed previously on Mars, it is necessary to identify 

“habitable” martian environments.  The current martian environment is very cold and 

arid (similar to conditions in Antarctica on Earth), with little “habitable” environment.   

Surface geologic evidence from Mars demonstrates periods of past fluvial systems in the 

form of river channels, tributary networks, deltas, and lake beds.  These features were 

formed by flowing, liquid water on the surface of Mars that is no longer present 

(although water ice currently exists at the poles).  Obviously Mars has had dramatic 

changes in surface hydrology over geologic time, so understanding how water has 

moved from the surface to the subsurface, or from the surface to space, is necessary.   

Carbonates require water to form.  Rock cations combine with carbon dioxide 

(CO2) in the presence of water to create calcite or aragonite (calcium based), magnesite 

(magnesium based), or siderite (iron based).  Stable isotope values of carbon and oxygen 

in the carbonate reflect environmental conditions in the atmosphere and 

hydrosphere/cryosphere at the time of their formation.  If former martian environmental 

conditions are discovered, then comparing them with modern values (as determined by 
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instruments orbiting Mars and on the surface) makes it possible to assess how the 

environment has changed over time.  This knowledge aids interpretation of ancient 

martian “habitability” zones in the ongoing search for extra-terrestrial life. 

This study measures the carbonates in martian meteorites known as “Nakhlites”, 

which formed in lava flows on Mars 1.3 billion years ago and were ejected with a single 

impact on Mars 11 million years ago (Bridges et al., 2001).  To assess the potential for 

terrestrial contamination of carbonates in the Nakhlites, an analysis of terrestrial 

carbonates formed on Ordinary Chondrite (OC) meteorites is first completed.  The 

Antarctic environment provides an analog for carbonate formation in a low water/rock 

ratio, cold (near 0°C) environment similar to the modern martian environment.  All of 

the meteorites (both Nakhlites and OCs) for this dissertation research study were 

collected in Antarctica.  There are three objectives of this research: 

1. Characterize the δ18O and δ13C values of terrestrial carbonates formed on 

Ordinary Chondrites (OCs) collected in regions near known martian 

meteorites 

2. Characterize the δ18O and δ13C values of martian carbonates from Nakhlites 

collected from the Miller Range (MIL)  

3.  Assess environmental changes on Mars since the Noachian period    

 

Mars Environmental Changes 

Mars’ geologic history is divided into Epochs using either crater count 

techniques or mineralogical techniques for dating (see Figure 1-1) (Jakosky and Phillips, 
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2001).  The earliest period of Mars, known as Noachian (circa 3.7 - 4.6 Ga) was the most 

active geologically, with an active dynamo, volcanism and possibly a dense atmosphere 

similar to ancient Earth during the Hadean period.  During this period the sun was 

approximately 25% less bright (Batalha et al., 2016, Wordsworth et al., 2017) and the 

planets of the inner solar system were pummeled by leftover accretion debris from 4.1-

4.5 Ga, climaxing at the Late Heavy Bombardment (LHB) approximately 3.8-3.9 Ga 

(Abramov and Mojzsis, 2016), followed by a profound loss of atmospheric CO2. 

 

 

Figure 1-1: Mars Geologic Time (reprinted from Jakosky and Phillips, 2001) 

 



 

4 

 

During the late Noachian and early Hesperian period (circa ~1.0 - 3.7 Ga), fluvial 

systems formed on the surface.  This period saw a dramatic decrease in volcanism and 

likely atmospheric CO2 loss to space.  By the current period, known as Amazonian (circa 

present to ~1.0 Ga), Mars was a “dead” planet with little geologic activity and a much 

thinner, CO2-rich, atmosphere (Grady et al., 2007). 

Mars is more likely to host, or have hosted, habitable environments if liquid 

water was available for long periods of geologic time.  Geologists believe that martian 

fluvial and evaporite deposits on the surface (Poulet et al., 2005) indicate the presence of 

past surface water (likely Late Noachian into the Hesperian Epoch), at least for brief 

geologic periods (see Figure 1-2) (Lammer et al., 2008).  Mars clearly exhibits geologic 

features of fluvial erosion (Carr, 1996), sedimentary layered deposits (Malin and Edgett, 

2000), clay and phyllosilicate deposition (Ehlmann et al., 2013), and aqueous mineral 

deposition such as carbonates (Morris et al., 2010) and sulfates (Gendrin et al., 2005).   

Modern water ice has been detected at the poles (Bibring et al., 2004) and in the 

subsurface of Mars (Boynton et al., 2002).  Recurring Slope Lineae (RSL) are features of 

melted brine flows under the surface on sunlit hills, which currently occur seasonally on 

Mars (Chevrier and Rivera‐Valentin, 2012).  

 As shown in Figure 1-2, the Viking Landers 1 (VL1) and 2 (VL2), launched in 

1975 and retired in 1982, (NASA, 2017a) measured current martian surface pressure 

varied (with an 8th-order harmonic fit of data) from ~6.8 mb to ~9.9 mb over a 660 sol 

(sol is a martian day) period (Hourdin et al., 1995). 
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Figure 1-2: Mars Surface Pressure (reprinted from Hourdin et al., 1995) 

 

 

Figure 1-3 demonstrates the typical zonally averaged temperature variation 

shortly after solar zenith on modern Mars at all latitudes during the northern hemisphere 

summer (Haberle et al., 2001).  The warmest temperature near the equator (~280°K) is 

above the freezing point of water (273°K). 

Given the current environmental conditions and the phase behavior of H2O (as 

shown in a phase diagram (Figure 1-4), liquid water is mostly unstable to boiling or 

freezing on the current martian surface.  An important, but often overlooked, distinction 

of water phase stability on Mars is the low amount of water vapor in the atmosphere.  

The partial pressure of water vapor is the critical factor, not just surface pressure (Niles, 

2017).  Perhaps 29% of the entire martian surface could support liquid water near zenith 
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(for a few hours) on an average of 37 sols each year if surface ice is available for melting 

(Haberle et al., 2001).   

 

 

 
Figure 1-3: Mars Near Zenith Surface Temperatures (reprinted from Haberle et al., 

2001) 

 

 

 

Early 1-D radiative convective models of the martian atmosphere predicted a 

high concentration of CO2 (up to 5 bars) that could have raised surface temperatures in 

ancient Mars to 0°C (Haberle, 1998), but a newer 3-D climate model with parameterized 

CO2 ice cloud microphysical and radiative properties suggests the ancient martian 

climate was never above the freezing point of water (Forget et al., 2013).   
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Figure 1-4: Mars Typical Surface Temperature (reprinted from Niles, 2017) 

 

 

 

With the latter model, brief periods of warming from impacts of volcanism 

would create liquid water despite the below freezing surface temperature.  If, however, 

the martian atmosphere was once dense enough for phase stable liquid water, where did 

the CO2 go?  The CO2 must have either 1) escaped to space, or 2) been trapped in 

different reservoirs on Mars.   

A warm, wet ancient Mars with a dense atmosphere (>1 bar) would produce 

large volumes of sedimentary carbonates on the surface, yet little evidence of surface 

carbonate lithology exists (Pollack et al., 1987).  Some researchers suggest that vast 

carbonates formed early in the Noachian, and were then buried by lava flows in the late 



 

8 

 

Noachian and Hesperian (Wray et al., 2016).  Others suggest the ancient atmosphere was 

less dense (<1 bar) and the missing CO2 can be accounted for with loss to space and 

Hesperian carbonate formation (Hu et al., 2015).  Another theory concludes from 

measurements of surface sulfur and in-situ sulfates (Clark et al., 1976, Squyres et al., 

2004) that ancient Mars possessed an acidic environment (Hurowitz et al., 2006), which 

would be hostile to carbonate deposition (Fairen et al., 2004).   

Mars may have accreted with much water, perhaps enough to cover the entire 

planet with a Global Equivalent Layer (GEL) of 10 km (Raymond, 2006).  Modern Mars 

has only a GEL only 20-30m in ice-caps and regolith, so much water was either lost to 

space or could be buried in unknown reservoirs.  A study suggests water is trapped in a 

500m GEL thick deposit of serpentine in the southern hemisphere, based on 

measurements of the magnetic field with the Mars Global Surveyor (Chassefiere et al., 

2013).  Serpentine is formed from the aqueous weathering of basalts, and it releases H2 

gas.  The H2 gas would be lost to space with an enrichment of the atmospheric D/H ratio, 

which has been measured (Owen et al., 1988).  Martian minerals formed in equilibrium 

with the ancient martian atmosphere have a D/H ratio 5 times greater than similar 

species on Earth due to the loss of H to space (Watson et al., 1994).  Measurements of 

the δD in martian meteorites (Nakhlites) have not successfully reproduced this high 

enrichment, probably due to rapid contamination of samples from exchange of hydrogen 

with the terrestrial atmosphere (Hallis et al., 2012).  

A model of the greenhouse gas composition of early Mars suggests that 

atmospheric methane (CH4) could provide sufficient global warming to raise surface 
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temperature significantly (Wordsworth et al., 2017).  The methane source could be 

serpentization of olivine-rich crust, volcanism, or atmospheric thermochemistry 

following large meteorite impacts.  The authors conclude: 

“Our results suggest that with just over 1 bar of atmospheric CO2, a few percent 

of H2 and/or CH4 would have raised surface temperatures to the point where the 

hydrological cycle would have been vigorous enough to explain the geological 

observations”.  

 

Isotopic studies of the gas Xenon (Xe) suggest 50-90% of the martian 

atmosphere was lost to space from 4.0 Ga to 4.3 Ga (which is <0.5 billion years after 

accretion to the end of the LHB) (Jakosky and Jones, 1997).  Possible Mars volatile 

sinks, and reservoirs for volatiles are shown in Figure 1-5. 

 

 

 
Figure 1-5: Mars Volatile Sources, Sinks and Reservoirs (reprinted from Jakosky and 

Jones, 1997) 

 

 

 

Atmospheric models suggest nonthermal escape processes could have removed  

10-100 mbar of CO2 since 4.1 Ga (Chassefiere et al., 2013, Lammer et al., 2013).  A 
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model of the martian upper atmosphere suggests < 300 mbar of CO2 has escaped to 

space since the LHB (Hu et al., 2015).  If the early Noachian atmosphere was dense (>1 

bar), these processes are insufficient to account for the thin Amazonian atmosphere of 

<10 mbar, driving the ongoing search for an ancient carbon reservoir sink.   

Using ages based on crater count, the large fluvial features on Mars were created 

by liquid water flowing on the surface during the Late Noachian and Early Hesperian 

periods (Fassett and Head, 2008).  If much of the martian atmosphere was lost in the 

Early Noachian period, it is challenging to explain the timing of these features.  Mars 

climate modelers have fallen into two groups: “Cold” early Mars or “Warm” early Mars, 

yet neither group has successfully created compelling solutions to the dilemma.  

A possible timeline of martian atmospheric loss is given in Figure 1-6 (Lammer 

et al., 2008).   

 

 

 
Figure 1-6: Mars Atmospheric Escape Processes (reprinted from Lammer et al., 2008) 

 

 



 

11 

 

Past instrument measurements on the surface and in orbit around Mars have 

detected only trace carbonates in the dust (Bandfield et al., 2003, Bibring et al., 2005).  

From measurements with the Mars Global Surveyor (MGS) Thermal Emission 

Spectrometer (TES) (Christensen, 2001 et al.):  

“There is no evidence for large-scale (tens of kilometers) occurrences of 

moderate-grained (> 50-µm) carbonates exposed at the surface at a detection 

limit of ~10%” 

 

More recent studies, however, are identifying larger carbonate deposits on Mars.    

Basalts altered by low temperature fluid during the late-Noachian to early-Hesperian 

periods (before or during valley network formation) in the Nili Fossae region may 

contain carbonates representing ~0.25 – 12 mbar of atmospheric CO2 (Edwards and 

Ehlmann, 2015).  Mars Reconnaissance Orbiter (MRO) data from the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument, outcrops of 

carbonate in the Huygens basin northwest of Hella and other regions have been found.  

These outcrops occur in the rim, walls, and ejecta of craters within Late Noachian rock 

(Wray et al., 2016).  Often the carbonates are mixed with Fe/Mg-phyllosilicates, which 

are hard to distinguish using near-IR spectrometers on orbital satellites.  The most recent 

compilation of martian carbonates discovered on the surface is given in Figure 1-7 

(Green is prior reported Mg-carbonates, orange is prior reported Fe/Ca-carbonates, dark 

blue is study reported Fe/Ca-carbonates).  

Studying the isotopic composition of martian secondary minerals can provide 

insight into ancient aqueous environments, and potentially address the issue of 

habitability.  This information, coupled with estimates for the ancient martian 
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atmosphere, lithosphere, and hydrosphere/cryosphere, can increase understanding of the 

carbon cycle and how carbon dioxide reservoirs on Mars have changed over time.  

Climate scientists on Earth use remote sensing and direct measurements of pristine 

samples in a terrestrial lab.   

 

 

 
Figure 1-7: Mars Surface Carbonates (reprinted from Wray et al., 2016) 

 

 

  

Until a successful Mars sample return mission brings pristine samples to Earth, 

robotic missions in orbit and on the surface are the best tools for investigating Mars.  

NASA’s Mars Science Laboratory (MSL) launched on November 26, 2011 and landed 

on Mars August 6, 2012, delivering the unmanned rover “Curiosity” (NASA, 2017a).  

This mobile science laboratory is capable of studying Mars geology and chemistry 

directly, but still lacks the capability to return samples to Earth (see Figure 1-8).   
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An important component of Curiosity is the Sample Analysis at Mars (SAM) 

instrument suite.  This package of 3 instruments includes a Quadrupole Mass 

Spectrometer (QMS), a Gas Chromatograph (GC), and a Tunable Laser Spectrometer 

(TLS) (see Figure 1-9) (NASA, 2017a).  The TLS measures carbon and oxygen isotopes 

in carbon dioxide from the martian atmosphere and from the regolith (Grotzinger et al., 

2012).   

 

 

 
Figure 1-8: Curiosity Rover Component of MSL (reprinted from NASA, 2017a) 

 

 

 

Analysis of a wide range of rock samples collected from the martian surface will 

eventually be necessary to fully decrypt the evolution of the martian environment.  

Lacking returned samples from a NASA mission, the only available martian rocks are 
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meteorites.  These are rocks that have been delivered to Earth via impacts on the martian 

surface. 

 

 

 
Figure 1-9: The SAM Instrument Suite (reprinted from NASA, 2017a) 

 

 

Meteorites 

Meteors are named from the Greek word for “things in the air”, and when they 

fall to Earth they are called meteorites.  If a meteor entering the atmosphere is followed 

to the ground and collected, it is called a “Fall”.   If a rock on the ground is collected and 

later determined to be a meteorite, it is called a “Find”.   

Although meteorites fall over the entire Earth surface, they are mostly lost 

through terrestrial geologic processes.  Falls into the ocean or terrestrial soils are rapidly 

weathered and integrated into the lithosphere.  Observed falls over populated areas can 

be rapidly recovered by humans, but meteorite “finds” are mostly recovered from either 
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the Sahara Desert region of northern Africa or the ice fields in Antarctica.  Over 66,000 

meteorites have been collected in Antarctica by a group funded by the National Science 

Foundation (NSF) Antarctic Search for Meteorites (ANSMET) (Institution, 2017) (see 

Figure 1-10).  These meteorites exhibit water and ice weathering and secondary mineral 

deposition from interactions between rock minerals and the terrestrial hydrosphere.  

 

 

 
Figure 1-10: ANSMET Collection Sites (reprinted from Institution, 2017) 
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Meteorite Types 

Three techniques are used to characterize a meteorite: 1) Petrographic analysis of 

the physical and optical characteristics of minerals, 2) Chronological analysis of the 

residence time on Earth via radiogenic decay or time of exposure to cosmic rays, and 3) 

Chemical analysis of the stable isotopes of carbon, oxygen and hydrogen or ratios of 

elements that differ between planetary bodies.  Three broad categories of meteorites are 

now recognized: 1) Undifferentiated (chondrites), 2) Differentiated silicate-rich (DSR), 

and 3) Iron (Urey and Craig, 1953, Wasson, 1985, Wasson, 2012). 

 

Undifferentiated Meteorites 

Undifferentiated meteorites, known as “chondrites”, are composed of molten 

drops of material (chondrules, from the ancient Greek word for a grain) that cooled and 

fused together as stone.  Within this category are Carbonaceous Chondrites (CC) (Type 

C), Ordinary Chondrites (OC) (Types H, L, and LL), and Enstatite Chondrites (EC) 

(Type E).  They are the most common category of finds (66.8%) and falls (81.7%) 

(Grady, 2000).  Most consist of chondrules, a fusion matrix (thought to be from the 

original solar nebula), and Calcium-Aluminum Inclusions (CAI).  The chondrules have a 

wide range of sizes, textures and compositions.  The CAIs generally contain refractory 

minerals.  The variety in chondrules (size, composition and texture) suggests they 

formed in multiple episodes of condensation and melting early in the life of the solar 

system (Milone and Wilson, 2008).   

Chondrites are further categorized based upon petrology, which indicates the 

alteration to which they have been subjected prior to landing on Earth.  The alteration 
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range is from 1-7.  Types 1-2 have been aqueously altered, with Type 1 showing more 

alteration than Type 2.  Type 3 is considered unaltered.  Types 4-6 reflect increasing 

thermal metamorphism (alteration by heating).  A Type 7 chondrite is poorly defined, 

but generally reflects significant meteorite alteration with complete obliteration of the 

chondrules (Twelker, 2017).  CCs have mostly undergone aqueous alterations (Types 1-

4), while OCs and ECs demonstrate thermal alteration (Types 3-6) (Van Schmus and 

Wood, 1967).   

Further designations in the NASA meteorite collection indicate “weathering” 

categories: A (minor rust haloes, particles or stains), B (large rust haloes and extensive 

rust stains on internal fractures), C (severe rustiness with metal particles mostly rust 

stained), and E (evaporite minerals visible on the fusion crust) (Velbel, 1988).   

In general, chondrites seem to have formed on a parent body smaller than 100km 

in diameter, since the materials fractionated rather than melted (not enough heat from 

accretion or radioactive decay).  The CAIs and chondrules are depleted in volatiles.  The 

favored theory of creation is that the solar nebula accretion formed the matrix and CAIs, 

with secondary processes (shock events and weathering) forming the chondrules (Milone 

and Wilson, 2008).    

 

CCs 

Carbonaceous Chondrites contain relatively large amounts of carbon and organic 

material (including amino acids) making them black or gray in color.  They are relatively 

fragile and fragment easily during atmospheric entry.  The most famous recent falls are 
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“Allende” (1969 in Mexico) and “Murchison” (1969 in Australia).  The iron in CCs is 

the most oxidized of any chondrite.  An old naming scheme groups similar meteorites, 

e.g. CI for Ivuna, CM for Mighei, CO for Ornans, CV Vigarano) and now combines the 

numeric petrographic types (following the van Schmus system) (Van Schmus and Wood, 

1967).  These meteorites are aqueously altered (Types 1-2) indicating the presence of 

liquid water on the parent world, which may be primitive C-type (carbonaceous) or D-

type (dark, from low albedo) asteroids (including the martian moons Phobos and 

Deimos) (Casper, 2017). 

 

OCs 

Ordinary Chondrites are the most common “fall” and “find” meteorites, hence 

their name.  These stony meteorites are rich in the mineral olivine and are thermally 

altered only (No Type 1-2).  OCs are divided into three distinct groups based upon metal 

mineralogy: H chondrites (highest total iron 48.8%, with lower silicate iron oxide), L 

chondrites (total iron 43.6% with higher silicate iron oxide than H), and LL (lowest total 

iron 7.3%, highest silicate iron oxide) (Grady, 2000).  Type H OCs may originate from 

the mid-region of the asteroid belt, the type L OCs may originate from the Gefion family 

in the outer main belt, and the type LL OCs may originate from the Flora region of the 

inner main belt (Binzel et al., 2015).  A representative view of the asteroid belt is given 

in Figure 1-11 (Darling, 2017). 
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ECs 

Enstatite meteorites are named for the mineral enstatite (MgSiO3), and are 

classified by high iron (EH) and low iron (EL).  The iron in the ECs is the least oxidized 

of any chondrite.  These are rare and comprise only 1% of the fall meteorite collection.  

ECs have only thermal alteration (No Type 1-2) (Casper, 2017, Milone and Wilson, 

2008). 

 

Differentiated Meteorites 

Differentiated meteorites experienced density separation of component materials 

while the large parent body (with a gravity field) was molten.  The silicates floated to the 

surface of the system while the denser molten metals sank to the center.   

 

 

 
Figure 1-11: Interesting Objects in the Asteroid Belt Between Mars and Jupiter (relative 

size and shape only) (reprinted from Darling, 2017) 
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Differentiated Stony Meteorites 

This group is known as Differentiated Silicate-Rich (DSR) meteorites, and is 

divided into two subgroups.  The Achondrite subgroup has low metal content and 

includes classifications for ureilites, diogenites, aubrites, howardites, eucrites, lunar, and 

martian SNCs (discussed below).  The Stony-Iron subgroup has high metal content and 

is further divided into two classifications for pallasites and mesosiderites (Milone and 

Wilson, 2008).  

A group of differentiated meteorites, named for their defining types of 

Howardite, Eucrite, and Diogenite (HED), are thought to have been formed on the 

asteroid 4 Vesta (Wiechert et al., 2004).  The meteorite ALH 84001 was thought to have 

been HED (Dreibus et al., 1994) before its martian origin was identified (see Chapter 4).  

 

Differentiated Iron Meteorites 

These meteorites have high iron and nickel content, and are divided into 13 

classifications (based upon relative abundance of other elements) (Milone and Wilson, 

2008).   

 

Mars Meteorites 

Planetary scientists study martian meteorites as they are the only martian surface 

samples available; however these are problematic (see discussion later).  They are 

created on Mars and then altered.  Alterations are from weathering on Mars, impact 

ejection from the martian surface, re-entry through the Earth atmosphere, and terrestrial 
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weathering.  As of January, 2017, 183 identified martian meteorites have been collected 

on the Earth (Society, 2017), many from Antarctica (see Figure 1-12) (NASA, 2017b). 

 

 

 
Figure 1-12: Martian Meteorite Sites in Antarctica (reprinted from NASA, 2017b) 

 

 

 

Martian meteorites are igneous in origin, and are classified as differentiated 

DSRs (see discussion above).  They are often identified by measuring their chemical 

composition.  They exhibit unique iron oxide/manganese oxide (FeO/MnO) ratios, as 

well as potassium/lanthanum (K/La) and gallium/aluminum (Ga/Al) ratios.  Geologists 

often characterize the martian meteorites based upon rock texture, presence of trapped 

gas suspected to be from the martian atmosphere, and presence of unique Rare Earth 

Elements (REE).  Martian meteorites are generally mafic with an abundance of iron (Fe) 
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and magnesium (Mg).  They are low in silica (Si) and alumina (Al) with many interstitial 

minerals.  They are much younger in age than igneous meteorites from asteroids, which 

date to the formation of the solar system.  

It is speculated that perhaps 4-8 asteroid impact events on Mars (in the past 20 

million years) have been large enough to eject material into space that leads to 

meteorites on Earth (Nyquist et al., 2001).  The formation age of the rock on Mars is 

determined with radiometric dating by measuring ratios of Rb-Sr, Sm-Nd, Lu-Hf, and 

Ar-Ar.  The ejection age of the rock from the martian surface is determined with 

Cosmic-Ray-Exposure (CRE) age measurements; these measure changes in isotopes of 

He, Ne, and Kr that are affected by high-energy cosmic rays striking the rock.  

Controversy exists over many measurements of both formation age and ejection age, 

especially with Shergottites (Bouvier et al., 2005, Bogard and Park, 2008).  Age 

chronology analysis is affected by how much the meteorite was altered by weathering, 

impact, or ejection on the martian surface, and also by atmospheric re-entry and 

weathering on the Earth surface.  Identified martian meteorites demonstrate unique 

groups when crystallization, or formation, age is plotted against ejection age (see Figure 

1-13) (Nyquist et al., 2001).  

Meteorite geologists grouped a set of three odd achondrite types together based 

on their common mineralogy.  Labeled as the Shergottite-Nakhlite-Chassigny (SNC) 

category of meteorites, some speculated that they might be of martian origin (Wood and 

Ashwal, 1981).  The martian origin of SNC meteorites was firmly established by 
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studying the atmospheric gases that were trapped in EET 79001 and comparing them to 

values measured by the NASA Viking landing (Bogard and Johnson, 1983). 

 

 

 
Figure 1-13: Mars Meteorite Formation & Ejection ages (reprinted from Nyquist et al., 

2001) 

 

 

 

Shergottites 

The first broad group of identified martian meteorites is called “Shergottites”.  

The group includes the meteorites Shergotty, Zagami, ALH 77005, EET 79001, LEW 

88516, QUE 94201 and Y 793605.  They resemble terrestrial basalts on Earth.  Some 

have large olivine crystals, or contain high calcium pyroxene, or low calcium pyroxene.  

Shergottites exhibit severe shock and display unique martian minerals such as 

pigeonites, maskelynite, stishovite, and ringwoodite (Milone and Wilson, 2008).  
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Shergottites are relatively young meteorites with formation ages from 175 Mya to 475 

Mya, and ejection ages from 0.7 Mya to 20 Mya (Nyquist et al., 2001), although recent 

studies suggest ancient (~4.1 Ga) formation ages that differ from prior results (Bouvier 

et al., 2008, Bogard and Park, 2008).  Proponents of older Shergottite age argue prior 

studies were skewed by terrestrial contamination.  

 

Nakhlites 

A second group of martian meteorites, called “Nakhlites”, is named after a 

famous witnessed fall over Egypt in 1911.  The Nakhla meteorite fragmented into 

approximately 40 pieces that show little terrestrial contamination (McBridge and 

Righter, 2011).  They were formed on Mars 1.3 Ga and ejected from a common impact 

on Mars approximately 11 million years ago.  Nakhlites contain secondary minerals 

commonly formed in low temperature aqueous environments such as carbonates, 

sulfates, and amorphous silicate material (Bridges et al., 2001). They are largely 

composed of augite (Milone and Wilson, 2008).  Many are found in Antarctica.  The 

class of Nakhlites is composed of 13 meteorites: Nakhla, Lafayette, Governador 

Valadares, NWA 817, NWA 998, NWA 5790, paired Miller Range (MIL) samples MIL 

03346, MIL 090030, MIL 090032, MIL 090136, and paired Yamato (Y) samples Y 

000593, Y 000749, and Y 000802 (McCubbin et al., 2013).  A total of 34 meteorites of 

similar petrology and the same CRE age indicate a common ejection date from Mars 

approximately 11 million years ago. 
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Chassignites  

Chassignites (a class composed of meteorites Chassigny, Brachina and NWA 

2737), also have a formation age of approximately 1.3 billion years ago (1.3 Ga) 

(Nyquist et al., 2001, Korochantseva et al., 2011).  The Nakhlites and Chassignites are 

believed to have formed by partial remelting of a common LREE depleted source 

(Debaille et al., 2009, McCubbin et al., 2013).  Both groups may have been ejected from 

the same impact (Eugster et al., 2002, Korochantseva et al., 2011).  Slight geochemical 

differences (pyroxene trace element ratios) between the Nakhlites and Chassignites lead 

some authors to propose they were not formed co-magmatically (Wadhwa and Crozaz, 

1995), but others believe the minor differences can be caused by an invasion on a Cl-rich 

fluid to a single magma source after formation of the cumulus and olivine (McCubbin et 

al., 2013).    

 

Other SNCs 

Three unique martian meteorites defy easy classification.  First, the Dhofar 019 

has the oldest CRE of 20 million years, and has a highly depleted siderophile element 

composition.  Second, NWA 7034 contains a breccia texture and extreme oxygen 

isotope values, making it a class unto itself.  Third, the Allan Hills 84001 (ALH 84001) 

is a unique martian meteorite found on December 27, 1984 in Allan Hills, Antarctica.  It 

was originally considered part of the HED group, then the SNC group, but is now 

considered unique (Borg, 1999).  It is much older than other martian meteorites, having 

formed on Mars approximately 4.5 billion years ago (~4.5 Ga), and was ejected from 
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Mars approximately 16 million years ago.  It landed on Earth approximately 13,000 

years ago (Gaines et al., 2009).  The bulk of ALH 84001 is orthopyroxene, and it 

contains old carbonate globules (formed ~3.9 Ga) and polycyclic aromatic hydrocarbons 

(PAHs) of suspected martian origin.  These organics lead NASA scientists to publish 

research claiming the meteorite contained fossilized martian bacteria (McKay et al., 

1996), which motivated then US President Bill Clinton to make a special address 

announcing the discovery.  Subsequent research determined the evidence showed 

crystallographic artifacts, not fossils (Wickramasinghe, 2015). 

 

Meteorite Curation 

Meteorites collected by the ANSMET team in Antarctica are frozen and 

transferred to freezers at McMurdo Station.  They are later shipped to Port Hueneme, 

California and transported to Houston in containers that keep the samples frozen.   Once 

delivered to JSC, the samples are transferred to freezers.   

The samples are transferred to a N2 cabinet in the Antarctic Meteorite Processing 

Lab (MPL) when ready for characterization.  Once thawed, they are weighed, measured, 

photographed and visually analyzed.  After initial processing they are transferred to 

nylon or Teflon bags.  The larger samples are stored in N2 cabinets at room temperature, 

and the small samples <200g are placed in stainless steel cabinets with no nitrogen flow.  

A special N2 cabinet was constructed for the large meteorite LEW 85320, which is 

growing the Mg-rich carbonate nesquehonite while in storage (Righter et al., 2014). 
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Stable Isotope Analysis 

General Stable Isotope Background 

A discussion of the major processes impacting the carbon and oxygen isotopes 

on Earth or Mars begins with a basic review of stable isotope geochemistry, then a 

specific discussion of each process.  An excellent discussion of stable isotope 

fractionation is given in two well known reference works (Hoefs, 2009, Faure, 1986).  

Stable isotope measurements are reported in “delta” (δ) notation:   

δ18O = [(Rx – Rstd) / Rstd] x 1000               eq. 1-1 

where R is the 18O/16O ratio 

The fractionation factor, α, defines the exchange of isotopes between two species in 

equilibrium. 

αA-B = Ra / Rb                  eq. 1-2 

ΔA-B = δ18OA - δ18OB ≈ 1000 ln αA-B                eq. 1-3 

(the approximation in eq. 1-3 is generally valid when δ18OA - δ18OB is small) 

 

Standards 

The standard for terrestrial water measurements of oxygen isotopes is “Vienna 

Standard Mean Ocean Water” (SMOW or VSMOW) which was created based on 

samples from the Potomac River NBS-1.  The standard for oxygen isotopes in carbonate 

materials, and carbon isotopes in general, is Pee Dee Belemnite (PDB) or Vienna PDB 

(VPDB) if calibrated via NBS-19.  The oxygen isotope values are related between 

standards (Coplen, 1988): 
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δ18OVSMOW = 1.03091 * δ18OVPDB + 30.91 ‰              eq. 1-4 

δ18OVPDB = 0.97001 * δ18OVSMOW – 29.99 ‰              eq. 1-5 

 

Mass Dependent and Independent Fractionation 

General isotope fractionation is based on the preferential movement of isotopes 

between species based on the difference in their energy level.  The energy level is 

associated with the mass of the isotopes.  Most element isotopes follow “Mass 

Dependent Fractionation” (MDF); however, O, Mg and S do not strictly fractionate in 

this manner.  The expected MDF fractionation for 18O to 16O is twice that of 17O to 16O 

because of the doubled mass difference between the species.  The oxygen “Mass 

Independent Fractionation” (MIF) is determined by measuring the triple isotopes of 

oxygen (Clayton et al., 1976), which requires instrumentation capable of detecting small 

quantities of 17O.  Plotting the δ17O versus δ18O creates a straight line unique for 

planetary bodies (Matsuhisa et al., 1978).  From this plot, the term Δ17O is defined as the 

MIF: 

Δ17O = δ17O – (λ*δ18O)                 eq. 1-6 

where λ is defined by the system (Assonov and Brenninkmeijer, 2005) 

For Earth, the “Terrestrial Fractionation Line” (TFL) is generally λ=0.52 but can vary 

from 0.50 to 0.53 (see Figure 1-14). On Mars, the λ=0.52 (same as Earth) but there is an 

offset of Δ17O=0.321‰ based on measurements from silicates in martian meteorites 

(Franchi et al., 1999). 
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Terrestrial MIF of oxygen is evident in the formation of ozone in the stratosphere 

(Mauersberger et al., 1999), other atmospheric gases (Thiemens, 1999), desert sulfates 

(Bao et al., 2000) and volcanic sulfate aerosols of polar ice (Baroni et al., 2007). 

Martian carbonates have distinct Δ17O > 0.3‰ (ranging from 0.5‰ to 0.9‰), 

which is interpreted as carbonate exchange with atmospheric CO2 undergoing MIF, and 

not from equilibrium formation with the silicates (Farguhar and Thiemens, 2000, 

Shaheen et. al, 2015).   

  

 
Figure 1-14: Mars and Earth MIF (reprinted from Franchi et al., 1999) 

 

 

Temperature 

Stable isotope fractionation varies with temperature.  It is zero at very high 

temperature (α=1) because the high energy of all particles distributes the isotopes 
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uniformly.  Fractionation increases with lower temperature.  Thus, α = f (1/T) at low 

temperatures, and α = f (1/T2) at high temperature (T is in degrees K) (Hoefs, 2009).   

 

Fractionation Mechanics 

In equilibrium isotope exchange, the heavier isotope is enriched where there is a 

stronger bond or higher oxidation state.  For carbon dioxide (CO2) and calcite in 

equilibrium, the stronger bonds in CO2 are enriched in 18O, whereas the calcite is 

relatively depleted in 18O.  Non-equilibrium kinetic effects impact isotope exchange in 

only one direction.   Biological processes and diffusion have kinetic effects which favor 

the light isotope.  With the evaporation of water, the vapor is the less dense phase.  The 

vapor is enriched in 16O, which means it is depleted in δ18O.  The liquid is the denser 

phase, and it is enriched in δ18O.  Evaporation equilibrium fractionation (aka distillation) 

between seawater (δ18O = 0‰) and water vapor predicts the vapor should be depleted in 

18O with δ18O = -9‰ at 25°C, but kinetic effects enhance the depletion to δ18O = -13‰ 

(Craig and Gordon, 1965).  Predicted gas kinetic diffusive fractionation can be 

calculated using Graham’s Law: 

α'light-heavy = (massheavy / mass light) 
0.5               eq. 1-7 

e.g. for carbon in methane:   

α'light-heavy = (17/16) 0.5 = 1.030 = 30‰ enrichment in 12C            eq. 1-8 

 

 

 



 

31 

 

Earth Oxygen Isotopes 

The stable isotopes of oxygen are 16O, 17O, and 18O (“triple isotopes” of oxygen).  

The relative oxygen isotope abundance in VSMOW is: 16O = 0.99985, 17O = 1/2632 = 

0.00038, and 18O = 1/498.7 = 0.0020052 (Pilson, 2012).  Oxygen isotope measurements 

use VSMOW for seawater and VPDB for rocks.  These measurements are studied in 

processes involving water (atmosphere, hydrosphere, and lithosphere), 

paleothermometry and geothermometry. 

 

Biology 

Most marine organisms that create carbonate shells fractionate oxygen in 

equilibrium between H2O and CaCO3, but a few have “vital effects” that alter the 

predicted equilibrium oxygen isotope fractionation (see Figure 1-15) (Sharp, 2007, 

Anderson, 1983). 

 

 

 
Figure 1-15: Vital Effect Fractionation in Earth Organisms (reprinted from Sharp, 2007) 
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The Atmosphere 

Biological respiration from organisms preferentially consumes 16O from the 

atmosphere, leaving an enrichment of 18O in the atmosphere.  This is called the “Dole 

Effect”.  Although first noted in 1936 (Dole, 1936), it was accurately measured in 1975 

as δ18OO2 = +23.5‰ (Kroopnick and Craig, 1972).  The terrestrial contribution is 22‰ 

to 27‰ and the oceanic contribution is between 17‰ to 19‰ (Bender et al., 1994).  The 

predicted equilibrium fractionation between O2 and water is 6‰, so the oxygen in the 

atmosphere is not in equilibrium with the ocean surface (Urey, 1947). 

The atmospheric CO2 is δ18OCO2 = +41‰, which is in equilibrium with seawater 

but not atmospheric O2 (Keeling, 1961).  The southern hemisphere has a regional 

enrichment of atmospheric CO2 δ
 18O = 2‰ due to the large volume of ocean in the 

southern hemisphere (δ18Oseawater = 0‰) versus northern hemisphere with more land area 

(δ18Ometeoricwater < 0‰) (Hoefs, 2009).   

 Ozone (O3), O2, and CO2 in the Earth atmosphere follows MIF based on 

photochemical reactions (Thiemens et al., 1995).  The 17O in the atmosphere with this 

MIF is depleted relative to oxygen created only by photosynthesis/respiration by 0.2‰.  

The total depletion varies with biological productivity and stratospheric mixing.  The 17O 

anomaly can thus be used as a tracer for biological productivity (Luz et al., 1999).   
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The Hydrosphere 

Rayleigh fractionation, which involves the distillation of oxygen isotopes in 

evaporation and condensation, is important in Earth’s hydrosphere.  If the isotope 

exchange is in a closed system, the fractionation between phases does not alter the total 

reservoir δ18O since the total number of isotopes remains the same.  In an open system, 

however, the reservoir δ18O changes over time due to the loss of specific isotopes from 

the system.  Rayleigh fractionation models water evaporation (distillation) and 

condensation on Earth as closed systems.  Enrichment of one phase creates depletion in 

another, but the total reservoir δ18O, and thus the total number of ions for each isotope, 

in the reservoir remains constant.  Consider seawater at the equator: the light isotope 16O 

is preferentially evaporated over the heavy isotope 18O, so the water vapor is depleted in 

δ18O.  The residual seawater is enriched in δ18O.  The water vapor creates rain, which is 

a process that preferentially condenses the heavy isotope 18O, leaving the water vapor 

further depleted in δ18O.  As the water vapor moves farther from the equator, or farther 

inland, the vapor cloud and the rain condensation get progressively lower in δ18O.  Since 

much of the 18O depletion of the vapor cloud occurs at high latitude and altitude, 

temperature is an effective parameter to predict the δ18O.  Modeling the condensation of 

rain from a vapor cloud in a closed system provides insight to the δ18O variation of each 

phase (water vapor, instantaneous liquid “rain”, and residual water).  The model varies 

based upon the parameter “f”, which is the amount of vapor remaining after rain has 

precipitated from the vapor cloud (see Figure 1-16) (Broecker and Oversby, 1971, 

Dansgaard, 1964). 
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Rivers weather continental rock and collect organic debris (which is an important 

component of exchange with carbon isotopes) before re-entering seawater.  Lower 18O 

rain becomes meteoric water feeding fluvial systems.  For example, rivers in northern 

Asia are created from rain that is depleted in δ18O due to the great distance from the 

ocean source that created the water vapor.  They become significantly lower, or“rained 

out”, in δ18O as water vapor travels inland across Russia.  The δ18O values for the rivers 

discharging into the Eurasian Basin of the Arctic decrease from west to east (from the 

Ob River with δ18O = -16.3‰ to the Indigirka River, with δ18O = -23.8‰) (Bauch et al., 

2005).  The 18O depleted rain in polar regions (δ18Orain < -40‰) creates more depleted 

glacial ice, seen in Figure 1-17 (Dansgaard, 1964, Pilson, 2012). 

  

 

 
Figure 1-16: Rayleigh Fractionation (reprinted from Broecker and Oversby, 1971) 
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Figure 1-17: δ18O vs. Mean Air Temperature (reprinted from Pilson, 2012) 

 

 

 

Evaporation increases the salinity and 18O enrichment of seawater.  Modern 

salinity values typically are measured with electrical conductivity instruments and the 

value is reported without any units.  Older salinity measurements, based upon 

evaporation or titration, reported the presence of dissolved ions in water as parts-per-

million, ppm.  Ocean seawater generally has a salinity of about 35, whereas freshwater 

has a salinity of zero (0).   

Lower δ18O rainfall creates fluvial runoff that decreases the salinity of seawater 

and reduces δ18Oseawater.  Thus, δ18Oseawater and seawater salinity can be correlated (see 
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Figure 1-18).  The δ18OVSMOW = 0‰ (by definition), but variation in δ18Oseawater is 

predicted by salinity measurements in seawater (Craig and Gordon, 1965).  

 

 

 
Figure 1-18: δ18O vs. Salinity (reprinted from Craig and Gordon, 1965) 

 

 

 

Sea ice formation does not affect sea level, but it does alter the salinity and δ18O 

of seawater.  When sea ice is formed, the dissolved salt ions in seawater are excluded 

from the ice lattice in a process known as “brine rejection”.  The salinity of the seawater 

in the immediate vicinity is thus increased with the salt ions from the sea ice.  The 

formation of sea ice also enriches the δ18Oseawater.  Water is a unique fluid because the 

solid phase is less dense than the liquid phase at the freezing point (Thurman et al., 

2011).  This phenomenon makes aquatic life possible in cold climates, since the ice 

floats on the surface and provides thermal insulation to the liquid water below.  

Equilibrium melting of ice causes fractionation that enriches δ18Oseawater = +3.1‰ 
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(O'Neil, 1968).  Kinetic effects, however, reduce the enrichment to only about 2.6‰ 

(Pilson, 2012).  Melting of sea ice reverses the enrichment of δ18Oseawater and reduces 

seawater salinity. 

Glacial ice formation (ice over continental land mass) impacts sea level, seawater 

salinity and δ18Oseawater.  Evaporation of water vapor from seawater decreases sea level, 

increases the salinity of the seawater, and enriches δ18Oseawater due to Rayleigh 

fractionation.  The water vapor creates lower δ18O snow that precipitates at high latitude 

and elevations.  Snow that doesn’t melt compacts over time to create glacial ice.  It is 

estimated that the Pleistocene glacial maximum sea level was 120 m lower than the 

current level, δ18Oseawater was +1.25‰, and δ18Oglacialice was -40‰ (Fairbanks, 1989).  If 

all of the current glacial ice melted today, the predicted global δ18Oseawater would change 

to -1‰ (Pilson, 2012) due to runoff from the depleted precipitation.  Sea level would rise 

by 216 feet, or 72 m (Geographic, 2013). 

The oxygen isotopes of global seawater are in equilibrium with the hot seafloor 

crust at spreading centers and mid-ocean ridges where δ18Osilicatecrust ≈ +5.7‰ 

(Muehlenbachs and Clayton, 1976, Eiler, 2001).  Depleted meteoric water (δ18Ometeoric ≈ 

0 to -40‰) mixes with the seawater to reduce δ18Oseawater.  Thermohaline circulation 

tends to mix the global ocean so that the average seawater oxygen isotope value creates 

SMOW.  Surface waters vary more than deep water due to local evaporation, 

precipitation, and runoff.  Despite the average value for global seawater, distinctive deep 

water masses exist within the oceans.  North Atlantic Deep Water (NADW) and 

Antarctic Bottom Water (AABW) are two of these water masses characterized by 
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distinct oxygen isotopic values, salinity, temperature, and nutrient content (see Figure 1-

19).  Using the δ18O and salinity as tracers of water mass provides a tool to predict 

mixing circulation within the global ocean (Pilson, 2012). 

 

 

 
Figure 1-19: δ18O and Salinity as Water Mass Tracers (reprinted from Pilson, 2012) 

 

 

 

Average ocean δ18Oseawater = 0‰ is the basis of VSMOW.  Meteoric waters are 

created from precipitation.  The oxygen, δ18O, and hydrogen, δD (2H), isotopes of 

meteoric waters can be correlated.  Deviations from the Meteoric Water Line (MWL) 

occur with hydrothermal rock-water exchange and evaporation in closed basins (Craig, 

1961).   
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Generally: 

δD = A * δ18O + B‰ (A and B based on humidity)             eq. 1-9 

Slope, A:   At 25°C 

At 100% humidity, A=8 (αD/αO = 76/9.3).  

      At 50% humidity, A=4.5   

Intercept, B “D-excess”:  B=10 at avg. humidity,  

B>10 for dry areas,  

B<10 for humid areas 

The surface ocean water has δ18Owater = 24.2‰ based on the atmospheric δ18OO2 

= 23.5‰ (“Dole effect”) and the fractionation of 0.7‰ for gas dissolution (Quay et al., 

1993).  Dissolved O2 concentration in saturated surface waters is approximately 210 

µmoles/kg (depending on temperature).  If photosynthesis dominates the surface waters, 

the δ18Owater < 24‰ due to excess creation of O2 (the water will be supersaturated in O2).  

If respiration dominates the surface waters, the δ18Owater > 24‰ due to excess 

consumption of 16O (the water will be undersaturated in O2).  Respiration and 

consumption of dead organic matters consumes dissolved O2 and creates an enriched 

δ18Owater > 30‰ at the oxygen minimum depth (approximately 1 km).  The dissolved O2 

concentration drops to ≈ 150 µmoles/kg at the oxygen minimum and then increases in 

deep water ≈ 270 µmoles/kg from downwelling of surface waters (see Figure 1-20).  

Deep water reflects downwelled surface δ18Owater ≈ 26‰ (Kroopnick and Craig, 1972). 
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Figure 1-20: δ18O and δ13C Changes with Ocean Depth (reprinted from Kroopnick and 

Craig, 1972) 

 

 

 

The Lithosphere 

The bulk Earth δ18O ≈ +5‰ based on measurements of silicates (Muehlenbachs 

and Clayton, 1976) and ordinary chondrite meteorites (Clayton and Mayeda, 1999) that 

are assumed to reflect the primitive Earth.  In general, oxygen isotopes in the Earth crust 

fractionate with the heavy isotope enriched in the species with the stronger bond 

(Broecker and Oversby, 1971).   

 

Carbonates 

Oxygen (and carbon) isotopes are measured from CO2 released by carbonates in 

the laboratory.  The CO2 gas is created when the carbonate is dissolved in phosphoric 

acid.  Harold Urey established that oxygen isotope fractionation between CaCO3 and 

water depended on temperature (Urey, 1947), and empirical paleo-temperature equations 
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were developed for inorganic calcite (McCrea, 1950), mollusks and other biogenic 

carbonates (Epstein and Lowenstam, 1953), and pelagic foraminifera (Emiliani, 1955).  

Pleistocene climate change (approximately the recent 500,000 years) is reconstructed by 

correlating changes of carbonate δ18O with Antarctica ice cores (Petit et al., 1999) and 

other radiogenic dating techniques (Faure, 1986).      

Using changes in 18O of biogenic carbonates is problematic.  First, some 

organisms, such as enchinoderma, asteroidea, ophiuroidea, and crinoidea, do not secrete 

carbonate shells in equilibrium with seawater (see Figure 1-15) (Faure, 1986).  Second, 

both water temperature and water isotopic composition impact δ18Ocarbonate, such as 

during periods of glaciation or in regional areas of high fluvial runoff.  One solution to 

this is to measure both pelagic and benthic foraminifera deposited together, with the 

assumption that the deep ocean water does not change in temperature (recorded in the 

benthic forams) (Kahn, 1981).  Volumetric mass balance predicts the change in δ18O is 

2/3 from glacial ice volume and 1/3 from seawater temperature change (Craig and 

Gordon, 1965, Emiliani and Shackleton, 1974).  

Terrestrial carbonates formed in equilibrium with seawater create δ18Orock = 28‰ 

(25°C) to 35‰ (0°C) (using the VSMOW standard) based on temperature dependent 

fractionation between calcite and water (Bottinga, 1968, Chacko et al., 1991).   

On the seafloor, carbonates are lithified and compacted.  Cementation and 

diagenesis alter the δ18O through isotope exchange between the sediments and meteoric 

waters.  Deep burial also causes dissolution and recrystallization from increased 
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temperature and pressure.  Generally, these processes cause a depletion of δ18Orock up to 

25‰ (more discussion on diagenesis and metamorphism below). 

The field of “Oxygen Isotope Stratigraphy” evolved to measure the δ18Ocarbonate 

and reconstruct the temperature of the seawater in which the carbonate formed.  It is 

important to understand the contribution to δ18O from temperature variation and the 

contribution to δ18O from glacial ice volume, since each alters δ18O in the same direction 

(Grossman, 2012).  

Precambrian seawater temperature has been reconstructed using δ18O 

measurements of chert and carbonates (Perry, 1968).  Paleozoic records have been 

created from brachiopod shells and marine sediments (Popp et al., 1986) and conodonts 

(Joachimski et al., 2009), and Mesozoic records are created with macrofossils such as 

bivalves, belemnites, and brachiopods (Urey et al., 1951, Hudson and Anderson, 1989).  

Cenozoic measurements of the δ18O in planktonic and benthic forams establish accurate 

climate estimates for the past 65 million years (Zachos et al., 2001).  

 

Igneous Silicates 

Mantle xenoliths (Zhang, 2001b) and unaltered basalts formed along a Mid-

Ocean Ridge (Muehlenbachs and Clayton, 1976) are thought to represent the bulk Earth 

silicate, with δ18Osilicatecrust  ≈ +5.7‰ Oxygen isotopes in granites vary more than in 

basalts due to variation in the magma source and secondary alterations.  “High” granite 

rocks have δ18Orock > 10‰ and reflect low temperature isotopic fractionation with 

meteoric water from sedimentation or weathering.  “Low” granite rocks have δ18Orock < 
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6‰ and reflect high temperature and high pressure interactions such as remelting or 

recrystallization.  Mantle peridotites (olivine and pyroxene) have δ18Orock ≈ +5.2‰, 

Ocean Island Basalts (OIB) (pyroxene and plagioclase) δ18Orock ≈ +5.5‰, and Mid-

Ocean Ridge Basalts (MORB) (pyroxene and plagioclase) δ18Orock ≈ +5.7‰.  “Normal” 

granite rocks have δ18Orock from 6‰ - 10‰ reflecting their unaltered igneous origin, 

such as continental granites (quartz) δ18Orock ≈ +6.1‰ (Muehlenbachs and Clayton, 

1976). 

Correlations between δ18Orock and 87Sr/86Sr ratio are used to distinguish crustal 

contamination (mixing of mantle material with re-melted crustal material) from source 

contamination (recycling of subducted material) (Marshall et al., 1999). 

Quartz (SiO2) with a higher vibration frequency of 1.64 x 1013 sec-1 is enriched in 

18O relative to periclase (MgO) with a lower vibration frequency of 1.18 x 1013 sec-1.   

 

Earth Carbon Isotopes 

The stable isotopes of carbon are 12C and 13C.  The isotope 14C is radioactive 

with a half-life of approximately 5730 years, and is used to measure the age of organic 

material.  In “delta” notation:   

δ13C = [(Rx – Rstd) / Rstd] x 1000              eq. 1-10 

where R is 13C/12C ratio 

Carbon isotopes are measured with the VPDB standard.  The relative abundance 

of carbon isotopes is 12C=0.989, 13C=0.011, and 14C=variable, very small amount 

(Hoefs, 2009).  A summary of the carbon on Earth (see Figure 1-21) reflects that most 
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organic processes prefer 12C, which causes a depletion of δ13C in the organic material 

produced (Mateo et al., 2006).  

 

 

 

Figure 1-21: Earth δ13C reservoirs (reprinted from Mateo et al., 2006) 

 

 

 

Biology 

Plant photosynthesis consumes CO2 preferentially using 12C (which creates a 

depletion of δ13Cplant relative to δ13CCO2).  Photosynthesis favors 12C in consumption of 

CO2, causing an enrichment of δ13C from +4‰ to +27‰, and is evident in the summer 

atmosphere over each hemisphere (Wingate et al., 2007).   

The older type of plants, known as “C3”, appeared on Earth in the late Paleozoic 

and Mesozoic (250 mya) periods.  They flourish in moderate climates with abundant 

water, since they lose 97% of their absorbed water to transpiration.  C3 plants currently 

comprise approximately 95% of the Earth’s plant biomass and include plants such as rice 

and barley (Raven and Edwards, 2001).  C3 leaves fractionate δ13C = -20‰ (Ghashghaie 

and Badeck, 2014). 
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“C4” plants evolved later, perhaps in the Oligocene (38 mya), in response to 

higher temperatures and arid environments.  They utilize a more efficient chemistry for 

photorespiration than C3 plants.  C4 plants have a distinctive leaf structure, and the more 

drought tolerant “crassulacean acid metabolism” (CAM) plants developed spines (e.g. 

cacti).  C4 examples include corn (maize), sugarcane and crabgrass (Nickell, 1993).  C4 

plants fractionate δ13C = -4‰ (less than C3 plants) (Ghashghaie and Badeck, 2014).  

Carbon isotopes (often studied along with nitrogen isotopes) are also used in diet 

studies to determine organism migration - “You are what you eat”.  The δ13C of animal 

tissue reflects the δ13C of the primary food source.  Some organisms, such as Red Sea 

corals, do not correlate well due to differences in biogenic pathways that deliver the food 

to the tissue. 

 

The Atmosphere 

The 2014 atmospheric CO2 δ
13C ≈ -8‰ (Cuntz, 2011).  In 1955, the atmospheric 

CO2 δ
13C was = -7‰.  The depletion of δ13C in CO2 results from the burning of fossil 

fuels, which started approximately in the 1750s with the Industrial Revolution.   Fossil 

fuels are significantly depleted in δ13C (due to their large composition of C3 plants).  As 

they are burned, they cause a reduction (or isotopically “lighter”) in the atmospheric 

δ13CCO2.  This is known as the “Seuss Effect” (Keeling, 1979).   

The bulk Earth δ13C ≈ -6‰, based largely on meteorite studies (Grady and 

Wright, 2006).  Volcanic eruptions provide CO2 and CH4 to the atmosphere.  The CO2 is 

in equilibrium with the hot lava before eruption, and the fractionation between CO2 and 
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graphite is ≈ 5‰ at 1000°C (Friedman and O’Neil, 1977).  Magma composition changes 

with regional integration of country rock or plume evolution from the mantle.  

Measurements of the δ13CCO2 from Mt. Etna show a progressive increase in δ13CCO2 

since 1970 (each measurement numbered in Figure 1-22).  This chemical change in the 

released CO2 reflects a change in the δ13C magma source, estimated to be from -9‰ to -

6‰ (Chiodini et al., 2011).  

 

 

 
Figure 1-22: δ13C changes of Mt. Etna Released CO2 (reprinted from Chiodini et al., 

2011) 

 

 

 

The Hydrosphere 

Water does not contain any carbon, but dissolved inorganic carbon (DIC) in 

seawater is composed of mostly HCO3
- ions, with some CO3

2- ions and small amounts of 

dissolved CO2.  Marine plant photosynthesis enriches the δ13CDIC of surface waters by up 

to 2‰ (through preferential consumption and storage of 12C in tissues).  The young 

NADW (recently formed from cooling surface waters near Labrador) varies from 
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δ13CDIC ≈ +0.5 to +1‰, and older Pacific water (traveling the globe via thermohaline 

circulation) can decrease to δ13CDIC ≈ -0.5 from the addition of organic material and its 

oxidation as it falls through the water column (see Figure 1-20) (Kroopnick, 1985). 

Marine plants are enriched in δ13C ≈ +10‰ compared to terrestrial plants, and 

thus δ13C can be a tracer for carbon source.  Phytoplankton δ13C varies across the global 

ocean by 15‰, but there is significant δ 13C depletion in southern ocean plankton.  The 

reasons for this depletion are unknown (Pilson, 2012).  

Meteoric waters flush organic material into the ocean via fluvial networks.  The 

debris includes C3 and C4 plants, which are depleted in 13C.  Continental runoff of 

meteoric waters (δ13C = -17‰ to -26‰) carry the lower δ13C into seawater, and also 

provide lower δ13C to sediment pore water during diagenesis. 

 

The Lithosphere 

The bulk Earth δ13C ≈ -5‰, based largely on meteorite studies and comparisons 

to diamonds from kimberlite eruptions.  Volcanoes release CO2 to the atmosphere.  The 

CO2 is then returned to the lithosphere via the ocean to form carbonates or organic 

matter sediments (Grady and Wright, 2006). 

 

Carbonates 

In general, the heavy carbon isotope 13C is enriched where the oxidation state of 

inorganic carbon is +4 (such as CO2 and CaCO3), but 13C is depleted in organics such as 

CH4 where the carbon oxidation state is -4.  Organisms that create carbonate shells are 
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often in equilibrium with the oxygen isotopes of seawater (see Figure 1-15), but not in 

equilibrium with the carbon isotopes of DIC. Carbonate shells are thus lower in δ13C 

relative to equilibrium values (Hoefs 2009, Faure, 1986).    

The δ13C of DIC and of carbonates reflects changes in the environment.  

Increasing the burial rate of organic carbon in the sediments causes the δ13C to increase.  

The closing of the Laurasian seaway (approximately 323 mya in the Carboniferous 

Period during the formation of Pangea) increased δ13C DIC by 2‰ (Grossman et al., 

1993).  The “dinosaur killer” comet impact at the KT boundary (approximately 65 mya) 

is thought to have shut down primary production, causing a decrease in δ13C due to 

respiration and lack of photosynthesis (Koch et al., 1992).  Carbonate shells also record 

episodic Ocean Anoxic Events (OAE) which create a brief enrichment of δ13C DIC due 

to decline of respiration (Saltzman et al., 2004).   

 

Sediment Alterations 

Interpreting measurements of carbon and oxygen isotopes can provide insights 

into the formation and alteration environment of carbonate sediments as they are 

lithified. 

 

Diagenesis 

Diagenesis is the physical, chemical and/or biological alteration of sediments at 

low temperature.  After carbonate sediments form on the seafloor, the oxygen and 

carbon isotopes can be altered in two ways: cementation or dissolution/recrystallization.  
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Factors influencing the isotopic exchange between rock and fluid include temperature, 

isotopic composition of the cementing fluid, fluid/rock ratio, and stability of the 

carbonate mineral.   

Early cements are added from abiotic carbonate deposition in the pores of the 

sediments, and the cement may be in equilibrium with ocean water.  Shallow marine 

sediments initially interact with seawater, then with δ18O depleted (Rayleigh) and 13C 

depleted (C3/C4) meteoric waters.  Late cements form at higher temperature with more 

kinetic energy for fractionation.  Recrystallization of unstable minerals to more stable 

minerals, such as from aragonite to calcite, or from high-Mg calcite to low-Mg calcite, 

also fractionates the isotopes (Sharp, 2007).   

In deep sediments, the temperature and pressure increase and water is squeezed 

from the sediment pores.  Generally, the δ18Orock decreases with increasing temperature.  

The δ13Crock varies greatly based on microbial activity.  Trace elements can be added or 

removed, and complex isotope fractionation occurs (Hudson, 1977).  

 

 

Carbonate Metamorphism 

Metamorphism depends upon three factors: 1) pre-metamorphism composition of 

the protolithic rock, 2) effects of volatilization in increasing temperature, and 3) effects 

of rock-fluid isotope exchange with fluids and melts.  Metamorphism tends to create 

lower δ18O values and smaller δ18O differences between minerals due to the high 

temperature environment (Baumgartner and Valley, 2001).  The δ18O values can be used 

to determine if a metamorphic system is closed or open.  Dolomite, which is formed in 
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low temperature, anaerobic environments, is enriched with respect to calcite by 2-4‰ 

(Land, 1980).  Dolomite is common in the geologic record, but not prevalent in the 

modern depositional environment.  It has yet to be created in the laboratory under 

expected formation conditions, and there is controversy over what role biology plays in 

formation (Roberts et al., 2013). 

 

Methane Production 

Controversial measurements of methane in the martian atmosphere at the 10-60 

ppbv level (Formisano et al., 2004, Mumma et al., 2009) have been refuted by other 

researchers (Zahnle et al., 2011), but discussions of possible biotic (Atreya et al., 2007) 

or abiotic (Oze and Sharma, 2005) origin continue.  Understanding the process of 

creating methane on Earth provides insight into potential processes active on Mars.   

Methanotrophs are unicellular organisms that live in aerobic or anaerobic 

environments and consume methane   Methanogens are archaea that live in anoxic 

conditions (often in sediments, but also in hydrothermal systems) and produce methane 

as a metabolic byproduct.  Biogenic methane has a δ13C < -52‰, and is not associated 

with larger simple alkanes such as ethane (C2) or propane (C3).  Methane values of δ13C 

< -120‰ indicate depleted methane can be carbon source, not just a metabolic product, 

for archaea (Hoefs, 2009). 

Methane can also be created at high temperature and pressure from the cracking 

of kerogen to form petroleum.  Thermocatalytic methane has δ13C > -52‰ and is 

associated with larger simple alkanes such as ethane (C2), propane (C3), butane, (C4), 



 

51 

 

etc. (Whiticar, 1996).  Methanogenesis, the process of creating methane with 

methanogens, causes an increase in δ13CDIC (~10‰) because the organisms preferentially 

metabolize 12C to create methane (see Figure 1-23) (Clark and Fritz, 1997).  

  

 

 
Figure 1-23: Methanogenesis Impacts on δ13C (reprinted from Clark and Fritz, 1997) 

 

 

 

 Controversy exists over whether methane can be produced abiotically by 

combining molecular hydrogen (H2) and CO2 in the crust or mantle.  The process of 

“serpentinization” creates H2 when olivine from ultramafic rock is in contact with water 

(Wordsworth et al., 2017).  In a study of the Rainbow ultramafic hydrothermal vent 

system along the Mid-Atlantic Ridge, it was found that H2 at high temperature combines 

with CO2 to form organic compounds through Fischer-Tropsch type (FTT) synthesis.  

Analysis of the vent fluids detected FTT reactions, which supports the hypothesis that 
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methane can be created by high temperature, aqueous weathering of silicates (Holm and 

Charlou, 2001).  

Gas hydrates form on the seafloor and in permafrost.  They are a large reservoir 

or carbon with unknown impacts on terrestrial, atmospheric δ13C when released.  

Researchers suggest methane hydrate releases create sudden global warming cycles as 

recorded in the geologic record (Dickens, 2011).   

 

Dissertation Research Goals 

This dissertation research combines stable isotope measurements of carbonates, 

which are common in the field of oceanography, with space exploration for past 

habitable regions on Mars.  The oceanographer toolset for determining Earth climate 

change is useful to explain possible evolution of environmental conditions on Mars. 

The first research goal is to study carbonates from Mars to understand their 

formation conditions.  Subsurface water on Mars altered martian rocks to create 

carbonates.  The environmental conditions at the time of carbonate formation provide 

information about the martian climate and its evolution.  When a large object impacted 

the surface of Mars, subsurface rocks (and their carbonates) were ejected into space.  

Some of these meteorites traveled to Earth and were trapped in Antarctic ice before 

being recovered and stored at NASA/JSC in Houston, Texas.  Unfortunately, melt water 

from glacial ice in Antarctica penetrates and precipitates terrestrial carbonates and 

sulfates on the meteorites.  The difficulty is thus identifying which carbonates formed on 

Mars and which formed on Earth.   
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The second research goal is to identify stable isotope “fingerprints” of terrestrial 

carbonates formed on meteorites in Antarctica.  This study measures the δ18O and δ13C 

of OC terrestrial carbonates to identify them when found on martian meteorites.  This 

identification allows separation of martian carbonate values from terrestrial carbonate 

values on meteorites collected in Antarctica.  The selected OC meteorites have no 

extraterrestrial carbonates, yet when they were collected in Antarctica they were 

observed with secondary alteration minerals on their fusion crust.  The meteorite (with 

low albedo) exposed on the glacial ice (with high albedo) warms and creates a thin-film 

layer of water around the grains.  The atmospheric CO2 dissolves in the meltwater film 

and interacts with the available cations (either from the meteorite or sea spray) to form 

carbonates.  This cold (< 0°C), arid environment of Antarctica may also be a formation 

analog for thin-film carbonates created in martian the subsurface.    

The third research goal is to assess how Mars environment conditions have 

changed, to contribute data towards answering the question of past habitability.  By 

comparing the modern martian environment (measured with NASA orbiters and rovers) 

to the carbonate formation conditions, it is possible to determine how Mars has changed.  

If liquid water existed for long periods of geologic time on the martian surface (during 

the Hesperian period), the ancient atmosphere of Mars must have been denser than now.  

The current δ13C and δ18O values would be enriched (similar to modern δD) (Owen, 

1988).  The NASA Phoenix spacecraft (launched in 2007) measured the current Mars 

atmosphere δ18OVSMOW=+31‰ and δ13CVPBD=2.5‰.  The NASA Mars Science 

Laboratory measured the current Mars atmosphere δ18OVSMOW=+48‰ and 
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δ13CVPDB=+46‰ (Webster et al., 2013).  Thus, an older, denser atmosphere would be 

expected to have δ13C and δ18O values lighter, or less enriched, than the MSL 

measurements.   

Prior published martian carbonate stable isotope values vary greatly.  Using a 

single stage phosphoric acid digestion procedure to extract CO2 (McCrea, 1950) from 

meteorite samples, carbonates from Mars and carbonates from terrestrial weathering can 

be mixed.  Carbonates of different cation species can also be mixed in the extracted CO2.  

This creates results that are difficult to interpret.  Using stepped extractions, where the 

temperature and acid reaction time is varied, distinct carbonate species can be separated 

and analyzed (Al-Aasm et al., 1990, Shaheen et al., 2015).  This dissertation research 

employs stepped extractions to separate carbonate species and to and compare δ13C and 

δ18O measurements between OC terrestrial carbonates and carbonates in martian MIL 

Nakhlites.  
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CHAPTER II  

CARBONATE SAMPLE METHODOLOGY 

 

NASA LEAL Facility 

 The NASA Light Element Analysis Laboratory (LEAL) is located at NASA – 

Johnson Space Center in Houston, Texas.  This laboratory was constructed in the 1960s 

to provide geochemistry analysis of Apollo moon rocks.  The current laboratory 

configuration is shown in Figure 2-1.   

 

 
Figure 2-1: NASA LEAL Room Layout 

 

 

 

Experiments for this study were conducted in the LEAL.  Samples measured 

included carbonate standards, Ordinary Chondrite (OC) meteorites, and martian Miller 

Range (MIL) Nakhlite meteorites.  Carbonate extractions had not been conducted in this 

laboratory recently, so new components were built and tested on the legacy systems.  

New pyrex glassline connections, Sample Tube (ST) heaters, Finger Tubes (FTs), pumps 

and cooling systems, and a GC with inlet and outlet connections were added.  
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General Procedure 

 The general procedure for creation, extraction, separation, and measurement of 

CO2 from acidifed carbonates is given in Figure 2-2.  Detailed procedures and 

explanations of system components are provided in Appendix B.  This methodology 

follows prior procedures regarding phosphoric acid reaction of carbonate samples with 

stepped extractions of CO2 (Al-Aasm et al., 1990); however, this is the first known 

research to extract carbonate species from reactions at both 30°C for 1 hour (Rx0), 30°C 

for 18 hours (Rx1), and 150°C for 3 hours (Rx2).   

 

 

 
 

Figure 2-2: Summary of Carbonate Methodology 
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 Additionally, this research works with extremely small samples of CO2 from 

untested martian meteorites and compares the results to terrestrial carbonates formed on 

Ordinary Chondrite meteorites collected from Antarctica. 

Each component of the system was tested individually before incorporation into 

the general methodology.  Initially the acid was tested alone, then laboratory calcite 

standards were acidified, extracted, purified and measured alone to calibrate the system.  

Next, a laboratory siderite standard was created so that combination of calcite and 

siderite could be tested on the system.  Finally, terrestrial regolith with the combinations 

of carbonates was test on the system as an analog for meteorite samples.  Each of these 

tests was recorded in a labelled dataset. 

 

Blank Acid Measurement 

 Before any carbonate reactions with acid were tested, the acid alone was 

evaluated to determine if it released gas when heated.  This released gas is important 

because it contributes to the pressure gauge reading on the extraction line interpreted for 

Yield calculations (see discussion below).  These measurements were recorded in a 

dataset known as “Acid_1”. 

Dataset Acid_1: Two samples were created with only acid (no carbonate or 

regolith).  First, a ST containing 1.0ml of 100% phosphoric acid (H3PO4) was heated at 

30°C for 18 hours and condensable gas was extracted in the same procedure followed for 

CO2 samples.  The pressure reading on the carbonate extraction line “fixed volume loop”  

PFTc= 0.60 mbar.  A second acid blank sample was heated to 150°C for 3 hours and 
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condensable gas was again extracted.  The pressure reading on PFTc= 0.56 mbar.  It is 

thus concluded that the heated acid creates a condensable gas at both 30°C and 150°C 

that creates a slight pressure reading on FTc of PFTc ≈ 0.6 mbar.  Each of the single 

extraction carbonate standards (typical FTc from 30-50 mbar) is corrected by reducing 

the apparent pressure by 0.6 mbar to calculate Yield (see “Predicting Sample CO2 Yield 

with Ideal Gas Law” section, below).  The multi-carbonate extraction Yield calculations 

were also reduced for the calcite and siderite PFTc by 0.6 mbar.  When extracting 

condensable gas from the acid added to terrestrial regolith (HIBB) without any 

carbonate, the 0.6 mbar PFTc acid condensable gas contribution is noticed in both 

reactions (30°C and 150°C) (see  “HIBB Regolith and Acid Alone” section, below).  

 

Predicting Sample CO2 Yield with Ideal Gas Law 

A Collection Tube (CT) in the lab was first filled with deionized water and 

weighed to measure the known volume.  The result is CTk = 7.121 ml ± 0.302 ml (2σ 

standard deviation).  The dried CTk was then filled with CO2 gas from a gas cylinder 

connected to the carbonate extraction line, and the pressure was recorded as P1.  The CTk 

was sealed and the carbonate finger tube, FTc was then evacuated to baseline and 

isolated from the system.  The CO2 in CTk was expanded to fill the volume of FTc and 

its pressure gauge.  This volume was then calculated using the ideal gas law at constant 

lab temperature: 

P1 * V1 = P2 * V2                       eq. 2-1 

so  V2 = (P1 * V1) / P2                       eq. 2-2 
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where V1 is the volume of CTk, V2 is the volume of FTc with its pressure gauge, and P2 

is the pressure reading on the FTc gauge from the expanded CO2, also called PFTc.  The 

average of 3 measurements for this volume is V2 = 8.49 ml ± 0.16 ml (2σ standard 

deviation).  This value was used for all initial calcite standard measurements to predict 

the moles of CO2 in any sample based on the ideal gas law: 

  PV = nRT                  eq. 2-3 

so:  np = P2V2 / RT                  eq. 2-4 

where np is the predicted moles of CO2 in the sample, R=8.314 J/mole°K = 8.314*104 

(ml mbar/mole°K), T is the absolute temperature of the lab during the CO2 extraction, P2 

is the reading on the pressure gauge associated with FTc, and V2 is the volume of FTc.  

The actual number of moles of carbonate in each sample is known from the weight of 

the sample and the Molecular Weight (MWc) of the carbonate: 

  nk = wt. of sample / MWc                eq. 2-5 

Comparing the predicted moles of CO2 to the number of moles of calcite weighed into 

each sample tube provides an estimate of Yield: 

Yield = np / nk                  eq. 2-6 

The only direct measurement on the carbonate extraction line is the Pressure, 

PFTc, for the FTc.  Manipulating the ideal gas law (eq. 2-3) and calculated moles (eq. 2-4) 

provides the predicted carbonate extraction line pressure, Pp: 

 Pp = (wt/MWc) * RT/(V2) * MRc                eq. 2-7 

where MWc is the Molecular Weight of the carbonates (calcite = 110.09 g/mole and 

siderite = 115.86 g/mole), and MRc is the mole ratio for moles of CO2 created for each 



 

60 

 

mole of carbonate sample acidified with phosphoric acid (MRc = 1.0 for all sample 

carbonates).  Thus, 

  Yield = PFTc / Pp                 eq. 2-8 

Each Yield value and its associated stable isotope measurements are then 

compared to the known calcite stable isotope measurements to assess if fractionation 

occurred due to an incomplete reaction of all the calcite.  Based on the calcite standard 

results for this system, a  Yield > 90% is required to consider the associated stable 

isotope values as accurate.   

 Using carbonate standards, 26 successful measurements on single carbonate 

extractions and 6 successful measurements on multi-carbonate extractions were 

completed.  Using the measured V2 = 8.487 ml, the calculated Yield = 90%.  The 

corrected stable isotopes for these samples indicate the carbonates were completely 

reacted with the acid to form CO2 without fractionation; thus, the choice of V2 is 

incorrect.  The explanation is that the repeated measurements on the system reflect the 

true volume of the FTc and associated pressure gauge better than the simplistic 

calculated volume using the ideal gas law.  Thus, the V2 was empirically adjusted from 

8.487 ml to 9.200 ml.  With this adjusted V2, the average Yield = 98% for all of the 

carbonate standard extractions.  The results are given in Figure 2-3. 
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Figure 2-3: Summary of Carbonate Standard Yields 

 

 

 

Carbonate Standard Results 

The IRMS in “dual inlet” mode compares measurements of the unknown sample 

against a CO2 reference gas of known stable isotope values.  Each IRMS “run” consists 

of 8 measurements comparing the unknown sample to the reference gas.  The average 

and standard deviation of each run is then computed for δ13C and δ18O, and recorded for 

analysis.  Before any unknown sample is loaded into the IRMS for analysis, a “CO2 Zero 

Enrichment” run is completed comparing the reference gas to itself as an unknown.  This 

provides confidence that the system is performing as expected and errors in the 
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measurements are low.  Errors in the CO2-Zero run identify leaks in the instrument or 

contamination in the system. 

The LEAL has calcite standards with known stable isotope values for NBS-18, 

Joplin, and NASA1.  There were no siderite standards before this study, but the 

Greenland IV siderite was chosen as a new standard.  To complete this study, NASA1 

calcites were run on the system components and the resulting stable isotope values were 

compared to the “known” values (aka “TRUE” values) to create an instrument 

fractionation factor (aka “βins”).  There is a different βins for each reaction temperature.  

The NASA1 βins was applied to different calcite datasets.  Differences between the βins 

corrected values and the “known” values implied fractionation in the system, and 

correction factors, or offsets, were produced to force the βins corrected values to match 

the “known” values.  Three offsets were created: 1) FTc pressure offset for the 

phosphoric acid used in all reactions (see “Acid Alone” section, above) 2) δ13C and δ18O 

offset for sample transfers between system components (see “Calculate a GC 

Fractionation Offset” section, below) and 3) δ13C and δ18O offset for small CO2 sample 

size (see “Calculate a Small CO2 δ
13C Sample Size Offset” section, below).   

A separate group of small sample calcite standards were prepared and tested 

(after all of the offsets were determined) to evaluate the total error and 2σ standard 

deviation in stable isotope value measurements.  A summary of the carbonate standard 

datasets completed is given in Table 2-1. 

A total of 42 carbonate standard samples (in all datasets) were weighed and 

acidified.  From these samples, 30 successful stable isotope measurements were made in 
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24 single carbonate extractions and 6 multi-carbonate extractions (see Figure 2-4).  

Overall Yield for these 30 measurements is 98%. 

 

 

Dataset Standard Type Use 

NBS18 NBS18 Calcite comparison of 30C βins 

NASA1_1 NASA1 Calcite create 30C βins 

NASA1_2 NASA1 Calcite create 150C βins 

NASA1_3 NASA1 Calcite error on GC CO2 peak correlation 

JOPLIN NASA1 Calcite comparison of 30C βins 

IV_1 none Siderite create new siderite standard 

HIBBs_1 NASA1 Calcite offset for GC and sample xfers 

HIBBs_2 NASA1 Calcite correlation for GC CO2 peak to CO2 

sample size, and offset for small CO2 

sample size 

HIBBs_3 NASA1 Calcite correlation for GC CO2 peak to CO2 

sample size, and error analysis of total 

stable isotope values 

Acid_1 none H3PO4 offset for Yield based on FTc  

Table 2-1: Study Datasets 

 

 

 

The multi-carbonate samples were created by combining a known calcite 

standard and the laboratory established IV siderite standard into a single ST.  No regolith 

was included in these samples.  The samples were then acidified and CO2 was extracted 

in two steps: 1) After approximately 13 hours at 30°C, and 2) After 3 hours 

approximately 3.5 hours at 150°C.  This multi-step extraction was the initial test for 

future meteorite extractions of unknown carbonates.   
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Instrument Corrections 

It is essential to create a correction factor, known as a β-Instrument or “βins”, which is 

unique for all acidifications, extractions and measurements on this system.  It is specific 

for each type of carbonate sample and reaction temperature. 

 

 

 
Figure 2-4: Single/Multi Carbonate Standard Extraction Raw Isotope Values 

 

 

 

.  The βins is calculated as: 

βins = (“Measured” + 1000) / (“True” + 1000)              eq. 2-9 
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where “Measured” is the δ18O or δ13C value from the IRMS, and “True” is the prior, 

known value of δ18O or δ13C.  Knowing the stable isotope βins for each carbonate and 

reaction temperature, the measured stable isotope values are corrected by: 

  “Corrected” = ((“Measured” + 1000) / βins) – 1000           eq. 2-10 

 IRMS measurements for 3 calcite standards (NBS-18, NASA1, and Joplin) and 1 

siderite (Greenland IV) were collected.  A 30°C βins for NBS-18 and NASA1, and a 

150°C βins NASA1, were calculated for δ13C and δ18O using eq. 2-9.  Each NASA1 βins 

was then applied to correct other datasets.  Overall error analysis cannot be conducted 

with a dataset used to create a βins, since the error would be associated with the same 

measurements that were utilized to create the correction factor.  Thus, the NASA-1 

calcite 30°C extractions were separated into two datasets: NASA1_1 was used to 

calculate a βins for correcting the Joplin calcite.  NASA1_2 was treated as an unknown 

and corrected with the βins from NASA1_1, but then error analysis was completed 

comparing the results of the corrected NASA1_2 values to the “known” values.  

The NBS-18 carbonate standard was not used to correct any of the carbonate 

measurements in this study, but the βins calculations provided useful comparisons.  The 

NASA1 calcite dataset NASA1_1 (30°C, no GC) was used to calculate a βins and correct 

the measurements for the Joplin calcite.  It was also used to correct the other 

measurements of NASA1 calcite where the sample was treated as an “unknown” (for GC 

offset, small sample offset, and error calculations).   

The dataset NASA1_2 (150°C, no GC) was used to correct the measurements for 

the IV siderite.  Using a calcite to correct for siderite measurements is required due to 
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the lack of an available siderite standard.  This creates an unknown error since 

fractionation factors for siderite are not available.    

A summary of the carbonate measurements is given in Table 2-2.  

 

 

 
Table 2-2: Single Carbonate Standard Runs 
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NBS-18 Calcite 

The accepted value for NBS-18 calcite is δ13C (VPDB) = -5.04‰ (Coplen et al., 

2006) and δ18O (VSMOW) = +7.16‰ (Verkouteren, 1999).  These values were utilized 

to calculate a βins using equation 2-9 to compare to the NASA1_1 βins.   

Dataset NBS18: Two samples of NBS-18 were weighed, acidified, and extracted 

at 30°C at an average reaction time of approximately 16 hours.  No GC purification was 

completed on these samples.  The average CO2 Yield = 101%.  The average “raw” 

measurements from the IRMS were δ13C = -4.919‰ ± 0.018‰ (2σ) and δ18O = 

+17.107‰ ± 0.008‰  (2σ) (see Figure 2-5).  This creates a 30°C βins correction for δ13C 

= 1.000122 ± 0.000018 (2σ) and δ18O = 1.009876 ± 0.000008 (2σ).  

 

 

 
Figure 2-5: Dataset NBS18 Raw Isotopic Values 
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NASA1 Calcite 

NASA1 calcite is an internal laboratory standard with previously measured stable 

isotope “true” values δ13C (VPDB) = -7.799‰ and δ18O (VSMOW) = +19.094‰.  

These known values were utilized to calibrate the extraction system and create a βins for 

the Joplin calcite and the IV siderite.   

Dataset NASA1_1: Five samples of NASA1 calcite were weighed, acidified, and 

extracted at 30°C at an average reaction time of approximately 24 hours.  No GC 

purification was completed on these samples.  The average CO2 Yield = 99%.  The 

average “raw” measurements from the IRMS were δ13C = -7.641‰ ± 0.110‰ (2σ) and 

δ18O = +28.815‰ ± 0.477‰ (2σ) (see Figure 2-6).  Using the prior “true” values for 

NASA1, these measurements create a 30°C βins correction for δ13C = 1.000159 ± 

0.000111 (2σ stdev) and δ18O = 1.009539 ± 0.000468 (2σ stdev).  This βins is used to 

correct the “raw” stable isotope measurements for the NASA1_2 dataset and the Joplin 

calcite, and also for all low temperature calcite extractions on all meteorite 

measurements. 

Dataset NASA1_2: Fours sample of NASA1 calcite were weighed, acidified, and 

extracted at 150°C.  Two samples were reacted for approximately 26 hours, and two 

samples were reacted for approximately 3 hours.  The stable isotope measurements 

results were nearly the same, indicating that all of the calcite reacted with the acid within 

3 hours and no further fractionation happened up to 23 hours later.   
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The NASA1_2 dataset average CO2 Yield = 97%.  These samples were not run 

on a GC for purification.  The average “raw” measurements from the IRMS were δ13C = 

-7.645‰ ± 0.075‰ (2σ) and δ18O = +26.653‰ ± 0.279‰ (2σ) (see Figure 2-7).   

 

 

 
Figure 2-6: Dataset NASA1_1 Raw Isotopic Values 

 

 

 

Using the prior “true” values for NASA1, these measurements create a 150°C βins 

for δ13C = 1.000156 ± 0.000076 (2σ) and δ18O = 1.007417 ± 0.000268 (2σ).  This βins 

was used to correct the “raw” stable isotope measurements for the IV siderite, and also 

for high temperature (150°C) extractions on all meteorite measurements.  The use of a 

high temperature calcite βins to correct for a siderite or magnesite extraction in meteorites 

of unknown carbonate may induce slight error, but analysis indicates the fractionation 
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difference between species is far less than the overall systemic and data errors 

encountered in the sample measurements. 

 

 

 
Figure 2-7: Dataset NASA1_2 Raw Isotopic Values 

 

 

 

It is noted that the high temperature reaction (150 °C) fractionates the calcite by 

approximately δ13C = -0.024‰ and δ18O = -2.268‰ compared to the lower temperature 

reaction (30°C), as reflected in the “raw” stable isotope measurements.  This is expected 

since there is generally less isotope fractionation at high temperature than at low 

temperature.   
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Joplin Calcite 

Dataset Joplin_1: Joplin calcite has no previously reported set of stable isotope 

values for equilibrium reactions at 30°C.  Five samples of Joplin calcite were weighed, 

acidified, and extracted at 30°C.  Two samples were reacted for approximately 24 hours, 

and three samples were reacted for approximately 13 hours.  There was so little variation 

between the Yield and stable isotope measurements that the total of all five samples was 

combined and averaged for analysis.  No GC purification was completed on these 

samples.  The average CO2 Yield = 93%.  The average “raw” IRMS measurements were 

δ13C = -5.103‰ ± 0.0.057‰ (2σ) and δ18O = +24.338‰ ± 0.176‰ (2σ) (see Figure 2-

8).  The Joplin_1 dataset was used to compare βins calculations to NASA1_1. 

 

 

 
Figure 2-8: Dataset JOPLIN Raw Isotopic Values 
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Greenland IV Siderite 

Dataset IV_1: Greenland IV siderite has no previously measured set of stable 

isotope values for equilibrium reactions at 30°C or 150°C.  Four samples of IV siderite 

alone were weighed, acidified, and single extracted at 150°C at an average reaction time 

of approximately 3 hours.  No GC purification was completed on these samples.  The 

average of the samples CO2 Yield = 95%.  The average “raw” IRMS measurements for 

the single extractions were δ13C = -7.702‰ ± 0.275‰ (2σ) and δ18O = +16.487‰ ± 

0.936‰ (2σ).   

Six multi-carbonate samples of IV siderite were extracted (following calcite 

extractions at 30°C) at 150°C after an average reaction time of 3 hours.  No GC 

purification was completed on these samples.  The average CO2 Yield = 96%.  The 

average “raw” IRMS measurements for the multi-carbonate extractions were δ13C = -

7.544‰ ± 0.199‰ (2σ) and δ18O = +16.816‰ ± 0.841‰ (2σ). 

Combining the results of the ten IV siderite samples (single carbonate and mult-

carbonate extractions), the average CO2 Yield = 95%.  The average “raw” measurements 

from the IRMS were δ13C = -7.607‰ ± 0.272‰ (2σ) and δ18O = +16.684‰ ± 0.895‰ 

(2σ).  These results are shown in Figure 2-9.  
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Figure 2-9: Dataset IV_1 Raw Isotopic Values 

 

  

 

HIBB Regolith and Acid Alone 

Dataset HIBB_1:  A terrestrial regolith was tested to ensure that it contained no 

in situ carbonates.  A carbonate sterile regolith was necessary to add known amounts of 

carbonate standard, then measure results to ensure the laboratory procedure produces 

expected results.  The regolith acts as a surrogate for ground meteorites.  

Eleven samples were created combining 1.0 ml of H3PO4 acid and HIBB 

terrestrial regolith.  For Rx1, nine samples provided very slight condensable gas.  For 

Rx2, seven samples provided very slight condensable gas 

The acidified samples were reacted at 30°C for 18 hours (Rx1) before the first 

extraction.  The samples were then heated at 150°C for 3 hours (Rx2) before the second 
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extraction.  No GC was used for gas purification.  The pressure for the condensable gas,   

PFTc, collected from each extraction was consistent with the “acid-only” measurements, 

thus it is concluded the HIBB regolith contains no in situ carbonate that creates CO2.  

Known weights (and moles of CO2 from eq. 2-4) of carbonate standards were 

added to the HIBB to create HIBBs (“spiked”) samples that resembled meteorite powder 

for testing stable isotope fractionation and CO2 Yield correlations on the GC. 

 

CO2 Fractionation by Transfer 

Sample CO2 is transferred between system components in CTs before stable 

isotope measurements are completed on the IRMS.  The amount of fractionation created 

by transferring CO2 reference gas between components was measured as described 

below. 

IRMS Left Bellow to/from IRMS CT 

To ensure all of the small volumes of meteorite sample CO2 are transferred to the 

IRMS, a Finger Tube was attached to the IRMS Left Bellow (replacing the pressure 

gauge).  CO2 reference gas of known isotopic values was transferred from the IRMS left 

bellow to a CT on the left “sample” port of the instrument, then refrozen into IRMS left 

bellow FTi.  After thawing the FTi, the change in signal on the Left Bellow reflects that 

98% ± 1% of the CO2 was recovered.  The uncertainty is based in the change in signal 

on the Right Bellow, which was unchanged during the test.  The reference gas CO2 

stable isotope values changed as follows:  δ13C = +0.08‰, δ18O = +0.16‰, which 

reflects a slight loss of the lightest isotope of each molecule in the transfer. 
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IRMS Left Bellow to/from Carbonate Line FTc 

CO2 reference gas was transferred from the IRMS left bellow to a CT on the left 

“sample” port of the instrument, then the CT was moved to the carbonate extraction line.  

The CO2 was transferred to the FTc and allowed to thaw so that a pressure reading could 

be taken.  The CO2 was then refrozen to FTc, the CT was moved to the IRMS, and the 

CO2 was refrozen into IRMS left bellow FTi.  The stable isotope values were measured 

before and after the complete transfer of CO2.  Four transfer were completed with the 

following results: Recovery = 95% (based upon left bellow signal), δ13C = +0.26‰, δ18O 

= +0.40‰.  Thus, a slight but defined fractionation occurs in transfer between the IRMS 

to/from the carbonate line FTc.  

 

IRMS Left Bellow to/from GC 

CO2 reference gas was transferred from the IRMS left bellow to a CT on the left 

“sample” port of the instrument, then the CT was moved to the GC.  The gas was run 

through the GC and collected and moved back to the IRMS for stable isotope 

measurement.  A “pseudo” Yield determination was made based upon the change in the 

left bellow signal for the sample before and after the GC purification.  Initially the Yield 

from the GC was <70% (based on change in IRMS left bellow signal), so the GC 

collection procedure was modified.  The collected CO2 contains Helium carrier gas, and 

it must be removed to transfer the CO2 from the GC outlet loop to the CT.  Initially the 

He was pumped away to a pressure of 1x10-1 mbar, but the pump away pressure was 

reduced to 1x10-2 mbar.  The transfer time to freeze the CO2 from the outlet loop to the 
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CT was increased from 3 minutes to 5 minutes.  These modifications increased the 

pseudo Yield with runs using only the CO2 reference gas from 70% to 105% in the final 

three transfer tests.  The 3 final transfers were completed with the following results: 

Recovery = 105% (based upon left bellow signal), δ13C = +0.16‰, δ18O = +0.49‰.  

Thus, a slight but defined fractionation occurs in transfer between the IRMS to/from the 

GC which is nearly identical to the transfer to/from the carbonate extraction line.  This 

lead to the creation of a “GC offset” for meteorite sample stable isotope measurements. 

 

Carbonate CO2 Separation with the GC 

The single extraction and multi-step extractions on carbonate standards produced 

pure CO2 and very little extraneous gas.  The meteorite samples create CO2 and other 

gases when acidified.  Most of the incondensable gas is pumped away during the 

cryogenic extraction procedure on the carbonate line; however, condensable gases and 

CO2 are frozen together when collected with a dewar of liquid N2 (which has a 

condensation temperature of -196°C).  These condensable gases can produce isobaric 

interferences and need to be separated from the CO2 with a GC.  Multiple tests were 

conducted with carbonate standards to assess the stable isotope value fractionation using 

the GC.  The result of these GC fractionation tests, combined with the transfer 

fractionation between components, creates an “offset” applied to the measured sample 

CO2 δ
13C and δ18O values.  It is also noticed that there is a fractionation based upon 

extraction of small CO2 sample size (< 5 μmole CO2), which required an additional 

“offset” to the stable isotope values. 
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 Calculate a GC (and transfer) Fractionation Offset  

HIBBs_1 dataset: The terrestrial, carbonate-free regolith, HIBB, is “spiked” with 

carbonate standards to create samples that resemble meteorite samples.  This dataset was 

collected to better understand the effects of basaltic minerals during the acidification 

process.  This also provided an opportunity to test extraction and purification of CO2 

before studying meteorites.  Both calcite and siderite was added to create various 

combinations of HIBBs.  The range of sample sizes were 5-56 μmoles for each 

carbonate species.  The samples were acidified, and reacted in two conditions: Rx1 at 

30°C for 18-20 hours, Rx2 at and at 150°C for 3 hours.   

After the stepped extraction of each carbonate species, some of the samples were 

run on the IRMS (“dirty-only”) without any GC purification.  Some of these samples 

were then run on the GC for purification.  This provided a comparison of stable isotope 

“dirty” values before-GC to “clean” values after-GC runs. 

Other HIBBs samples were extracted and purified on the GC before running on 

the IRMS (“clean-only”).  The βins corrected stable isotope measurements for all “dirty” 

and “clean” samples are given as a graph in Figure 2-10, and with errors as a table in 

Table 2-3.  Using the carbonate extraction line pressure gauge on a known volume, the 

average Rx1 “clean” CO2 Yield = 107% for four measurements.  The average Rx2 

“clean” CO2 Yield = 95% for five measurements.  The HIBBs_1 dataset raw values were 

then corrected with the appropriated βins: Rx1 using NASA1_1 dataset and Rx2 using 

NASA1_2.   
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Figure 2-10: Dataset HIBBs_1 Corrected Isotopic Values (no GC offset) 

 

 

 

 
Table 2-3: Dataset HIBBs_1 Errors Before GC Offset 
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This dataset showed that a consistent, small fractionation was introduced during 

the GC separation of CO2.  To calculate a GC offset, only the “clean” βins corrected 

stable isotope values for Rx1 and Rx2 are employed.  The “dirty” values were not 

included in this offset calculation since it was decided that no meteorite sample would be 

run “dirty” (based on IRMS run contamination from unknown gas using the unpurified 

meteorite sample).  The average for the “clean” NASA1 calcite (Rx1) and Greenland IV 

siderite (Rx2) is: 

GC OFFSET: δ13C = +0.104‰, δ18O = +0.406‰            eq. 2-11 

The GC offset is (+), indicating the corrected measurements are isotopically 

heavy.  To correct for this offset, the above values are thus SUBTRACTED to make the 

correction for fractionation in the GC and transfers.   

 

Correlation GC CO2 Peak Count to Sample Size 

Using the carbonate extraction line FTc pressure gauge provides an accurate 

method to predict the Yield of extracted CO2 for samples where the only product is CO2, 

such as with the carbonate standards alone or when the carbonate standards were added 

to HIBB regolith.  This Yield method fails when the acidification creates other gases that 

are not separated cryogenically in the extraction process.  After acidifying the meteorite 

samples, unidentified gases were created that froze together with the CO2 in the CT.  

When thawed, these gases increased the pressure reading on FTc and provided false 

values for Yield; thus a new method needed to be developed for predicting the sample 

CO2 size. 
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Dataset HIBBs_2 and HIBBs_3 were created with NASA1 calcite added to the 

HIBB regolith to create the GC CO2 peak count to CO2 sample size correlation.  Ten 

samples were weighed, acidified, and reacted at 30°C for 18 to 67 hours.  The weighed 

carbonates created CO2 samples ranging in size from 1.19 μm to 4.02 μm (which is the 

expected size of meteorite carbonate samples).  The average CO2 Yield = 93% (using the 

carbonate extraction line pressure gauge on the known volume).  After extraction, these 

samples were then run on the GC for CO2 separation from other condensable gases.  

Each GC CO2 peak count was recorded, and a correlation with calcite sample size was 

created (see Figure 2-11).  The equation (from the graph) provides an equation for 

predicting CO2 sample size from measured GC peak as: 

CO2 size (µm) = ((GC Peak)°2 * 7.48E-14) + ((GC Peak) * 1.47E-6)      

         eq. 2-12 

The error on this correlation is determined using the dataset NASA1_3, which 

was created from six samples of NASA1 calcite (no HIBB regolith) ranging in size from 

1.8 µm to 7.5 µm of CO2.  The predicted CO2 sample size (from equation 2-12) is 

compared to the actual CO2 sample size (based upon calcite weight).  The difference in 

predicted sample size of dataset NASA1_3 provides an error for the GC correlation 

created with datasets HIBBs_2 and HIBBs_3.  The result is a range of errors from +6.4% 

to -4.6% in CO2 sample size (±6%), with an average error of -0.2%.  
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Figure 2-11: Correlation of GC Peak Count to CO2 Sample Size 

 

 

 

Small CO2 Sample Size 

As carbonate standard sample analysis was ongoing, it became apparent that 

small samples of CO2 were consistently enriched in heavy isotopes relative to larger 

samples (even with the offset correction for GC and transfer fractionation). 

The Mars Nakhlite meteorites contain martian carbonate of approximately 

0.005% to 0.007% by weight, which generates a total of less than 1 µm of CO2 from a 

1g ground meteorite sample (see Chapter 4).  An additional correction to the stable 
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isotope values is necessary based upon observations of additional fractionation in very 

small samples of CO2 carbonate standards.   

 

Small CO2 Sample Size Impacts 

Using dataset HIBBs_2 and HIBBs_3 (CO2 sample size from 1.19 μm to 4.02 

μm), the βins corrected stable isotope values with the GC offset is shown in Figure 2-12).  

The values consistently are heavier in δ13C, thus an offset is needed.  The δ18O values 

vary both heavier and lighter than the known value for NASA1 calcite, with an average 

of zero (0) from the standard.  No offset for δ18O is applied.  

 

Calculate a Small CO2 δ
13C Sample Size Offset 

Only dataset HIBBs_2 is employed to calculate the small CO2 sample offset.  

The dataset HIBBs_3 is used for error analysis on the results after all sample corrections 

are applied (corrections for βins, GC offset, and CO2 small sample size offset).  The error 

on the δ13C stable isotope values is shown in Figure 2-13, and the value of the offset can 

be calculated with the following equation:   

δ13C Offset = -0.631 * ln (CO2 sample size) + 0.9286          eq. 2-13 

As with the GC offset, the small CO2 sample offset causes the measured stable 

isotope value to be heavier than the true value.  A correction for the CO2 small sample 

offset is thus subtracted from the measured stable isotope value (causing the result to 

become lighter).  

 



 

83 

 

 

Figure 2-12: Dataset HIBBs_2,3 βins+GC Corrected Isotopic Values 

 

 

 

 
Figure 2-13: Dataset HIBBs_2 δ13C Error Based on CO2 Sample Size 
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 In summary, the δ13C raw, measured carbonate stable isotope values are first 

corrected with the βins, then the GC fractionation offset is subtracted, then the small CO2 

sample size offset is subtracted (if sample size < 5 µm).  The δ18O raw, measured 

carbonate values are corrected only with the βins and the GC fractionation offset. 

 

Stable Isotope Measurement Error Analysis 

Overall error analysis of the stable isotope measurements, including all 

corrections and offsets, is accomplished with dataset HIBBs_3.  The major components 

of the error reported here include: 1) Uncertainty in the instrument fractionation βins 

correction, 2) Uncertainty in the GC transfer fractionation offset, and 3) Uncertainty in 

the small sample size offset.  Three extremely small samples of NASA1 calcite were 

added to HIBBs and extracted, measured, and corrected with the process described 

above.  After all of the modifications, the difference between the corrected stable isotope 

value and the TRUE value is calculated.  The average of the differences and the standard 

deviation of the differences is then calculated for all three samples.  A summary of the 

dataset HIBBs_3 results is given in Table 2-4.  The stable isotope measurement error for 

the complete analytical methodology is then given as: 

ERROR = Avg. Differences + stdev (2σ) of Differences          eq. 2-14 

Thus, the error for δ13C is 0.05 + 0.72 = 0.77‰.  The error for δ18O is -0.05 + 1.10 = 

1.06‰.  For future publications, this analysis error is reported as: 

ERROR: δ13C = ±0.77‰, δ18O = ±1.06‰.   

This error is caused by the extremely small size of the CO2 samples extracted 

from the carbonates, coupled with separation of CO2 from other gases on the GC.  It is 
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based on measurements of known calcite standards.  The magnitude of this error is 

consistent with prior reported martian carbonate stable isotope errors of ±1‰ to 2‰ 

(Wright et al., 1988, Wright et al., 1992, Grady et al., 2007). 

 

 

 
Table 2-4: Error Analysis from Dataset HIBBs_3 

 

 

There is an observed co-variance feature in the results of this analysis that is 

often seen in other data during this study (e.g. Figures 2-21, Figure 2-22, and Figure 2-

25).  Increases, or heavier, δ13C (upward on a graph) and increases, or heavier, δ18O 

(rightward on a graph) can create a “smear” of data points.  The nature of this co-

variance is not understood. 
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CHAPTER III 

STUDY OF ORDINARY CHONDRITES 

 

Introduction 

Purpose of this Study 

Meteorites collected in Antarctica contain secondary minerals that could be 

formed before or after landing on Earth.  To assess any environmental formation 

conditions on Mars, it is essential that the minerals analyzed be martian in origin.   

Ordinary Chondrites (OCs), collected from Antarctica, can provide a witness plate for 

potential terrestrial alteration. Certain types of OCs contain no pre-terrestrial carbonate, 

thus any carbonate alteration is almost certain to be terrestrial in origin. Furthermore, 

OCs are quite common and it is possible to study a larger population of samples from 

different regions on the continent (selecting OCs near where known martian Nakhlites 

have been collected).   

The first objective of this study is to identify stable isotope characteristics of 

terrestrial carbonates formed on meteorites collected from Antarctica.  Once the 

terrestrial characteristics are established, identification of non-terrestrial carbonates is 

easier.  OCs of alteration type 3-6 with “e” weathering are excellent samples for 

characterizing terrestrial weathering products (see discussion in Chapter 1 for 

explanation of types). 

The second objective of this study is to assess the formation mechanism of 

carbonates in a cold, arid environment.  The Antarctic environment has many similarities 
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to Mars, and therefore a better understanding of carbonate formed in Antarctica can 

provide a model for understanding how Mars carbonates form.  Studying terrestrial 

carbonate stable isotope values from OCs, a mixing model can be developed to predict 

the contribution of different reservoirs to the measured values.  This model could then be 

applied to Mars carbonate values to assess the martian environmental conditions for 

carbonates formed on Nakhlites (see Chapter 4).  

 

Interesting Terrestrial Meteorite Minerals 

Ca-rich carbonates (usually calcite) are commonly found as secondary alteration 

products in meteorites; however, other secondary minerals are often found.  One theory 

for Antarctic meteorite weathering is from slightly alkaline sea-spray.  This aerosol, 

which is found far inland on Antarctica, deposits Ca+, Na+, and SO4
2- ions on the 

meteorite.  Then, when the meteorite is exposed on the surface of Antarctic glaciers, the 

high albedo rock absorbs sunlight and melts a small amount of ice to form liquid water.  

This water combines with the cations and anions to form carbonates and sulfuric acid, 

which alters the meteorite mineralogy (Hallis, 2013).     

 

Nesquehonite 

This is an alteration product created as a hydrated form of magnesite (MgCO3).    

On Earth, it tends to decompose into magnesite from dehydration.  The chemical 

equation is Mg(HCO3)(OH)*2H2O.  It has been identified by satellites orbiting Mars 

near Valles Marineris and Terra Meridiani (Dehouck et al., 2011).  On Antarctic 



 

88 

 

meteorites, it has been identified on Y-74371 (Yabuki et al., 1976), and within other 

Allan Hill meteorites (Marvin and Motylewski, 1980).  It has been studied on the H5 OC 

LEW 85320, which was collected from Antarctica with alteration crystals visible on the 

fusion crust.  Since being collected and curated at NASA/JSC in a dry, nitrogen 

environment, LEW 85320 continues to grow new generations of nesquehonite.  Stable 

isotope values for the nesquehonite on LEW 85320 are given in Table 3-1 (Jull et al., 

1988, Grady et al., 1989).   

 

 

Year Author Nesquehonite δ13C (‰) δ18O (‰) 

1988 Jull et al. LEW 85320, 40 (Antarctica) 5.40 9.39 

1988 Jull et al. LEW 85320, 22 (Texas) 4.28 11.35 

1989 Grady et al. LEW 85320 (Antarctica) 7.9 17.9 

1989 Grady et al. LEW 85320 (Texas) 4.2 12.1 

Table 3-1: Stable Isotope Values for Nesquehonite on LEW 85320 

 

 

 

In the above referenced Grady study, there is a clear stable isotope value 

difference between the nesquehonite formed in the Antarctic environment and in the 

Texas curation laboratory.  Both studies reflect consistent stable isotope values for the 

nesquehonite formed in the curation environment.  Its formation mechanism remains 

mysterious however, as in order to continue the creation of nesquehonite in the dry, 

nitrogen environment at NASA/JSC, remnant water must be in the meteorite.  Future 

generations of nesquehonite will likely be less productive as the water is consumed in 

curation.   
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White Druse 

The Shergottite EET 79001 is a well-studied martian meteorite with at least 4 

different lithologies: Type A (fine grained basalt with small mafic inclusions), Type B 

(coarser grained, sub-ophitic textured basalt), Type C (shock-melted glass and thin glass 

veins), and Type X (small mafic inclusions) (NASA, 2017b).  

Trapped gas in the shock-melted glass closely correlated to measurements of the 

martian atmosphere made by the Viking landers, confirming the origin of this meteorite 

(Bogard and Johnson, 1983, Becker and Pepin, 1984).  

Within Type C lithology are white crystals composed of calcite and phosphate.  

The crystals are enriched in Mg, which is either in the calcite or in the phosphate.  There 

is also a Ca-sulfate mineral present, perhaps gypsum (Gooding and Muenow, 1986).  

Stable isotope values of this alteration product have been measured, as shown in Table 

3-2 (Wright et al., 1988, Clayton and Mayeda, 1988, Jull et al., 1992).  Original studies 

suggested the druse is of martian origin (Gooding and Muenow, 1986, Gooding et al., 

1988).  First, the petrology suggested the “white druse” is martian since the alteration 

crystals are in the same lithology as the melted glass containing trapped martian 

atmospheric gas.  Second, the oxygen isotope composition was much different than what 

would be expected from terrestrial weathering products in Antarctica where the ice 

typically has a δ18Owater = -35‰ (Dansgaard, 1964), which would create an aqueous 

equilibrium carbonate with δ18Ocarbonate = -5‰ to 0‰ at expected near-freezing 

temperatures (Chacko et al., 1991).  However, subsequent studies of the stable isotope 

values of nesquehonite on LEW-85320 caused one author to ponder that “carbon and 
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oxygen isotopic compositions can no longer be considered diagnostic of a [EET 79001 

carbonate] pre-terrestrial origin” (Grady et al., 1989). 

 

 

Year Authors White Druse δ13C (‰) δ18O (‰) 

1988 Clayton Mayeda EETA 79001 9.7 21.0 

1988 Wright et al. EETA 79001 6.8 21.1 

1992 Jull et al. EETA 79001 3.1 20.0 

Table 3-2: Stable Isotope Values for White Druse on EET 79001 

 

 

 

Weathering Studies of Antarctic Meteorites 

Weathering of meteorites in Antarctica can include oxidation, hydration, 

hydrolysis, solution and carbonation.  Oxidation of Fe in metal sulfides and ferrous 

silicates of OCs is the most common alteration process (Bland et al., 2006).  Deposition 

of white powder (mostly hydrous carbonates) on the surface of meteorites is the second 

most common form of weathering (Velbel, 1988).  This loosely bound carbonate or 

bicarbonate has been characterized with a δ13C = 0 ± 5‰ (Swart et al., 1983).  Small thin 

films of water, even if they are only intermittent, in terrestrial microenvironments 

weather OCs similar to “the role water plays in other terrestrial weathering 

environments” (Velbel, 2014).  Specifically, 

“Terrestrial oxidation of meteoritic sulfides produces sulfuric acid that 

reacts with anhydrous meteoritic Mg-silicates (e.g., olivine). The acid 

anion, sulfate, can combine with any cation released by weathering of 

primary minerals or glass and become incorporated into evaporite 

minerals occurring as veins or efflorescences such as those long and 

widely recognized on finds”.     
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This acidification/deposition process could explain how terrestrial, secondary 

minerals can be found along fractures and seams within meteorites. 

A petrographic analysis of Antarctic weathering products (Hallis, 2013), 

compared two MIL martian Nakhlites (MIL 03346, MIL 090032) to two terrestrial rock 

samples (MIL 0503, EET 96400).  The two terrestrial rocks were collected by the 

ANSMET team and curated as meteorites, but analysis revealed they were not 

meteorites.  All of the samples contained secondary minerals on externally exposed 

surfaces including sulfates and iddingsite.  Neither of the terrestrial rock samples 

contained primary sulfur minerals, hence the sulfate source must be wind-blown sea 

spray and biogenic emissions from the Southern Ocean.  Sea spray contributes K, Na, 

and Ca ions in the secondary assemblages, and also increases the Cl content in 

iddingsite; however, interior iddingsite in MIL Nakhlites and jarosite within MIL 

090136 melt inclusions are likely pre-terrestrial in origin.  Sea spray is likely not the 

source of nesquehonite found on LEW 85320, since it continues to grow in the dry, 

nitrogen environment while curated at NASA/JSC (Grady et al., 1989).  Surface calcite 

coatings on Antarctic rocks are rare, but those from the Wright Dry Valley region reflect 

a range of stable isotope values, even on the same rock, with δ13C from -4.4‰ to 

+17.6‰, and δ18O from +0.4‰ to +22.3‰ (Grady et al., 1989).  

It is unlikely the sea spray contributes greatly to the creation of terrestrial 

carbonates on the OC meteorites, but it could be a more significant factor in the creation 

of terrestrial sulfates. Sea spray deposition has been recorded 1100 km from the 

coastline on the East Antarctic Plateau (Udisti et al., 2012), which is further inland than 
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either the Miller Range (MIL) or Elephant Moraine (EET) regions of the Transantarctic 

Mountains.  Halite is also reported far from the coast in dry valley soils (Wentworth et 

al., 2005).  The sea spray sulfates are likely produced predominantly by phytoplankton 

blooms (Kaufmann et al., 2010).   

 

Carbonate Fractionation Factors 

Carbonate precipitation requires that rocks interact with water.  The carbonates 

form in the following process (Morse and Mackenzie, 1990): 

CO2 (g) ↔ CO2 (aq)                 eq. 3-1 

CO2 (aq) + H2O ↔ H2CO3                 eq. 3-2 

H2CO3 ↔ HCO3
- + H+                eq. 3-3 

HCO3
- ↔ CO3

2- + H+                 eq. 3-4 

Ca2+/Fe2+/Mg2+ + CO3
2- ↔ carbonate               eq. 3-5 

 The fluid pH drives the distribution of species given in equations 3-2, 3-3 and 3-

4, with high pH dominated by CO3
2- and low pH dominated by CO2 (aq). 

Fractionation of oxygen and carbon isotopes happen between the reactants and 

the products of each equation.  Fractionation factors are calculated theoretically or also 

measured in laboratory experiments, however, the variation in fractionation factors 

creates an uncertainty in predicted carbonate stable isotope values of 2-5‰ at low 

temperatures <25°C, especially when the extracted CO2 is from non-calcite species. 

The kinetic fractionation of δ13C in CO2 from atmosphere to seawater for eq. 3-1 

has been documented as -2.4‰ ± 2‰ (Wanninkhof, 1985) favoring 12C kinetically.   
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Isotope studies report nearly identical δ18O fractionation factors from either the 

atmospheric CO2 (g) or the fluid CO2 (aq) to calcite.  The predicted 1000lnα for calcite 

to CO2 (g) is 42.23‰ at 15°C (Bottinga, 1968, Friedman, 1977), and the measured 

1000lnα for calcite to CO2 (aq) is 42.43‰ at 15°C (Beck et al., 2005).   

Theoretical fractionation factors based upon isotopic partition functions were 

first calculated by Urey (1947).  These results were then modified by McCrea (1950) and 

Bottinga (1968).  Subsequently, Chacko (1991) measured calcite exchange with CO2 at 

temperatures from 400-950°C and pressures from 1-13 kilobars, then calculated calcite 

partition function ratios for a temperature range from 273°K to 4000°K.  The Chacko 

study provides both δ13C and δ18O calcite fractionation factors.  Many older calcite 

fractionation studies have been collected and documented as a reference guide 

(Friedman and O’Neil, 1977).  

  A theoretical study using a physical lattice model to identify reduction partition 

function ratios for various carbonates demonstrates that calcite may fractionate 

significantly less than the other carbonates, as seen in Figure 3-1 (Golyshev et al., 1981).  

 A study of carbon isotope fractionation properties of silicate melts using 

computations of reduction partition functions predicted differences between calcite and 

aragonite, Mg-calcite, and dolomite (Deines 2004), and Figure 3-2 demonstrates the 

impact on δ13C fractionation for magnesium (Mg) content in calcite.  Generally, the 

calcite fractionates more as Mg content increases. 
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Figure 3-1: δ13C Fractionation by Carbonate Species (data from Golyshev, 1981) 

 

 

 

 
Figure 3-2: δ13C Fractionation for Mg Content in Calcite (reprinted from Deines, 2004) 
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Published laboratory carbonate fractionation studies near 0°C are rare.  One 

study used an open-system chemostat technique to produce δ13C fractionation factors 

between CO2 (g) and calcite and aragonite (Romanek et al., 1992).  A comparison of 

these δ13C results compared to the theoretical studies is given in Figure 3-3, which 

shows that there is 2-3‰ variation in predicted fractionation of calcite δ13C at low 

temperatures.   

 

 

 
Figure 3-3: δ13C Fractionation between CO2 and Calcite  

 

 

 

One laboratory study measuring fractionation of phosphoric acid extracted CO2 

from siderite at 33°C to 197°C (Carothers, 1988).  This study provides δ13C fractionation 

values between siderite and CO2, and also δ18O fractionation values between siderite and 

water.  A subsequent study of biogenic siderite from mesophilic and thermophilic iron-

reducing bacteria) at 45°C to 75°C measured the δ13C fractionation between CO2 (g) and 

siderite, and created a temperature equation for predicting δ18O fractionation values to 
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water (Zhang, 2001).  Inorganic siderite was precipitated and studied at 25°C with 

another study using the chemo-state technique (Jimenez-Lopez and Romanek, 2004).  A 

comparison of the difference in δ13C fractionation studies is shown in shown in Figure 3-

4.  Again the calcite fractionates less (~5‰) than the siderite at low temperature. 

 

 
Figure 3-4: δ13C Fractionation between CO2 and Calcite or Siderite 

 

 

 

A comparison of older acid extraction studies for CO2 to carbonate δ18O 

fractionation factors (given as 1000lnα) is shown in Table 3-3 (data from Rosenbaum 

and Sheppard, 1986).  The difference in δ18O fractionation between theoretical calcite 

and siderite, along with more recent siderite laboratory studies, is shown in Figure 3-5.  

As with the δ13C, the calcite δ18O fractionates less (~5‰) than the siderite at low 

temperature.   
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For magnesite, one laboratory study reported the δ18O fractionation with water at 

25°C, with both a high-Mg and low-Mg experiment (Jimenez-Lopez, et al., 2004).  Both 

magnesites fractionate more than the pure calcite.  

  

 

  Carbonate α (25°C) CO2: 1000lnα Study 

  Calcite 1.01163 11.56 Rosenbaum & Sheppard (1986) 

* Calcite 1.01025 10.2 Sharma and Clayton (1965) 

  Calcite 1.0105 10.52 Land (1980) 

* Dolomite 1.0111 11.04 Sharma and Clayton (1965) 

* Dolomite 1.01169 11.62 Land (1980) 

* Ankerite 1.01098 10.92 Becker (1971) 

* Siderite 1.01169 11.62 Becker and Clayton (1976) 

* Composition of carbonate not given   

Table 3-3: δ18O Fractionation Factors between CO2 and Calcite or Siderite (data from 

Rosenbaum and Sheppard, 1986) 

 

 

 

 
Figure 3-5: δ18O Fractionation between H2O and Calcite or Siderite 
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Stable Isotope Studies of OC Carbonates 

Using stable isotope fractionation values for carbonates, calculations can be 

made to predict either the carbonate stable isotope values, based on known 

environmental source isotopic values, or (given the carbonate values) the stable isotope 

values of environmental formation conditions (meteoric water or atmospheric CO2).  

 

Grady (1989) Study of LEW 85320 

The Grady study on LEW 85320 (Grady et al., 1989) employed calcite 

fractionation factors for the stable isotope fractionation between carbonate and water 

(Bottinga, 1968, Friedman and O’Neil, 1977).  Grady assumed terrestrial carbon and 

oxygen values for atmospheric CO2 (δ
13C = -7.5‰, δ18O = +41‰) to model the 

carbonate formation.  The resulting modeled temperature for carbonate formation, based 

on δ13C, in Antarctica was -2°C (±4°C), while the temperature for carbonates formed in 

the Texas curation facility was +16°C (±4°C).  The modeled temperatures using δ18O 

gave unrealistic results, indicating that the nesquehonite is most likely not in equilibrium 

with atmospheric CO2.   

From the measured carbonates values, Grady used fractionation factors to 

calculate a predicted δ18Omeltwater if the meltwater was in equilibrium with the carbonate.  

The resulting δ18Omeltwater = -17.0‰ to -19.6‰, which is much heavier than the actual 

Antarctic δ18Omeltwater < -40‰.  Grady speculated the oxygen in meltwater exchanges 

isotopically with silicates in the meteorite.   
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Next, Grady used the fractionation factors to calculate a predicted δ18Omeltwater if 

the atmospheric water vapor was in equilibrium with the carbonate.  The resulting 

δ18Omeltwater = -28‰ (also heavier than the Antarctic meltwater).  Grady concluded the 

carbonate must be forming in interactions between meltwater and a heavier oxygen 

reservoir. 

 

Karlsson (1991) Study of OCs 

Another study (Karlsson et al., 1991) compared carbonates from 16 OCs (given 

as circles in Figure 3-6) to terrestrial Antarctic carbonates (given as boxes in Figure 3-6) 

and found them indistinguishable isotopically.  The authors employed Bottinga calcite 

fractionation factors (Bottinga, 1968) to conclude the expected δ13C carbonate values are 

too heavy for equilibrium with Earth atmospheric CO2 at 0°C, although they match 

closely to a formation temperature of 30°C.  Regarding δ18O, the authors conclude the 

wide variation in values is likely from oxygen reservoir mixing between ice melt water 

(δ18OSMOW = -37‰) and atmospheric CO2 (δ
18OSMOW = +41‰).  An alternate 

explanation is the carbonate formed from enriched melt water (from evaporation). 

 

Methodology 

Ordinary Chondrite (OC) meteorites were selected from the online NASA 

ANSMET collection (NASA, 2017b), which contained 16,100 records in the summer of 

2013.  From this resource, meteorites were selected from regions of Antarctica where 

martian Nakhlites were collected (MIL, RBT, ALH, EET).  The criteria further narrowed 
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the meteorites to types H4-H6, L4-L6 or LL4-LL6 (no pre-terrestrial aqueous alteration), 

with mass greater than 10 grams (to provide sufficient sample size), containing external  

  

Figure 3-6: Antarctic Carbonates in Rocks and Meteorites (Reprinted from Karlsson et 

al., 1991) 

 

 

 

evaporite deposits (as defined by type “e” with visible white residue on the fusion crust 

when the meteorite was collected from Antarctica), and collected after 2000 (in order to 

limit exposure time to the N2 environment of curation at NASA/JSC).  (see discussion of 

meteorite petrology and weathering types in Chapter 1).  The result was a request to the 

NASA Meteorite Working Group (MWG) dated 8/13/13 for 32 samples (including one 

for LEW 85320 to repeat the curation nesquehonite study) (see Appendix D). 

From the MWG request of 8/13/13, 10 meteorites (divided in 17 samples) were 

analyzed.  The samples were gently crushed and sieved to a size of  <700 µm, acidified, 
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reacted, and extracted to collect CO2 cryogenically using standard techniques (McCrea, 

1950, Al-Aasm et al., 1990, Shaheen et al., 2015). 

Samples of ~0.5 g were reacted with 0.7-2.0 ml of 100% H3PO4 at 30°C and 

150°C.  The CO2 was extracted after three different steps: 1) Rx0 after 1 hour at 30°C; 2) 

Rx1 after 18 hours at 30°C, and 3) Rx2 after 3 hours at 150°C.  The CO2 was then 

separated from other condensable gases using a TRACE GC with a Restek HayeSep Q 

80/100 6’ 2mm stainless column.  A description of the design, installation, testing, and 

validation of the carbonate extraction and measurement system is found in Chapter 2.  

Based on repeat analysis of standards, the calculated uncertainties for these 

measurements are δ13C = ±0.76‰, δ18O = ±1.58‰.   

 

Results 

A table of average OC carbonate results is provided in Table 3-4 (note “Ca-rich” 

carbonates are averages for the Rx0 and Rx1 reactions combined).   

 

 

 
Table 3-4: Summary of Average OC Carbonate Results 
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The OC carbonate results are shown in Figure 3-7.  It is clear that this stepped 

extraction process identifies two distinct carbonate species within the OC carbonates.  

Variability in the results suggest there is much OC terrestrial carbonate heterogeneity 

(even within the same meteorite); however, some broad observations can be made. 

 

 

 
Figure 3-7: Summary of OC Carbonate Results 

 

 

 

The Rx0 and Rx1 (low temperature, 30°C) extractions produce CO2 from Ca-rich 

carbonates.  Based on experiments with carbonate standards (as discussed in Chapter 2), 

these reactions at 30°C should completely consume the Ca-rich carbonates.   
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There is wide variability in the δ18O values for carbonates, ranging from +11.1‰ 

to +30.5‰.  The δ13C values are somewhat more consistent, ranging from +1.4‰ to 

+7.7‰ with Ca-rich carbonates grouping between +3‰ to +6‰.  Generally, the δ13C for 

Rx0 and Rx1 is similar at approximately +4.2‰.  

Carbonate Results by Reaction 

The Ca-rich carbonates (average of all results from 30°C, Rx0 and Rx1) show a  

composition distinct from the Fe/Mg-rich group (150°C, Rx2) , as seen in Figure 3-8 

(displayed error bars are based on 1σ standard deviation of corrected measurements).  

Generally, Rx0 (1 hour) produces δ18O = +19.53‰ ± 4.41‰ (1σ standard 

deviation on data), compared to Rx1 (18 hour) δ18O= +17.40 ± 3.74‰ (1σ standard 

deviation on data), which is ~2‰ heavier.  This could be based upon differences in grain 

size of the Ca-rich carbonates, with the fine grains dissolved first (1 hr) and the coarse 

grains dissolved more slowly (18 hr).  The Rx2 reaction average (Table 3-4) excludes 

the anomalous data point for ALH 77215, 7/30/15 Tube #380. 

The Rx2 high temperature extraction (150°C) produces CO2 from a 

different species of carbonate (not Ca-rich).  This carbonate is likely either Fe-rich or 

Mg-rich (it is not possible to identify the cation from stable isotope analysis).  This is the 

first study to identify a distinct Fe-/Mg-rich carbonate population in these meteorites.  

The Rx2 results suggest the stable isotope values of this carbonate species are 

independent of region where the OC was collected.  The averages for the Rx2 group are 
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δ13C = +2.8‰ ± 1.0 ‰ (1σ standard deviation of corrected values), δ18O = +8.8‰ ± 

2.7‰ (1σ standard deviation of corrected values).   

 

 

 

Figure 3-8: OC Carbonate Results by Reaction 

 

 

 

Carbonate Results by Region 

The OC Ca-rich carbonate results can be averaged by Antarctic collection region.  

The Fe/Mg-rich results (Rx2) are consistent regardless of region, but the Ca-rich results 

(Rx0, Rx1) indicate a slight variation based upon where the meteorite resided, as seen in 

Figure 3-9 (error bars based on 1σ standard deviation of corrected measurements). The 
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Ca-rich carbonates are similar in regions RBT and MIL, but a slight regional difference 

can be detected in ALH.  The average ALH Rx0/Rx1 average is approximately δ13C = 

1.4‰, or heavier than the average for Ca-rich RBT and MIL.  Compared to RBT and 

MIL, the ALH Ca-rich δ18O = -3.4‰, or lighter.  Regional effects could be due to 

differences in the availability of sea spray ions, altitude, temperature of carbonate 

formation, variance in the meteoric water enrichment due to local evaporation, or other 

unknown glacial impacts.  The Rx2 reaction average (Table 3-4) excludes the anomalous 

data point for ALH 77215, 7/30/15 Tube #380. 

 

 

Figure 3-9: OC Carbonate Results by Region 
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For all results, the stable isotope values were measured and corrected with the 

appropriate βins (eq. 2-10) which is calculated by a measurement on repeat carbonate 

standards that accounts for cumulative fractionation effects introduced during analysis. 

This includes fractionations created during acid dissolution of the carbonate, as well as 

small instrumental effects.  An additional  GC/transfer fractionation offset (eq. 2-11) is 

applied to account for additional fractionations derived from GC purification steps and is 

derived from analysis of  a standard carbonate mixed with basaltic sand (dataset 

HIBBs_1).  A correlation between GC CO2 peak and CO2 sample size, based upon 

datasets HIBBs_1 and HIBBs_2, is given in eq. 2-12.  This correlation provides the 

estimate of CO2 sample size.  Small CO2 samples (< 5 µmole) are corrected with offsets 

based upon dataset HIBBs_2 and calculated in eq. 2-13.  All result data tables are color-

coded as follows: 

● Purple indicates contamination introduced inside the IRMS, which can be 

identified by R2 values > 0.5. These were caused by isobaric interferences 

and these data are discarded from future consideration. 

● Orange indicates a small, but acceptable IRMS CO2 sample size, with the 

left bellow at 100% expansion measuring < 100 mV.  

● Red indicates a IRMS CO2 sample size too small for accurate analysis, 

with the left bellow at 100% expansion measuring < 5 mV.  These data 

are discarded from future consideration 

 Table 3-5 displays the data and corrected results for OCs collected in the 

Antarctic RBT region, Table 3-6 displays the same for the Antarctic ALH region, and 

Table 3-7 displays the same for the Antarctic MIL region. 
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Table 3-5: RBT OC Carbonate Values 
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Table 3-6: ALH OC Carbonate Values 
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Table 3-7: MIL OC Carbonate Values 
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Discussion 

 The stable isotope values from this study add to the prior published results for 

OC carbonates formed in Antarctica.  From these new data, δ13C and δ18O contribution 

reservoirs for carbonate formation can be assessed.  The graphical results for all 

completed OC samples is shown in Figure 3-10.  Included in the graphic are prior 

measurements from OC meteorites (Grady et al., 1988, Karlsson et al., 1990, Karlsson et 

al., 1991), and results for LEW 85320 (Jull et al., 1988, Grady et al., 1989) and EET 

79001 (Clayton and Mayeda, 1988, Wright et al., 1988, Jull et al., 1992). 

In the prior studies by Grady, OC carbonates were extracted after an 18-hour 

phosphoric acid reaction (similar to Rx1) and then CO2 was purified with anhydrous lead 

ethanoate to solidify H2S.  In the Karlsson study, acidified OC carbonates were extracted 

after three reactions: 25°C for 1 hr (similar to Rx0), 50°C for 24 hr, and 50°C for 5 days.  

The Karlsson study results combine all reactions when reporting extracted CO2 stable 

isotope values.  Prior studies on carbonates from the OC LEW 85320 were made with 

phosphoric acid extractions of CO2 (Jull et al., 1988, Grady et al., 1989) and Shergottite 

EET 79001 (Clayton and Mayeda, 1988, Wright et al., 1988, Jull et al., 1992).  
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Figure 3-10: Antarctic OC Carbonate Results with Prior Studies 

 

 

 

OC Rx2 δ13C values 

The multistep acid extraction procedure measures CO2 from two different 

carbonate species.  The Fe/Mg-rich (Rx2) carbonates have an average difference of δ13C 

= -1.4‰ from the Ca-rich (Rx0/Rx1) carbonates.  There are several possible 

interpretations of the Rx2 data.   

The ~1.4‰ difference in δ13C may represent the constant temperature difference 

in the carbonate-water fractionation factors between carbon in the atmospheric CO2 and 

the carbonate.  This interpretation is not consistent with prior, although limited, 

carbonate fractionation studies (see Figures 3-1, 3-4, and 3-5) that suggest magnesite and 
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siderite fractionate more in δ13C and δ18O than calcite at the same low temperature.  If 

siderite/magnesite fractionates more than calcite at the same temperature, then the 

expected carbonate δ13C would be heavier (greater) than the calcite δ13C values, not 

lighter (less).  The difficulty in evaluating this is complicated by the variability of 

fractionation factors (up to 2‰) within calcite studies.  Not knowing the specific species 

of carbonate (e.g. magnesite or nesquehonite, which is a hydrated magnesite) 

complicates the assessment.  The δ13C may simply fall within the error range of this 

analysis.  The consistency of the Rx2 result belies this last conclusion, as shown in Table 

3-4 and Figure 3-8.  Thus, the Rx2 carbonates are deemed distinct and the δ13C values 

might reflect unknown fractionation factors for non-calcite carbonates. 

The ~1.4‰ difference in δ13C might be caused by carbonate species precipitation 

at different temperatures.  Assuming that the Ca-rich and Fe/Mg-rich carbonate 

fractionation factors are equivalent (which is unlikely true), this represents a difference 

of approximately +10°C in formation temperature. This suggests that the Fe/Mg-rich 

carbonates formed in Antarctica at a slightly warmer temperature than the Ca-rich 

carbonates.  Knowing that siderite and magnesite fractionate more than calcite at the 

same temperature, the Rx2 carbonates may have formed at a much warmer temperature 

than the Ca-rich carbonates.  This could be explained if the Rx2 carbonates formed in 

the curation facility in Houston, where ambient room temperature for the dry N2 

environmental chamber could be 25°C. 
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OC Rx2 δ18O values  

The measured average difference in δ18O between Rx2 and Rx0/Rx1 is 

approximately -9‰ to -10‰.  If the Rx2 carbonates formed at temperatures >10 deg 

warmer than the Ca-rich carbonates (based on δ13C interpretation), then the δ18O values 

should show a similar signature.  The warmer temperature creates less fractionation in 

both δ18O and δ13C.  Generally, the δ18O changes 1‰ for each 5°C changes in carbonate 

formation temperature (near ~25°C) (Grossman, 2012).  If this applies to these meteorite 

carbonates, then there is a ~50°C difference in formation temperature between Rx0/Rx1 

carbonates and Rx2 carbonates, which seems unrealistic.   

Alternatively, the Rx2 δ18O average difference of -9‰ to -10‰ from Rx0/Rx1 

carbonates could be due to different contributions of two oxygen reservoirs involved in 

the carbonate formation.  This possibility is explored in detail with the development of a 

δ18O mixing model (see discussion below). 

 

ALH 77215 values 

The measured value for Rx2 on ALH 77215, extraction date 7/30/15, sample 

tube #380, is completely different from any OC Rx2 other value (see Figures 3-7 and 3-

12 highlighted in yellow).  The δ13C = +15.39, δ18O = +20.02 reflects a carbon source 

that is +11.2‰ heavier than other OC Rx2 sources (and Rx0 or Rx1 carbon sources).  

The oxygen source is +11.3‰ than the other OC Rx2 carbonates.  This carbonate is 

possibly non-terrestrial, or the measurements of this carbonate were contaminated in 
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some undetected manner.  The values for this sample are excluded in averages computed 

for other Rx2 measurements based on reaction and region.  

 

LEW 85320 values 

The nesquehonite on LEW 85320 also has reported stable isotope values 

consistent with terrestrial carbonates; however, the two “Antarctic” values fall into 

different species (see Table 3-1 and Figure 3-10).  The δ13C = +5.40‰, reported by (Jull 

et al., 1988), is consistent with results for Rx2 Fe/Mg-rich carbonates.  Both of the LEW 

85320 reported values for nesquehonite growing in “Texas” are consistent with OC 

terrestrial carbonate values (falling within the overlap between Rx0/Rx1 and Rx2 

species).  The δ13C=+7.9‰, reported by (Grady et al., 1989), is consistent with results 

for Rx0/Rx1 Ca-rich carbonate. 

 

EET 79001 values 

The reported δ18O values for “white druse” on Shergottite EET 79001 are 

consistent with the terrestrial Ca-rich carbonates measured with Rx0/Rx1. Two (of three 

total) δ13C values are also consistent with terrestrial Ca-rich carbonates measured with 

Rx0/Rx1 (see Table 3-2 and Figures 3-10).  The δ13C = +9.7‰ reported by (Clayton and 

Mayeda, 1988) is slightly higher than the other OC carbonate δ13C values measured in 

this study.  Although prior petrographic studies suggest the “white druse” is martian in 

origin, comparison with our data from equivalent regions of Antarctica suggest a 

terrestrial origin.   
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Antarctic OC Carbonate Formation Temperature 

The OC carbonates are created by interactions between cations in the minerals of 

the meteorite and CO2 in the Earth’s atmosphere, which has a current δ13C ≈ -8‰ that is 

decreasing (getting isotopically lighter) due to the burning of δ13C fossil fuels (Cuntz, 

2011).  The OCs contain terrestrial Ca-rich carbonates with δ13C values clustering 

between +3‰ and +6‰ (see Figure 3-10).  Assuming the carbonates formed when the 

atmospheric CO2‰ = -7.5‰ (within the past 150 years), the expected calcite δ13C = 

+6.09‰ (if formed at 0°C) or δ13C = +4.38‰ (if formed at 15°C) (using ΔCO2_Calcite = -

13.59‰ at 273°K and ΔCO2_Calcite = -11.88‰ at 288°K) (Chacko et al., 1991).  The 

Rx0/Rx1 Ca-rich δ13C measurements indicate the carbonate formed in equilibrium with 

atmospheric CO2 carbon at temperatures between 0-15°C.  This conclusion is consistent 

with prior Antarctic carbonate formation studies predicting carbonate formation at 0-

30°C (Grady et al., 1989, Karlsson et al., 1991).  

The Rx2 δ13C carbonates appear to fractionate less than the Ca-rich carbonates 

(compared to atmospheric CO2) in Figure 3-10 (if formed at the same temperature as the 

Ca-rich carbonates).  These carbonates may be similar to the nesquehonite formed on 

LEW 85320.  There are no published fractionation factors for nesquehonite, although 

one study suggests magnesite fractionates more than calcite at low temperature (see 

Figure 3-1) (Golyshev et al., 1981). 
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Antarctic OC Carbonate Formation with a δ18O Mixing Model 

The range of measured δ18O from OC terrestrial carbonates is approximately 

+3‰ to +30‰ (see Figure 3-10), which would represent an unrealistic temperature 

variation in the Antarctic environment.  In addition, these values are substantially 

heavier isotopically than expected if the calcite forms in equilibrium with the Antarctic 

meteoric water.  Using Bottinga δ18O fractionation factors for calcite and water 

(Bottinga, 1968), the expected calcite would be δ18O < 0‰ if Antarctic meteoric melt 

water δ18O < -35‰ (Dansgaard, 1964) and equilibrium fractionation occurs at 0°C-15°C 

(based on discussion above for δ13C).   

A possible explanation for heavier δ18O in OC carbonates is their formation 

process.  Instead of equilibrium with either the atmosphere or the water, the carbonates 

may form in a thin-film environment.  Thus, the isotopic composition of the carbonates 

would be dependent on mixing between two different oxygen reservoirs: dissolved 

atmospheric CO2 and Antarctic meltwater.   Thus the Earth atmospheric CO2 of heavy 

δ18O ≈ +41‰ in equilibrium with global seawater (Brenninkmeijer et al., 1983) balances 

the light glacial meteoric water δ18O ≈ -35‰ to form intermediate δ18O carbonates.  

A δ18O mixing model can be created with Earth atmospheric CO2 and meteoric 

water as end members.  Using fixed contributions of each end member provides 

predicted values of δ18O for produced carbonates, thus a parametric study with different 

fixed contributions provides a tool to interpret the measured OC results. 
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δ18O Mixing Model Derivation 

Begin with a simple oxygen mixing model of two δ18O end-members only.  

Given δ18Owater is the stable isotope value of the melt-water in a thin film around a 

meteorite, and δ18OCO2 is the stable isotope value of the atmospheric CO2 (assume the 

atmospheric CO2 is well mixed and constant throughout the Earth).  Now, let x represent 

the fraction of δ18O for melt water in a thin film “bubble” around a meteorite, and let y 

represent the fraction for δ18O for CO2 in the atmospheric “bubble”. Then,  

x + y = 1                  eq. 3-6 

The total amount oxygen, δ18Ototal, is composed of amounts from each end-member: 

δ18Ototal = (x * δ18Owater) + (y * δ18OCO2)              eq. 3-7 

Fractionation factors, α, are well studied for calcite/water/CO2 systems, although they 

are not well studied at temperatures near 0°C (Friedman, 1977).  Fractionation factors 

based on near 0°C laboratory studies for other carbonates, such as magnesite, 

nesquehonite, and siderite, are rare.  Calculations for this model are thus made using 

calcite fractionation factors (which can still result in a difference of 2‰ depending upon 

which laboratory or theoretical study is employed).  Following are the relevant 

fractionation values (and their source) for this mixing δ18O model:  

    δ18O ΔCO2_water = -45.67‰, at 0°C (Bottinga)              eq. 3-8 

δ18O ΔCO2_water = -42.26‰, at 15°C (Bottinga)             eq. 3-9 

δ18O ΔCO2_calcite = -11.68‰, at 15°C (Chacko)           eq. 3-10 

δ18O ΔCO2_calcite = -11.45‰, at 0°C (Chacko)            eq. 3-11 

Based upon these values, it is possible to calculate the following: 
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δ18O Δcalcite_water = -33.78‰, at 0°C             eq. 3-12 

δ18O Δcalcite_water = -29.94‰, at 15°C             eq. 3-13 

If the calcite forms only in equilibrium with the atmosphere, then 

  δ18Ocalcite = δ18OCO2 + ΔCO2_cal cite             eq. 3-14  

  δ18Ocalcite = δ18OCO2 – 11.45‰, at 0°C            eq. 3-15 

  δ18Ocalcite = δ18OCO2 – 11.68‰, at 15°C            eq. 3-16 

If the calcite forms only in equilibrium with the water, then 

  δ18Ocalcite = δ18Owater + ΔCO2_calcite             eq. 3-17  

  δ18Ocalcite = δ18Owater + 33.78‰, at 0°C            eq. 3-18 

δ18Ocalcite = δ18Owater + 29.94‰, at 15°C            eq. 3-19 

Thus, the calcite must fall between the two end-members given in eq. 3-15 and eq. 3-18 

(at 0°C), or eq. 3-16 and eq. 3-19 (at 15°C).  The mixing model output varies based upon 

the contributions of each end-member in the calcite formation. 

 

δ18O Mixing Model Application 

Begin employment of the mixing model by loading the environmental conditions 

in Antarctica where the OC carbonates are forming.  Assume the carbonate formation 

happens at 15°C (based upon the analysis of δ13C values), the δ18Owater = -35‰ (see 

Figure 1-17) with Antarctica similar to Greenland (Dansgaard, 1964), and δ18OCO2 = 

+41‰ based on Earth atmospheric equilibrium with seawater (Keeling, 1961).  The 

resulting component mixing of each end-member is shown in Table 3-8.   The δ18O 
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mixing model results, combined with corrected stable isotope values for all OCs, LEW 

85320, and EET 79001 are shown in Figure 3-11. 

 

 

 
Table 3-8: Mixing Model Output for Antarctic OC Calcite δ18O 

 

 

 

The model predicts that Rx0/Rx1 Ca-rich carbonates form on the Antarctic OCs 

with 45%-85% contribution of δ18O from atmospheric CO2 and the remainder δ18O from 

melt water.  The Fe/Mg-rich carbonates form with 20%-55% contribution from δ18O in 

atmospheric CO2 and the remainder from δ18O in melt water.   
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Figure 3-11: Antarctic OC Carbonate Formation δ18O Sources 

 

 

 

Conclusions 

OCs assumed to be carbonate-free before arriving on Earth form two distinct 

carbonate species while resident in Antarctica, a Ca-rich phase and a Mg/Fe-rich phase.  

Preliminary measurements show that a reaction between the carbonate with phosphoric 

acid for 1 hour at 30°C (Rx0) and 3 hours at 30°C (Rx1) generate CO2 from a Ca-rich 

carbonate (Al-Aasm et al., 1990, Grady et al., 1988, Karlsson et al., 1991, Shaheen et al., 

2015).   

A reaction at 150°C for 3 hours (Rx2) generates CO2 from a Fe-rich or Mg-rich 

carbonate (Al-Aasm 1990, Grady et al., 1988, Shaheen et al., 2015).  There are no 

reported stable isotope fractionation factors for nesquehonite, and few theoretical or 
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laboratory studies for magnesite and siderite fractionation at low temperatures.  Calcite 

fractionation factors were employed to interpret the Rx2 data.   

Much heterogeneity exists with corrected stable isotope values (especially δ18O) 

for the OC carbonates (see Figure 3-7).  Variability exists within a reaction type (see 

Figure 3-8), within a collection region of Antarctica (see Figure 3-9), and within an 

individual meteorite (see Tables 3-5, 3-6, 3-7); however, a few broad distinctions are 

observed.   

With all OCs, a Ca-rich carbonate species generates CO2 from Rx0 that is ~ 

+2.1‰ (±3.6‰ 1σ based on data) heavier in δ18O than the CO2 extracted from Rx1.  

This variation could be from grain size differences of the Ca-rich carbonate formed on 

the meteorite.  The Ca-rich carbonates δ13C values suggest formation in equilibrium with 

atmospheric CO2 at ~15°C.  Using a mixing model of end-members from oxygen in 

meteoric water and atmospheric CO2, the δ18O values suggest a range of 45%-85% 

oxygen contribution from atmospheric CO2 at 15°C (see Figure 3-11). 

  Ca-rich carbonates (Rx0 and Rx1) from region ALH are 1.4‰ (±1.5‰ 1σ based 

on data)  heavier in δ13C and lighter in δ18O, -3.4‰ (±3.6‰ 1σ based on data), than Ca-

rich carbonates (Rx0 and Rx1) in RBT and MIL.  This regional variation could be from 

geographic differences in the creation of meteoric water (Rayleigh distillation) or 

different temperature of carbonate formation.   

Corrected stable isotope values for Rx2 Fe/Mg-rich carbonates are consistent 

regardless of Antarctic region of collection.  They are also distinct from Rx0/Rx1 

carbonates, with lighter average values in both δ13C (-1.3‰±1.5‰ 1σ based on data) and 
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δ18O (-10‰±3.6‰ 1σ based on data).  This means the Fe/Mg-rich carbonates (Rx2) are 

fractionating less in δ13C than the Ca-rich (Rx0/Rx1) carbonates from the Earth 

atmospheric CO2 value δ13C = -7.5‰.  Carbonate stable isotope values fractionate less at 

higher temperature than at cooler temperatures, so the Rx2 carbonates δ13C values 

suggest formation in equilibrium with atmospheric CO2 at >15°C (perhaps +10°C 

warmer).  This assumes calcite fractionation factors.  If the Fe/Mg-rich (Rx2) carbonates 

fractionate more than the Ca-rich (Rx0/Rx1) carbonates, as suggested by one study of 

magnesites and siderites (Golyshev et al., 1981), then their formation temperature is 

much warmer, perhaps >20°C.  This would be greater than reasonably expected in 

Antarctica, but consistent with ambient temperatures at the curation facility in Houston, 

Tx.  The Rx2 δ18O values suggest a range of 25%-65% oxygen contribution from 

atmospheric CO2 at 15°C (see Figure 3-11) based upon a mixing model of two end-

members (meteoric melt-water and atmospheric CO2).  

One OC meteorite, ALH 77215, demonstrated an anomalous Rx2 stable isotope 

value significantly heavier in both δ13C and δ18O than any other OC Rx2 carbonate.  

This may represent heterogeneity in the terrestrial Fe/Mg-rich carbonate, or a carbonate 

from a non-terrestrial origin. 

The published stable isotope values for the “white druse” from Shergottite EET 

79001 are consistent in δ18O ≈ +21‰, but the δ13C varies from +3‰ to +10‰ (see 

Figure 3-2) (Clayton and Mayeda, 1988, Wright et al., 1988, Jull et al., 1992).  The 

lighter carbon measurements are consistent with terrestrial Ca-rich carbonates measured 

from OC Rx0/Rx1 reactions (see Figure 3-8)  
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The published stable isotope values (see Table 3-1) (Jull et al. 1988, Grady 1989) 

for nesquehonite from OC LEW 85320 are consistent with terrestrial carbonate results 

for the OCs in this study.  The two “Antarctic” published values for nesquehonite 

extracted from LEW 85320 before it was transported to the Houston curation facility fall 

within the Rx0/Rx1 Ca-rich results from this study.  The two “Texas” published values 

for nesquehonite extracted from LEW 85320 fall within the Rx2 Fe/Mg-rich results from 

this study (but overlap with Rx0/Rx1 Ca-rich results) (see Figure 3-10).     

The OCs contain terrestrial carbonates with δ13C values clustering between +3‰ 

and +6‰.  These Ca-rich (Rx0/Rx1) values are consistent with equilibrium carbonate 

formation at 15°C with the carbon in Earth’s atmospheric CO2. (see Figure 3-11).  The 

Fe/Mg-rich carbonates appear to fractionate less than the Ca-rich carbonates if they 

formed at the temperature, but fractionation factors for these carbonates are unknown.   

The range of measured δ18O from OC terrestrial carbonates is approximately 

+3‰ to +30‰.  These values are heavier isotopically than expected if the calcite forms 

in equilibrium with the oxygen in Antarctic meteoric water.  It is proposed that these 

carbonates formed in an arid, cold climate based upon thin films of melt water on the 

meteorite interacting with a “bubble” of atmospheric CO2.  A δ18O carbonate 

contribution mixing model predicts that Ca-rich carbonates form on the Antarctic OCs 

with 45%-85% contribution of oxygen from atmospheric CO2 (assumed δ18O = +41‰) 

and the remainder from oxygen in melt water (assumed δ18O = -35‰).  The Fe/Mg-rich 

carbonates form with 20%-55% contribution from oxygen in atmospheric CO2.   
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The predicted low atmospheric contribution to the δ18O for OC Fe/Mg-rich 

carbonates (based upon the mixing model) is logically consistent with the “Texas” 

nesquehonite stable isotope values for LEW 85320, which is being curated in Houston, 

Tx. in a dry, nitrogen environment yet continues to produce nesquehonite.  The LEW 

85320 δ18O source for the nesquehonite is entirely entrapped Antarctic water that is 

slowly degassing from the meteorite as it sits in N2 storage.   

It is possible that all of the Fe/Mg-rich (Rx2) carbonates formed on the OCs in 

this study were created in the warmer N2 curation environment of Houston, Tx, (similar 

to LEW 85320 nesquehonite).  This is suggested by light δ13C values compared to the 

Rx0/Rx1 carbonates.  The OC Ca-rich (Rx0/Rx1) carbonates, however, likely formed in 

Antarctica from interactions of meteorite cations, meteoric melt-water, sea-spray 

aerosols, and atmospheric CO2 in a thin-film “bubble” microenvironment at about 15°C.  

This is reinforced by the selection criteria for the OCs in this study.  Each OC had 

visible evaporite deposits on them when collected in Antarctica, although it is unknown 

if these identified alteration minerals were carbonates, sulfates, or a combination of both. 

The δ18O carbonate contribution mixing model created for OCs from Antarctica 

may predict oxygen end-member reservoirs on Mars.  If martian carbonates form in an 

arid, thin-film microenvironment similar to the Rx0/Rx1 carbonates in Antarctica, then 

iteration of the mixing model end-member values can create carbonate predictions to 

match the measured carbonate stable isotope values. 



 

125 

 

CHAPTER IV  

STUDY OF MILLER RANGE MARTIAN NAKHLITES 

 

Introduction 

The martian surface contains features of ancient fluvial systems and evidence of 

a hydrosphere (Poulet et al., 2005, Lammer et al., 2008) that might have formed 

carbonates from interaction with the CO2-rich atmosphere.  Meteorites from Mars 

contain carbonates that can be measured to assess their martian formation environmental 

conditions with stable isotope analysis (see Chapter 1).   

Nakhla is an igneous cumulate clinopyroxenite that crystallized on Mars 1.3-1.4 

Ga.  A large impact on Mars 11 Mya ejected material into space, and some of it 

eventually landed on Earth.  Nakhla is the type specimen of clinopyroxene cumulate 

rocks from Mars, which are known as Nakhlites (Nyquist et al., 2001, Park et al., 2009).  

They are predominantly clinopyroxene-dominated cumulates with large augite and 

olivine grains.  These grains are distinct from the fine matrix material that holds the rock 

together, known as the intercumulus phase, which consists mostly of “glass and laths of 

plagioclase, silica, phosphate, and pyroxene” (Udry et al., 2012).  The Nakhlites contain 

martian weathering products that include both clay minerals formed from the hydration 

of silicates and carbonates, chlorides, and sulfates precipitated in cracks (Grady et al., 

2007).  The martian brines altering the Nakhlites have been proposed to be from shallow 

hydrothermal sources or from surface runoff (Bridges and Grady, 2000).  Based upon 

their common cosmic ray exposure ages, they were ejected from Mars by a single large 
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impact approximately 11 ± 1.5 Ma (Nyquist et al., 2001) and landed on Earth 10,000 – 

40,000 years ago (Velbel, 2016).  

  

Nakhla Parent Formation 

Several models have been proposed for the formation and evolution of Nakhlites 

on Mars.  The current belief is the Nakhlites all were derived from a set of lava flows or 

shallow sills with a common source.  The location, based upon comparison of 

crystallization ages to crater count dating, is possibly volcanic zones of Tharsis, 

Elysium, or Syrtis Major (Treiman, 2005).   

The lava flows experienced different cooling rates with depth, and the Nakhlites 

with the greatest equilibration and least intercumulus phase were slower cooling and 

derived from a greater formation depth, while those with less equilibration and/or more 

intercumulus phase were more rapidly cooled and are derived from shallower depths 

(Day et al., 2006, Mikouchi et al., 2012, McCubbin et al., 2013).  Stacking the identified 

Nakhlite meteorites together creates a “lava pile” of different depths of origin for each 

meteorite.  The graded crystallization petrology infers a depth of formation for each 

Nakhlite.   

After the “lava pile” was emplaced, it was infiltrated by fluids to create small 

amounts of secondary minerals and weathering products.  If the water source was on the 

surface of Mars, the shallowest rocks would have the most aqueous alteration, and the 

deeper rocks would have the least aqueous alteration.  If the water source was a 

subsurface hydrothermal system, then the rocks closest to the source would experience 
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the most aqueous alteration.  Thus, understanding the placement of the secondary 

minerals in the lava pile is important for interpreting stable isotope measurements. 

 

Nakhlite Meteorites 

The first identified Nakhlites were Nakhla, Lafayette, Governador Valadares, 

NWA 817, Y000593/Y000749/Y000802 (paired), NWA 998, and MIL 03346 (Treiman, 

2005).   

Yamato (Y) Y 00593, Y 000749, and Y 000802 were found in 2000 by the 41st 

Japanese Antarctic Research Expedition.  These paired meteorites contain martian 

iddingsite (like other Nakhlites) which forms from water-rock interaction.  They also 

contain laihunite, which is a “nonstoichiometric olivine-like mineral typically formed as 

a high-temperature oxidation product under non-equilibrium conditions on Earth” 

(Noguchi et al., 2009).  This implies hot fluids weathering igneous rocks on Mars.  

The next three identified Nakhlites (MIL 090030, MIL 090032, and MIL 

090136) are paired with MIL 03346 based on mineralogy and petrology (Hallis and 

Taylor, 2011).   MIL 03346 was discovered in 2003, and MIL 090030, MIL 090032, and 

MIL 090136 were found in 2009 in Antarctica.  The four Miller Range meteorites were 

found in two pairs approximately 4 km apart (see Figure 4-1).  Within each pair, the 

meteorites were located 200m apart.  There is great variability in the modal mineral 

abundances of each meteorite, and single samples of any one meteorite may not be 

representative of the Miller Range parent body (Udry et al., 2012).  
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Figure 4-1: Location of Miller Range Nakhlites in Antarctica (reprinted from Udry et al., 

2012) 

 

 

 

The newest identified Nakhlite, NWA 5790 was found on Earth by nomads in the 

Sahara Desert in 2010 (Jambon et al., 2016).  It is the only Nakhlite lacking iddingsite.  

This indicates it was not altered aqueously on Mars.  This meteorite displays mineralogy 

from two magma batches before eruption, which complicates the prior models of 

Nakhlite formation from a single lava flow.   
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Nakhla Lava Pile 

Differences in mineral zoning of each Nakhlite are used to estimate their cooling 

rates.  It is important to ensure the mineral zoning is from diffusion, and not from 

multiple heating/cooling events, to determine the original formation stratification as the 

source magma cooled.  Diffusion is determined via comparison of zone element 

concentration to kinetic isotopic fractionation (Sautter et al., 2012).  Multiple 

heating/cooling events are determined by comparison of argon age and closure 

temperature (~350°C) (Park et al., 2009) to the formation crystallization age of the 

olivine (Richter et al., 2016).   

Prior analysis of MIL 03346 indicate it formed with the other Nakhlites, but 

underwent rapid cooling prior to complete crystallization (Day et al., 2006).  MIL 03346 

is distinctive from other Nakhlites in having higher mesostasis (~20% vs. ~10% for 

others) and lower olivine content (<< ~10% for others).  The reported cooling rate, based 

on Fe-Mg zoning, is 0.8°C/hr placing it at a depth of 1m in the lava pile (Richter et al., 

2016).  The fastest cooling rate of 11.0°C/hr, found in paired Nakhlites MIL 090030, 

MIL 090032, and MIL 090136,  requires a faster quench than the slowest rates of 

<0.015°C/hr found in Lafayette and NWA 998 (Mikouchi et al., 2012).  The cooling rate 

for MIL090030/MIL090032/MIL090136 places them shallow, at a depth of 0.3m in the 

lava pile, which is above MIL 03346 (Mikouchi et al., 2012).  

The proposed burial sequence from top to bottom is MIL 03346 (and pairings), 

NWA 817, Y 000593 (and pairings), Nakhla, GV, Lafayette, and NWA 998 (see Table 

4-1) (Day et al., 2006, Changela and Bridges, 2011, Mikouchi et al., 2012).  After 
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identifying NWA 5790, it was initially placed on the top of the lava pile due to its 

mesostasis similarity to MIL 03346. 

 

 
Table 4-1: The Nakhla Lava Pile (reprinted from Mikouchi et al., 2012) 

  

 

 

Multiple study results show the cumulus phase was first crystallized from a Light 

Rare Earth element (LREE) depleted mantle source (Treiman, 2005, Day et al., 2006).  

A recent geochemical analysis of the Nakhlites and Chassignites proposes that they 

formed from a common magma, but crystallized the intercumulus phase differently 

(McCubbin et al., 2013).  It begins when a) a shallow magma intrusion cooled slightly 

within the crust, and b) started crystallizing cumulus olivine and some pyroxene, which 

settled to the bottom of the magma chamber.  Then, c) the intrusion was invaded by a 

Fe2+-rich, Cl-rich, LREE-enriched fluid (possibly crustal, but from a LREE-depleted 

source) that contaminated the magma as d) orthopyroxenes and augites continued to 

crystallize.  These phases appear to be in geochemical disequilibrium with the olivine 

with respect to Xe isotopes and REE abundances.  As the cooling and crystallization 
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continues, the magma becomes fluid-saturated, leading to e) degassing of a Cl-rich, Fe2+-

rich magmatic fluid phase that migrates upward to the top of the magma body.  The 

sequence is completed as f) the melt solidifies, resulting in the Nakhlite-Chassignite lava 

pile demonstrated in Figure 4-2. 

 

 

 
Figure 4-2: The Nakhla/Chassigny Lava Pile (reprinted from McCubbin et al., 2013) 

 

 

 

Further electron microprobe analysis of NWA 5790 identified at least four areas 

of discrete mineralogy differences from other Nakhlites.  Models of different melt 

compositions were estimated assuming core olivine in equilibrium with the parent melt; 

whereas prior studies assumed equilibrium with the core augite (Treiman, 2005, Day et 

al., 2006).  Using this approach, the NWA 5790 is placed at the bottom of the total lava 

pile, but the top of a different lava flow (Jambon et al., 2016).  This lowest lava flow 
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lacks low temperature alteration (no iddingsite formation).  At least two, and probably 

three, different lava flows formed the Nakhlites as shown in Figure 4-3. 

 

 

  
Figure 4-3: The Updated Nakhla Lava Pile (reprinted from Jambom, 2016) 

 

 

 

Another study of Nakhlites (Richter et al., 2016) suggests an alternate formation 

model.  The authors suggest Nakhlites crystallized slowly in a crustal magma chamber 

or thick lava layer, but then they underwent a rapid cooling event.  Analysis of the 

lithium concentration and isotopic fractionation profiles within augite grains in MIL 

03346 and NWA 817 creates two possible models to explain the rapid cooling: a) at the 
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bottom of a lava flow that has erupted onto the martian surface (cooled by contact with 

the cold surface layer), or b) at the top of a lava layer, such as when a breach of a 

containment topology drains the magma chamber exposing the mostly crystallized flow 

to the cold martian atmosphere (See Figure 4-4).  

 

 

 
Figure 4-4: Alternate Nakhlite Crystallization Models (reprinted from Richter et al., 

2016) 

 

 

 

Secondary Alteration 

 Ion microprobe analysis of thin sections from the Nakhla meteorite reveals 

multiple chemically heterogeneous species both within grains and between grains 

(Saxton et al., 1998).  The carbonates appear in cracks and crushed zones of the rock, 

and have crystals <100 µm (Bridges et al., 2001).  Martian carbonates predominantly 

include cations of Ca, Fe, Mg and Mn forming varieties of calcite, siderite, magnesite, 
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rhodochrosite and ankerite.  Carbonate chemistry varies with each class of martian 

meteorite, indicating separate deposition sequences (Niles et al., 2013). 

Martian meteorites are also altered by shock impact.  Shergottites, for example, 

include unique shocked minerals of maskelynite, stishovite, and ringwoodite (Nyquist et 

al., 2001).   

 

Gypsum 

This is an alteration product created as a hydrated form of calcium sulfate (chemical 

formula CaSO4 * 2H2O).  It is reported in martian Nakhlites MIL-03346/090030 based 

on a Raman spectra that shows broad H2O-related peaks, which differentiate the mineral 

from anhydrite (Hallis and Taylor, 2011).  Gypsum is often found in SNC meteorites.  

On Shergottite EET 79001, the “white druse” (containing gypsum) has been reported to 

be a martian alteration product (Gooding and Muenow, 1986, Gooding, 1992). 

  

Laihunite 

This is an opaque, black alteration product created in olivine from high-temperature 

oxidation under non-equilibrium conditions found on Earth (Banfield et al., 1990).  The 

chemical formula is Fe2+(Fe3+)2(SiO4)2.  Found in the paired Nakhlites 

Y000593/Y000749, laihunite is suspected of being formed in a “fluid-assisted high 

temperature oxidation event” (Noguchi et al., 2009). 
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Jarosite 

This is an alteration product forming tiny crystals of yellow to brown color.  It 

forms in acid environments such as terrestrial mine drainage, sulfate soils, or during 

“alteration of volcanic rocks by sulfur-rich fluids near volcanic vents” (Fulignati et al., 

2002).  The chemical formula is KFe3+
3(OH)6(SO4)2 (Friedman, 2017).  It was identified 

by the Mars rover Opportunity in the Meridiani Planum (Squyres et al., 2004), and has 

been identified elsewhere on Mars as well (Madden, 2004).  As a hydrous iron sulfate, it 

persists only in arid climates, and water vapor causes it to decompose to hematite 

(Barrón, 2006).  It has been reported in martian meteorites, for Nakhlites Y000593/749 

and MIL 03346, and Shergottites RBT 0462 and QUE 94201;however, MIL 090136 

contains interior jarosite, which could represent pre-terrestrial weathering on Mars 

(Hallis, 2013). 

 

Iddingsite 

Iddingsite (chemical formula MgO * Fe2O3 * 4 H2O, but MgO can be substituted 

for CaO in the ratio of 1:4) (Ross, 1925) is an alteration product of olivine found when 

basalts are weathered by liquid water.  A major constituent of iddingsite in 

Y000593/Y000749 is phyllosilicate, perhaps smectite (Noguchi et al., 2009).  It forms as 

a phenocryst, which is a secondary crystal relatively larger in size than the primary 

crystals of the parent igneous rock.  Often found in martian Nakhlites, the presence of 

iddingsite could indicate interactions with liquid water on the surface of Mars from 1.3 

Ga to 650 Ma ago (Swindle et al., 2000).   
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Iddingsite is found in many Nakhlites (Treiman, 2005), but not NWA-5790 

(Jambon et al., 2016).  It is speculated the Nakhla lava pile was infused with liquid water 

approximately 620 mya, which dissolved olivine and mesostasis glass, then deposited 

iddingsite and salt minerals (Treiman, 2005).   

 

Terrestrial Complications 

The Nakhlites also contain terrestrial minerals formed in Antarctica since they 

landed approximately 10,000 years ago (Treiman, 2005).  For example, MIL 03346 

contains both martian carbonates (iddingsite) and terrestrial sulfates.  The terrestrial 

sulfates are located on exposed surfaces and along fractures (Stopar et al., 2013).  The 

meteorite also contains olivine phenocrysts (etch-pits) with corrosion features that match 

terrestrial weathered olivines.  A comparison of interior and exterior olivine indicates 

there has been more surface aqueous alteration from Antarctic weathering during its 

terrestrial residence than occurred during 500,000 - 1.0 billion years after iddingsite 

formation on Mars (Velbel, 2016).   

One theory for Antarctic meteorite weathering is from slightly alkaline sea-spray.  

This aerosol, which is found far inland on Antarctica, deposits Ca+, Na+, and SO4
2- ions 

on the meteorite.  Then, when the meteorite is exposed on the surface of Antarctic 

glaciers, the high albedo rock absorbs sunlight and melts a small amount of ice to form 

liquid water.  This water combines with the cations and anions to form carbonates and 

sulfuric acid which alters the meteorite mineralogy (Hallis, 2013).  
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Mars Fluids and Carbonate Formation Conditions 

Many theories have been developed to model the conditions under which martian 

carbonates are precipitated.  The meteorite ALH 84001 is well studied; however, it is 

much older than the Nakhlites and likely formed in a different location.  Nonetheless, the 

researchers have interpreted measurements on ALH 84001 to propose radically different 

carbonate formation theories on Mars (see broad discussion in Niles et al., 2005).  In a 

broad sense, many of the features of carbonate mineral formation in martian meteorites 

are common to all meteorite types.   

 

Carbonate Formation Models based on Temperature 

Some models speculate that high temperature fluids (>200°C) are necessary to 

create the minerals observed in ALH 84001.  The model then requires rapid cooling to 

create the variation in measured δ18O values (Eiler et al., 2002).  Whether the fluids are 

heated by impact events (Harvey and McSween, 1996, Scott et al., 1997, Scott and Knot, 

1998) or hydrothermal fluids (Gleason et al., 1997, Kring et al., 1998), the high 

temperature formation theories fail to explain a lack of observed chemical weathering in 

the silicate phases of ALH 84001 (Treiman, 1995).  Unlike ALH 84001, the Nakhlites 

do contain iddingsite as an aqueous alteration product of olivine.  Another criticism of 

the high temperature formation followed by rapid cooling model is the reported δ13C 

values, which do not vary enough to support the necessary temperature range.  Lastly, 

this theory fails to provide a plausible geologic process for continuous carbonate 

deposition in a cooling environment, where reduced temperature would likely result in 



 

138 

 

cessation of carbonate formation (Friedman, 1970, Dandurant et al., 1982, Usdowski, 

1982). 

The wide variation in martian meteorite carbonate δ18O values can also be 

explained by low fluid/rock ratio interactions with CO2-rich fluids over short duration 

periods (Leshin et al., 1998).  Evaporation models have also been proposed that were 

based on observed petrographic and isotopic data (McSween and Harvey, 1998, Warren, 

1998), although the lack of abundant sulfates and other salts in ALH 84001 is 

problematic (carbonates should be more Mg-rich since Mg is more soluble than Ca, 

which is not reflected in the data) (Niles et al., 2005).  Low temperature terrestrial 

hydrothermal fluids (<70°C to +190°C) form carbonate globules similar to those in ALH 

84001 (Treiman et al., 2002). 

   

Carbonate Formation Analog from High pH Terrestrial Springs 

 Large carbonate oxygen isotope variations have also been observed in high-pH 

terrestrial spring environments, which can be formed from low temperature 

serpentization of ultramafic rocks (creating extremely alkaline fluids pH > 12).  When 

these CO2-free solutions are exposed to atmospheric CO2, it rapidly dissolves in the 

solution and subsequently forms carbonates (see eq. 3-1 to 3-5).  The carbonates in this 

environment form rapidly, favoring strong kinetic fractionation.  The initial carbonates 

are very light (meaning more negative δ13C and δ18O values), due to the kinetic 

enrichment of 12C and 16O.  The initial carbonate values for δ13C are depleted up to 

~27.5‰ and the δ18O are depleted by 16.9‰ (Clark et al., 1992).  The carbonates 
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gradually reach equilibration and the pH is lowered as the carbonates continue to 

precipitate (Niles et al., 1995).  The carbonates formed at equilibrium are much less 

negative δ13C and δ18O values than the initial carbonates and form a set of carbonates 

with a wide range of co-variant carbon and oxygen isotopic compositions.  

 

Carbonate Formation from Mixing of Different Reservoirs 

A theoretical calculation of δ18Owater for Mars has been published.  Using a mass 

balance model of hot oxygen (1000°C from ancient, volcanic outgassing) and cold 

oxygen (at 0°C for carbonate formation) to explain carbonate values on EET 79001 

(δ18Ocalcite = +21.0‰) one study used estimates of Mars bulk silicate (δ18Osilicate = 

+4.2‰) and known Bottinga calcite fractionation factors to predict the δ18Owater (Clayton 

and Mayeda, 1988).  The resulting range of δ18Owater = -37.6‰ to +6.4‰ creates the 

measured carbonate value if the mole fraction of outgassed vapor is 80% water (the 

remaining 20% is CO2).  Next, a study was made using ion microprobe results of the 

Nakhla meteorite siderite found within the mesostasis (δ18Osiderite = +34‰ ± 1‰) 

(Saxton, 1998).  The predicted δ18Owater = -5‰ to +34‰ if formation is at 0°C. 

Triple oxygen isotope analysis (δ17O, δ18O, ∆17O) of ALH 84001 and two 

Nakhlites (Nakhla and Lafayette) demonstrates that martian carbonates formed from an 

atmospheric oxygen reservoir (CO2) not in equilibrium with the silicate phases within 

the meteorites (Farquhar et al., 1998, Farquhar and Thiemens, 2000). In addition, carbon 

isotope enrichment (increased δ13C) of ALH 84001 and Nakhlite carbonates is likely 

derived from atmospheric CO2 which is enriched in 13C due to preferential loss of 12C 
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from the martian atmosphere following the loss of the planet’s magnetic field 4 billion 

years ago (Jakosky et al., 1994, Niles et al., 2012).   

One study suggests the Miller Range (MIL) Nakhlites were altered by a different 

fluid on Mars than the fluid that altered the meteorite Nakhla (Hallis and Taylor, 2011).  

A different study of Y000593/Y000749 finds the minerals laihunite and jarosite present, 

which suggests a formation temperature of 400°C to 800°C based on terrestrial analogy 

(Banfield et al., 1990).  A newer study, however, concludes it more likely that laihunite 

in the Yamato Nakhlites formed during emplacement with a small amount of 

hydrothermal water rather than a subsequent alteration event (Noguchi et al., 2009).  

Additionally, the formation of jarosite requires an acid environment with arid conditions 

afterwards, otherwise the jarosite decomposes to ferric oxyhydroxides in the presence of 

water (Madden et al., 2004).  A recent SEM/TEM study of the meteorite Nakhla 

indicates the martian carrier water was opaline silica, which supports the hypothesis that 

Nakhlites formed at an ancient martian hot spring (Lee and MacLaren, 2016). 

This dissertation proposes an alternate theory for martian carbonate formation in 

the Nakhlites.  Using terrestrial carbonates formed on OC meteorites collected in 

Antarctica, it is possible to demonstrate that a cold, arid environment produces 

carbonates with a wide range of δ18O values created by mixing between oxygen 

reservoirs in a thin-film of water and dissolved CO2 (see Chapter 3).  A similar mixing 

model has been proposed for carbonates in ALH 84001 (Niles et al., 2005).  This 

possibility is explored in detail below (see Discussion section for MIL Nakhlite 

Carbonate δ18O Values, below).   
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Previous Martian Meteorite Stable Isotope Measurements 

Procedures using phosphoric acid extraction of ground whole rock samples have 

historically been employed to measure stable isotopes of carbonates (McCrea, 1950).  

This general procedure was used to study terrestrial carbonates on OCs collected from 

Antarctica (see Chapter 3).  The difficulty of this process is separating the derived CO2 

from water and other gases (often sulfides), then measuring the stable isotope values on 

very small amounts of CO2 the samples.  Older stable isotope studies of Nakhlites and 

Chassigny showed a wider variability in δ13C than in δ18O (Table 4-2) (Wright et al., 

1992): 

 

 

 
Table 4-2: Prior Stable Isotope Values (reprinted from Wright et al., 1992) 

 

 

A more recently published study also shows the variability of martian carbonate 

δ13C results (see Figure 4-5) (Hu et al., 2015).  One interpretation of the wide variability 

of results is they represent combinations of multiple martian carbonate species and 

terrestrial secondary carbonates that have not been properly separated and identified 

(Niles et al., 2012).   



 

142 

 

 
Figure 4-5: Published Mars Carbonate δ13C Values (reprinted from Hu 2015) 

 

 

 

ALH 84001 is a martian meteorite originally classified as a Howardite-Eucrite-

Diogenite (HED) meteorite (Dreibus et al., 1994), but now categorized as distinct.  It 

formed 3.9 Ga and has carbonates representing early martian environmental conditions 

from the ancient atmosphere and crust (~4.5 Ga) (Borg et al., 1999).  It has extensive 

carbonate zoning with Mg-rich crystal faces that are overgrown with Ca, Fe-rich bands.  

Initial phosphoric acid extractions on this meteorite (Romanek et al., 1994) involved the 

removal of CO2 continuously from a reaction vessel during the first 4 hours of the 

reaction, followed by sequential aliquots extracted from the sealed vessel after 16 hours, 

and then again after 24 hours.  The stable isotope measurements of the Mg-rich 

carbonate were attributed to the weighted mean of the 4-16 hour and 16-24 hour 

aliquots.  The Ca/Fe-rich carbonate stable isotope values were calculated using first-

order dissolution kinetics based on the procedure.  The results identify both carbonates 

enriched in 13C (δ13C = +40-42‰) from formation equilibrium interactions with the 

martian atmosphere.  The oxygen values were calculated based on mixing between two 

end members of δ18O = +13.3‰ for the Ca/Fe-rich carbonates and δ18O = +22.3‰ for 
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the Mg-rich carbonates.  The authors conclude both carbonates were deposited in an 

open-system with a low-temperature fluid in the martian crust, although the temperature 

of the mineralization varied (Table 4-3) (Romanek et al., 1994).  

Stable isotope measurements of ALH 84001 and Nakhla carbonates were made 

using an acid etching procedure (Wright et al., 1988) to measure the δ13C and δ18O.  The 

summarized values for Nakhla are δ13C = +35‰ and δ18O ~ +15 ± 5‰, and for ALH 

84001 are δ13C = +41‰ and δ18O ~ +15 ± 5‰.  Since Nakhla is a fall collected from the 

Sahara Desert, the carbonate values are thought to be less likely to reflect terrestrial 

contamination. 

  

 
Table 4-3: Prior ALH 84001 Stable Isotope Values (reprinted from Romanek et al., 

1994) 

 

 

 

ALH 84001 has been on Earth ~13,000 years based on 14C activity (Jull et al., 

1989).  Analysis of both δ13C and 14C/12C ratio in ALH 84001 found a correlation for the 

carbonates: if δ13C > 45‰, the 14C/12C ratio is lower than expected for terrestrial 
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carbonates and thus indicates martian origin, but if δ13C <5‰ the 14C/12C ratio is 

enriched indicating terrestrial origin.  There is no similar correlation for δ18O since 

oxygen is easily exchanged isotopically (Jull et al., 1995). 

The difference in oxygen isotope ratios for 17O and 18O uniquely identifies the 

planet of origin for silicate crystallization based on mass dependent fractionation.  The 

relationship for Mars ∆17O (based on eq. 1-6) is an offset from the TFL of approximately 

+0.321‰ (Franchi et al., 1999).  Stepwise vacuum pyrolysis has extracted water from 

martian meteorites to measure their δ17O and δ18O values.  Analysis of seven SNC 

meteorites identified martian water that created carbonates not in equilibrium with the 

martian host rock; thus, two separate oxygen reservoirs on Mars must exist.  The authors 

speculated on a distinct martian depleted 17O oxygen pool in the lithosphere separate 

from enriched 17O in the atmosphere and/or hydrosphere (Karlsson et al., 1992).  

Subsequent analysis of the martian ALH 84001 speculated the atmospheric 17O anomaly 

was created by the photodecomposition of ozone and the exchange between CO2 and O.  

The δ18O = +18.3 ± 0.4‰ for this sample (Farquhar et al., 1998).   Lafayette and Nakhla 

samples were also evaluated and the authors concluded the Mars carbonates were 

formed in a low temperature environment without large reservoirs of liquid water in a 

long-lived, oxidized, reactive surface environment.  (Farquhar and Thiemens, 2000).  

The results identified different isotope values for martian carbonates and silicates in the 

meteorites (Table 4-4). 
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Table 4-4: Prior Nakhlite Oxygen Isotope Values (reprinted from Farquhar and 

Thiemens, 2000) 

 

 

 

The next study (Grady et al., 2007), using an enhanced phosphoric acid 

extraction procedure with a GC clean-up (to separate sulfur-bearing gases from the 

CO2), does not profoundly reduce the range of isotopic values.  The acidification was 

conducted at a single temperature of 72°C, so distinct carbonate species could not be 

extracted.  Petrographic analysis indicated the carbonates were mostly siderite.  The 

Nakhlite samples displayed two orders of magnitude difference in carbonate 

concentration, with MIL 03346 containing the least (and suspected of containing 

terrestrial carbonates due to the significantly lower stable isotope values).  The authors 

further suggested that MIL 03346 might have formed at the base of a magma flow (not 

exposed on the surface of the flow but cooled on the bottom in contact with the cold 

martian regolith) different than the other Nakhlites (Table 4-5). 
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Table 4-5: Updated Nakhlite Stable Isotope Values (reprinted from Grady et al., 2007) 

 

  

 

Terrestrial carbonates have a typical value Δ17O=0 ‰, while martian carbonates 

have values from Δ17O=0.6-0.9 ‰ (average 0.7‰).  The meteorite ALH 84001 has a 

carbonate value of Δ17O=0.7‰.  The meteorite Nakhla has Δ17O > 0.9‰ (Farquhar and 

Thiemens, 2000).  The oxygen source for the carbonates is not CO2 from the silicates, 

with a Δ17O=0.32‰ (Franchi et al., 1999).  The Δ17O values of the carbonates have been 

interpreted as being derived from MIF of in the martian atmosphere (Shaheen et al., 

2015) (see Figure 4-6).   
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Figure 4-6: Carbonate Planetary Origin using Δ17O and δ13C (reprinted from Shaheen et 

al., 2015) 

 

 

 

Ion microprobe analysis of ALH 84001 provides stable isotope measurements of 

carbonate grain spots 10 to 30 μm in diameter.  This procedure is useful to distinguish 

carbonate species that may be lost in averaging of CO2 isotope values from acidification 

extractions of whole rock samples.  The microprobe results show a range of values of 

δ13C = +27‰ to +64‰ PDB (Niles et al., 2005), which is consistent with the range from 

bulk rock acidification extraction analysis.  These values are much higher than any 

terrestrial carbonate δ13C values from OC analysis (δ13C < +10‰), indicating a carbon 
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reservoir of martian origin likely exists at δ13C > +30‰ (Romanek et al., 1994, Jull et 

al., 1995, Jull et al., 1998).   

 Other ion microprobe measurements of ALH 84001 also show strong correlation 

between δ18O and magnesium concentration.  When a post-formation aqueous event 

forms carbonates within the martian rock, the carbonates do not follow this general Mg 

trend.  Discovery of Ca-rich carbonate inclusions in this meteorite, with unique isotopic 

signatures varying from the expected Mg-rich carbonate minerals, reflects post-

formation changes to the martian atmosphere.  Although their Δ17O anomaly is 

consistent with all martian carbonates, variation in the δ17O and δ18O reflect post-

formation changes to the martian hydrosphere.  ALH 84001 carbonates possess two 

distinct values: for Ca-rich carbonates δ13C=+11.94‰, while for Fe-Mg carbonates the 

δ13C=+38‰.  These results suggest the carbon isotopic composition of the martian 

atmosphere has varied substantially since the ALH 84001 meteorite formed ~3.9 Ga.  

(Shaheen et al., 2015).   

   A study combining stepped acid extraction technique (12 hours at 25°C for Ca-

rich carbonates and 3 hours at 150°C for Fe-Mg-Mn-rich carbonates), fluorination to 

measure 17O, and ion microprobe analysis of carbonates in ALH 84001 generated 

measurements of all five carbonate stable isotopes (12C, 13C, 16O, 17O, 18O) (Table 4-6) 

(Shaheen et al., 2015).  If Δ17O > 0, then the carbonates were not formed on Earth.  If 

Δ17O = +0.321, then the carbonate was formed on Mars, as shown in Figures 1-9 and 4-6 

(Franchi et al., 1999, Shaheen et al., 2015).  The martian carbonates from ALH 84001 

reflect formation conditions from the ancient martian climate ~ 4.0 Ga (Gaines et al., 
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2009).  Stable isotope values from MIL Nakhlite carbonates are much younger, probably 

0.5-1.0 Ga (based on speculated iddingsite deposition at 620 mya) (Treiman, 2005).   

 

 

 
Table 4-6: Updated ALH 84001 Stable Isotope Values (reprinted from Shaheen et al., 

2015) 

 

 

 

Methodology 

The four Miller Range Nakhlite meteorites, MIL 03346, MIL 090030, MIL 

090032, and MIL 090136, collected in Antarctica were sampled for stable isotope 

analysis.  The samples were gently crushed and sieved to a size of  <700 µm, acidified, 

reacted, and extracted to collect CO2 cryogenically using standard techniques (McCrea, 

1950, Al-Aasm et al., 1990, Shaheen et al., 2015).  Samples of ~1.2g and were reacted 

with 1.2-1.5 ml of 100% H3PO4 at 30°C and 150°C. The CO2 was extracted at three 

different steps: 1) Rx0 after 1 hour at 30°C; 2) Rx1 after 18 hours at 30°C, and 3) Rx2 

after 3 hours at 150°C.  The CO2 was then separated from other condensable gases using 

a TRACE GC with a Restek HayeSep Q 80/100 6’ 2mm stainless column.  A description 

of the design, installation, testing, and validation of the carbonate extraction and 
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measurement system is found in Chapter 2.  The total error for this analysis is δ13C = 

±0.76‰, δ18O = ±1.58‰.   

The four Antarctic Miller Range (MIL 03346, MIL 090030, MIL 090032, and 

MIL 090136) Nakhlites contain low carbonate concentrations (avg. 0.006% by wt), as 

determined from a correlation of known CO2 standard samples sizes to GC peak count 

(see Chapter 2).  The largest MIL Nakhlite sample, MIL 090032 Rx2 Sample Tube #380 

6/13/16, contained 0.87 µmoles of CO2 with a 100% left bellow signal of 56 mv.     

Because of the low carbonate concentrations, the IRMS signal for each sample 

was very small, ranging from 20 mv to 300 mv (with a fully compressed left bellow) for 

these Nakhlites.  The MAT 253 was modified to capture 100% of the GC purified CO2 

from each Collection Tube (CT).  The left bellow pressure gauge was replaced with a 

small, stainless steel finger tube that fit within a small dewar of liquid N2, thus allowing 

a complete transfer of sample from the CT to the IRMS.  A relative scale for IRMS 

sample size is inferred (during the run) from the signal of the uncompressed bellow 

(100% left bellow), but an actual correlation with GC CO2 peak size (see eq. 2-12) is 

used to predict the sample size afterwards.  No successful IRMS Rx0 runs were 

completed on the MIL Nakhlites due to minute amount of carbonate dissolved in 1 hour.  

 

Results 

A summary of results for the Nakhlite carbonates from the Antarctic Miller 

Range are given in Table 4-7, and detailed results are given in Table 4-8.  The IRMS 

machine accuracy for very small signal size was verified with known standard calcite 
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samples of equivalent size run concurrently with the Nakhlites.  A “small sample” size 

offset is created to correct the δ13C values for any sample < 5 µmoles (µm) (see Chapter 

2 for explanation).  

Table 4-7: Summary of Average Miller Range (MIL) Nakhlite Results 

Samples with a 100% left bellow signal < 5 mv were discarded as untrustworthy 

(colored in red on Table 4-8).  If a sample run on the IRMS generated a series of 

measurements that created a line (as determined by the plotted result R2 value > 0.5), 

then the run was deemed “contaminated” and the result was not considered valid 

(colored in purple on Table 4-8).  The IRMS measurements for δ13C and δ18O are not 

expected to co-vary in a linear manner during any run (consisting of 10 sequential 

measurements in “dual inlet’ mode), and laboratory experience has shown that linear 

IRMS runs represent residual contamination in the sample bellows. 
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Table 4-8: Detail of Miller Range (MIL) Nakhlite Results 
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This study successfully measured two values for Rx2 (Mg/Fe-rich carbonate) and 

one combined value for Rx0/Rx1 (Ca-rich carbonate).  For MIL 090030, one sample run 

for Rx0 was completed with an IRMS signal too small to be trustworthy.  Both of two 

sample runs for Rx1 were contaminated with the run R2> 0.5.  Three Rx2 samples runs 

were completed, but only one successful value was measured (one run contaminated and 

one run with a too small IRMS signal).  With MIL 090032, two sample Rx0 runs were 

completed with one too small IRMS signal and one contaminated with R2> 0.5.   

Two successful sample runs for Rx1 and Rx2 were completed.  MIL 090136 had one 

Rx0 sample run completed with a too small IRMS signal.  No sample runs for Rx1 were 

successfully completed.  One sample run for Rx2 was completed with suspected 

contamination R2= 0.633.  

 

Discussion 

The paired Miller Range (MIL) Nakhlites (MIL 03346, MIL 090030, MIL 

090032, and MIL 090036) contain very small amount of carbonate, averaging about 

0.006% carbonate by weight.  Rx1 reactions generated 0.04 to 0.08 µm of CO2 from Ca-

rich carbonates, and Rx2 reactions generated 0.57 to 0.98 µm of CO2 from Fe/Mg-rich 

carbonates.  This is much less than the amount of terrestrial carbonates on studied OCs 

collected in Antarctica (which averaged 0.21% carbonate by weight in Chapter 3).  The 

OCs were selected based upon visible alteration minerals on their fusion crust and the 

samples were taken from the fusion crust.  The martian meteorites were sampled from 

the interior of the meteorite to minimize possible terrestrial contamination. 
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The MIL Nakhlite carbonate results have some common characteristics with the 

terrestrial carbonates measured on OCs.  Both have similar δ18O range of values which 

suggests a similar formation process.  The martian carbonates have a bigger range in 

δ13C than the range observed in the OCs.  This might be caused by carbonate formation 

at multiple periods influenced by an evolving martian atmosphere.  Combined with prior 

studies that report martian meteorite stable isotope values, however, it is clear the OCs 

are different in δ13C (see Figure 4-7). 

Only one previous stable isotope measurement of a MIL Nakhlite carbonate is 

reported.  MIL 03346 values were reported as δ13C = +10.3‰ ± 2‰ and δ18O = +18.7‰ 

± 2‰ (Grady et al., 2007).  These prior values are not consistent with the measured MIL 

Nakhlite carbonate results in this study, but are consistent with terrestrial carbonates 

formed on OCs (see Figure 4-7).   

As with the OCs, the MIL Nakhlites appear to be two distinct species of 

carbonates.  The Ca-rich carbonate from the Rx1 reaction has δ13Cavg = 33.6‰ ± 5.8‰ 

(1σ stdev on the data) and δ18Oavg = 19.4‰ ± 6.5‰ (1σ stdev on the data).  The Fe/Mg-

rich carbonate from the Rx2 reaction (excluding the contamination value from MIL 

090136) has δ13Cavg = 36.3‰ ± 6.4‰ (1σ stdev on the data), and δ18Oavg = 13.6‰ ± 

4.2‰ (1σ stdev on the data).  The distinction between the MIL species is much less than 

in the OC species. 

The δ13C for all MIL samples (and many of the other martian results) is from 

+20‰ to +50‰ heavier than the OC samples, indicating a clearly different carbon 

reservoir for carbonate formation.  The prior reported value for MIL 03346 (Grady et al., 
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2007) is grouped with the results identified as terrestrial in origin (based on Chapter 3 

conclusions), along with LEW 85320 and EET 79001 carbonates.   

The range of δ18O values for these martian carbonate samples, including the MIL 

Nakhlites, is similar to the OC terrestrial carbonates.  

 

 

 
Figure 4-7: Study Nakhlite and OC Meteorite Results with Previously Reported Values 

 

 

 

The martian carbonates, both past studies and results from this research, are 

shown in a labelled ellipse “MARTIAN ORIGIN” on Figure 4-7.  Excluding the outlier 

(MIL 090136 possible contamination), the MIL Nakhlite data does not show  covariance 

between the oxygen and carbon isotope values.  It is possible, however, to infer a 

covariance when the prior study data is added from other Nakhlites.  If a covariance 

exists, it is possible to interpret the Nakhlite data as forming from an evaporating brine 
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or high pH fluid with a general trend of increasing carbonate δ13C and δ18O values.  This 

covariance does not appear in the OC terrestrial carbonate data, where the δ13C is fixed 

by equilibrium with the Earth’s atmospheric CO2 and the δ18O is variable based on 

contribution of different oxygen reservoirs (see discussion in Chapter 3 on δ18O mixing 

model).  Data values between the “TERRESTRIAL ORIGIN” region and the “MARTIAN 

ORIGIN” region possibly represents mixing of extracted CO2 between both sources. 

The parent lava pile was invaded by martian fluids approximately 620 mya 

(Treiman, 2005) and created carbonates (e.g. Iddingsite) and sulfates (e.g. Jarosite) in the 

subsurface.  Oxygen Δ17O analysis of Nakhlites and ALH 84001 reflects that the CO2 in 

martian carbonate creating fluids was not in equilibrium with silicates (Farquhar et al., 

1998, Farquhar and Thiemens, 2000).  Thus, the CO2 source was likely atmospheric CO2 

dissolved in the thin-film water, and not from a magmatic CO2 reservoir. 

High pH fluid is created from low temperature serpentization of ultramafic rocks, 

which could have happened in the lava pile (Niles et al., 2005, Clark et al., 1992).  On 

Mars, it is possible the fluid became enriched in atmospheric CO2 on the surface, then 

invaded the lava pile beneath the surface.  On Earth, when this process happens in 

terrestrial springs, the carbonates that form experience kinetic fractionation leading to a 

large range in isotope values (see Chapter 3 discussion on “Carbonate Formation Analog 

from High pH Terrestrial Springs”).  The MIL Nakhlite carbonates do not demonstrate a 

high range of values in δ13C, nor do they display extreme 18O depletion, as expected with 

kinetic carbonate formation in the CO2-rich, high pH fluid.  Thus, it is assumed the 

carbonates form in equilibrium with the fluid.   
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Martian Nakhlite Carbonate Formation Model 

The martian subsurface water, containing dissolved CO2, may have formed thin-

films on the rock grains that precipitated carbonates similar to the process that created 

terrestrial carbonates on OCs collected in Antarctica (see Chapter 3).  The relative 

consistency in carbon values (δ13C ~ +40‰) suggest equilibrium formation with 

dissolved atmospheric CO2, as seen with the OC carbonates collected in Antarctica.  The 

wide range in δ18O values is possible if the equilibrium carbonate formation occurred 

over a wide range of temperatures, if the process is kinetically dominated, or if the 

carbonate exchanged oxygen isotopes with two different reservoirs (dissolved CO2 in the 

water, and the water itself).  This latter explanation is feasible in a very low water/rock 

environment, such as the thin-film analog of meltwater on Antarctic OC meteorites.  

 

MIL Nakhlite Carbonate δ13C Values 

If the MIL Nakhlite calcite formed in equilibrium with dissolved atmospheric 

CO2 in subsurface fluid on Mars at <~15°C (the formation temperature of carbonates on 

OCs in Antarctica), then the expected Ca-rich (Rx0/Rx1) carbonate δ13C values can be 

predicted using fractionation factors (see eq. 1-3) and measurements of the martian 

atmosphere.  The current martian atmospheric CO2, as measured by MSL, is δ13C = 46‰ 

± 4‰, and δ18O = 48‰ ± 5‰ (Webster et al., 2013).  The Chacko δ13C fractionation 

factors for calcite and atmospheric CO2 (Chacko et al., 1991) are 1000lnα = -13.59‰ at 

0°C, and 1000lnα = -11.88‰ at 15°C.  Thus, the expected martian Ca-rich carbonate 

values should be δ13Ccalcite = 59.6‰ at 0°C and δ13Ccalcite = 57.9‰ at 15°C.  For the MIL 
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Nakhlites, the expected carbonate is +25‰ heavier for Rx1 (Ca-rich carbonates), and 

+22‰ for Rx2 (Fe/Mg-rich carbonates).  The Nakhlite carbonate δ13C values are more 

consistent with equilibrium formation in an atmospheric CO2 of δ13C = +30‰ (see 

Figure 4-8).  It should be noted the value for the Rx2 run on MIL 090036 (δ13C = 

+59.71‰, but suspected of being contaminated) is close to the expected value if the 

carbonate formed in equilibrium with the most recently published value for the modern 

Mars atmosphere.   

The difference between expected equilibrium δ13C values and what is measured 

in the MIL Nakhlites may be explained by kinetic fractionation that favors creation of 

13C depleted carbonates (δ13C = -27.5‰ relative to their equilibrium compositions), as 

found in terrestrial springs with high pH fluids (Clark et al., 1992) (discussion above and 

in Chapter 3).  This should produce carbonates demonstrating a clear covariant 

relationship that spans the range between equilibrium and kinetic δ13C values. This 

might be consistent with the MIL Nakhlite data when the measurement from MIL 

090036 is considered, but as discussed above, this data point is likely affected by 

isobaric contamination. Taking into account all previous measurements of Nakhlite 

carbonates, a covariant trend may exist consistent with a high pH formation model; 

however, the range of Nakhlite δ18O values is greater than predicted even with the 

kinetic high pH model.   

In summary, there are three possible explanations for measured MIL Nakhlite 

δ13Ccalcite values: 
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a. The Nakhlite Ca-rich carbonates formed in equilibrium with an older, denser 

Mars atmospheric with δ13C ≈ +30‰ (consistent with loss to space) 

b. The Nakhlite Ca-rich carbonates formed in equilibrium with the modern Mars 

atmosphere, but the reported modern martian atmospheric CO2 δ
13C is incorrect, 

and the actual δ13C value is ≈ +30‰ 

c. The martian carbonates did not form in equilibrium with the measured modern 

Mars atmosphere, but were formed kinetically in a high pH solution.   

 

 

 
Figure 4-8: Predicted Mars Equilibrium Carbonate δ13C at 15°C 
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MIL Nakhlite Carbonate δ18O Values 

The MIL Nakhlite carbonates vary in δ18O from +7.9‰ to +26.6‰ (not 

including the MIL 090036 Rx2 suspected contamination measurement).  This is not 

typical for formation from hydrothermal environments, because carbonates formed in 

aqueous systems would have consistent δ18O values based upon the formation 

temperature and δ18O of the water.   

Previously reported stable isotope values for Nakhlites also reflect the wide 

variability in carbonate δ18O values.  The δ18O of martian Nakhlite carbonates varies 

from +26-+36‰ (Saxton et al., 2000, Vicenzi and Eiler, 1998).  The large range in δ18O 

observed in the Nakhlites (~20‰) is difficult to explain even using the kinetic models. 

The OC results show an even wider oxygen range (δ18O ~28‰) when formed in 

meltwater of pH ~ 0.  These wide ranges suggest a formation environment where 

carbonates formed in a thin-film melt-water, with both the water and the dissolved CO2 

providing oxygen contribution to carbonate formation (Chapter 3). This cold, lower 

water/rock environment is also analogous to what might be encountered on Mars ~1 Ga.  

A mixing model with two end-members (meteoric water and dissolved atmospheric 

CO2) can predict equilibrium calcite δ18O values for oxygen contribution from each 

reservoir (see Figure 3-11).  The Ca-rich carbonates appear to form in δ13C equilibrium 

with dissolved atmospheric CO2 at 15°C, which provides a formation temperature for the 

fractionation factors employed in the δ18O mixing model. For the OCs, the results show 

a difference in reservoir contribution based upon reaction type: 
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OC Rx0/Rx1 (Ca-rich): 45%-85% δ18O from dissolved atmospheric CO2 

OC Rx2 (Fe/Mg-rich): 20%-55% δ18O from dissolved atmospheric CO2 

Since the Nakhlite samples were taken from the interior of the meteorite, the sea 

spray input to Ca-rich carbonate is zero and all the carbonate cations are presumed 

martian (this is supported by the δ13C results).   

If the MIL Nakhlite carbonates formed on Mars in a thin-film microenvironment 

like the Rx0/Rx1 Ca-rich carbonates on the Antarctic OCs, then assume the mixing 

contributions of δ18O from each end member oxygen reservoir (meteoric water and 

dissolved CO2) is the same on Mars as in the OCs.  The oxygen contributions for each 

MIL Nakhlite carbonate species is thus:   

Rx0/Rx1 Ca-rich: 35%-85% δ18O from dissolved atmospheric CO2 

Rx2 Fe/Mg-rich: 20%-60% δ18O from dissolved atmospheric CO2 

The δ18O mixing model predicts the martian meteoric water δ18Owater = -30‰ 

(see Figure 4-9).  Note this value falls within the predicted regions for δ18Owater from 

theoretical predictions (Clayton and Mayeda, 1988).   
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Figure 4-9: Predicted Mars Equilibrium Carbonate δ18O Mixing at 15°C 

 

 

 

Conclusions 

MIL Nakhlites possess carbonates that are significantly different from 

terrestrially formed carbonates on OCs, with a difference of from +20‰ to +50‰ in 

δ13C.  The Nakhlite δ18O value range is similar to OC terrestrial carbonates.  Prior 

studies of Nakhlites and other martian meteorites report results consistent with the 

measured MIL Nakhlite stable isotope values (see Figure 4-7).  

From the nine successful IRMS measurements, it is concluded the MIL Nakhlites 

contain two species of carbonates.  The Ca-rich carbonate from the Rx1 reaction has 

δ13Cavg = 33.6‰ ± 5.8‰ (1σ stdev on the data) and δ18Oavg = 19.4‰ ± 6.5‰ (1σ stdev 
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on the data).  The Fe/Mg-rich carbonate from the Rx2 reaction (excluding the 

contamination value from MIL 090136) has δ13Cavg = 36.3‰ ± 6.4‰ (1σ stdev on the 

data), and δ18Oavg = 13.6‰ ± 4.2‰ (1σ stdev on the data).  The isotopic difference 

between these two species is less than measured with the OC terrestrial carbonates.   

A prior reported result for carbonates in MIL 03346 are inconsistent with the 

measured values in this study.  The prior values for MIL 03346, LEW 85320, and EET 

79001 more closely resemble measured stable isotope values for the OCs terrestrial 

carbonates than for the MIL Nakhlite carbonates (see Figure 4-7), although values with 

δ13C>10‰ could represent a mixture of CO2 from carbonates that are from both 

terrestrial and non-terrestrial sources. 

MIL Nakhlite Ca-rich carbonates are not formed in equilibrium with the current 

Mars atmospheric CO2 of δ13C = +46‰, as measured by the Curiosity rover (Mahaffy, 

2013) at any reasonable Mars formation temperature.  Kinetic fractionation could create 

lighter carbonate isotope values.  The Ca-rich carbonates could have formed in 

equilibrium with Mars atmospheric CO2 of δ13C = +30‰ at 15°C (see Figure 4-7, which 

is the formation temperature for OC terrestrial carbonates (see Chapter 3).  The 

Nakhlites formed approximately 1.3 Ga (Nyquist 2001) and martian fluids infused the 

lava pile perhaps 620 mya (Treiman, 2005).  Loss of atmosphere to space enriches the 

remaining stable isotopic values of atmospheric CO2 (Owen, 1988).  The Nakhlite 

carbonates formed during the Amazonian period, but it is not known if Mars 

atmospheric loss during this time is sufficient for the δ13C to increase from +30‰ 

(carbonate formation) to +46‰ (measured modern Mars atmosphere value).  
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 The wide variability in the MIL Nakhlite carbonate δ18O values do not resemble 

expected values for equilibrium formation in an aqueous environment, even for kinetic 

processes in a high pH fluid.  The wide range of values is similar to measured δ18O 

terrestrial carbonates formed on the OCs collected in Antarctica.  The OC terrestrial 

carbonates may have formed in a thin-film environment with small amount of trapped 

melt-water and dissolved atmospheric CO2 acting as reservoir end-members for oxygen 

in carbonate formation.   

If the carbonates on the Nakhlites formed on Mars in a similar process to the 

terrestrial carbonates on the OCs in Antarctica, the δ18O mixing model can be employed 

to predict formation environmental conditions as: (see Figure 4-9): 

δ18O atmospheric CO2 = +48‰ (Mahaffy, 2013) 

δ18O water on Mars = -30‰ 

δ13C atmospheric CO2 = +30‰ 

Carbonate formation temperature = 15°C 
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CHAPTER V  

SUMMARY AND FUTURE WORK 

 

Summary 

Two species of terrestrial carbonates were identified on OC meteorites collected 

in Antarctica.  Using OCs with no extraterrestrial carbonate (assumed from their 

petrological type of 3-6) but with visible terrestrial, alteration minerals (Weathering type 

“e”) on the fusion crust.  A Ca-rich and a Fe/Mg-rich carbonate were extracted and 

measured on the IRMS.  These meteorites have a max carbonate content of 0.47% by 

weight, with an average of 0.21%.  

OC carbonates may have formed in a thin-film of meltwater created as the black 

rock heated on the surface of the ice.  The terrestrial meltwater, in direct contact with the 

atmosphere, contained dissolved atmospheric CO2.    The Ca-rich carbonate likely 

formed in equilibrium with dissolved atmospheric CO2 at approximately 15°C (see 

Figure 3-11).  The Fe/Mg-rich carbonates are slightly lighter than the Ca-rich carbonate 

δ13C and δ18O (see Figure 3-10).  They may have formed in Antarctica or in the curation 

facility at NASA/JSC, where the meteorites are stored in a dry N2 (gas) environment at 

room temperature.  Studies of another OC, LEW 85320, suggest a hydrated Mg-rich 

mineral, nesquehonite, is growing on the meteorite in the curation facility from 

outgassing glacial meltwater that is entrained in the grains (see Table 3-1).  The 

measured Fe/Mg-rich carbonates on the OCs may be forming in a similar manner as 

nesquehonite on LEW 85320. 
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The range of δ18O values for the OC carbonates are too heavy for equilibrium 

formation with Antarctic meteoric water.  A new formation model for Antarctic 

carbonates suggests mixing of oxygen reservoirs from both the meltwater and the 

dissolved CO2 in the thin-film.  Each species of carbonate has a slightly different mix of 

oxygen reservoir contributions (see Figure 3-11).  

Two species of carbonates were identified on martian Nakhlites collected from 

the Miller Range in Antarctica.  A Ca-rich and a Fe/Mg-rich carbonate were extracted 

and measured on the IRMS from samples taken from the interior of the meteorites.  

These meteorites have a max carbonate content of 0.007% by weight, with an average of 

0.006%.  The carbonates on the MIL Nakhlites are distinct in δ13C from the OCs, but 

have a similar range of δ18O values (see Figure 4-7).  These meteorites have a consistent 

carbonate content of ~0.006% by weight.  This low carbonate content was a challenge to 

extract, separate, and measure in this study.   

The Nakhlite carbonates may have also formed in a low water/rock, cold (near 

0°C) environment like the OCs.  This proposed subsurface martian carbonate formation 

model is different from other models of large surface lacustrine or marine environments, 

or from subsurface hydrothermal systems.  The Nakhlite carbonates formed in the 

subsurface.  The Nakhlite lava pile may have been infiltrated by water containing 

dissolved martian atmospheric CO2 that created thin-films around grains of the parent 

basalt.  The martian crust during the Amazonian period is cold with no residual volcanic 

or radioactive heat, so the Antarctic formation environment is a good analog for Nakhlite 

carbonates.  As with the OCs, the Ca-rich carbonates may form in δ13C equilibrium with 
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the dissolved atmospheric CO2, while the δ18O reflects a mixing of contribution from 

both meteoric melt-water and dissolved atmospheric CO2.  

A kinetic carbonate formation model can also explain the MIL Nakhlite 

carbonate values if formed in a high pH fluid.  This model is consistent with kinetic 

formation from the modern atmospheric CO2 as measured by the Curiosity rover.  This 

model predicts carbonates that are up to -27.5‰ (lighter) in δ13C (Clark et. al, 1992) than 

the current, measured martian values CO2 δ
13C = 46‰ (Mahaffy et al., 2013) (see Figure 

4-7).  This is sufficient to explain the variation in Nakhlite δ13C stable isotope values; 

however, the Nakhlite δ18O range of value is difficult to explain with this model. 

This study characterizes distinct terrestrial and martian carbonates based on a 

difference in δ13C (see Figure 4-7).  Using data from the OC carbonate stable isotope 

values, evaluation of prior martian meteorite measurements indicates some of these 

carbonates may be terrestrial in origin, specifically EET 79001 “white druse” (Clayton 

and Mayeda, 1988, Wright et al., 1988, Jull et al., 1992) See Table 3-2) and MIL 03346 

(Grady et al., 2007).  The prior reported values for nesquehonite on LEW 85320 (Jull et 

al., 1988, Grady et al., 1989) (see Table 3-1) are consistent with terrestrial carbonates 

measured in this study, indicating that some terrestrial carbonates may form after 

collection in Antarctica. 

      

Future Work 

Ion microprobe analysis of the meteorite samples could provide specific 

mineralogy and stable isotope values for specific grains of carbonate (if they can be 
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located  within the ground meteorite sample), which would be useful as a comparison to 

the “bulk” carbonate values derived in this dissertation research.  This would be easier 

for the OCs, which were selected due to visible evaporite deposits on the fusion crust, 

than with the MIL Nakhlites, which have much lower carbonate content than the OCs.  

A new stable isotope study of the nesquehonite on LEW 85320 would provide a 

“3rd generation” value for this terrestrial carbonate, and aid interpretation of the OC Rx2 

results. 

The 2nd MWG request (dated 3/4/16, see Appendix D) requests OC EET samples 

from the fusion crust and from within the meteorite.  The purpose of this request is to 

compare stable isotope results from the terrestrial carbonates (on the fusion crust) to any 

interior carbonates (which are assumed to be null, since this type of meteorite is assumed 

to be carbonate free before landing on Earth, type 4-6).  If any carbonates exist within 

the meteorite, it is assumed they are secondary, terrestrial alteration products.  A stable 

isotope analysis of the inside and outside of the EET OCs will constrain this assumption. 

Every MIL Nakhlite sample was divided so that at least two extractions and 

IRMS runs could be completed, except for MIL 090036.  The only stepped acid 

extraction stable isotope value for this meteorite is δ 13C = 59.547‰ and δ18O = 

37.696‰ on a run with R2 = 0.633 (suspected of contamination).  Although it is 

available, time constraints prevented the extraction and measurement on the 2nd sample.  

This sample will be acidified, extracted and run on the IRMS for comparison to the 

above measurements. 
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Measurements of δ17O can identify the carbonate planetary origin (Franchi et al., 

1999), but creating the laboratory equipment to measure this stable isotope value has 

been difficult in the NASA LEAL.  Work has been underway for the past 5 years to 

create an extraction process using BrF5 to generate O2 from CO2 (Clayton and Mayeda, 

1963).  Eventually, the MIL Nakhlite carbonates will be sampled with this new 

laboratory apparatus to establish their δ17O values and verify their planet or origin. 
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APPENDIX A  

ACRONYMS 

ALH  Allan Hills region of Antarctica 

ANSMET Antarctic Search for Meteorites (group funded by NSF) 

Bya  Billion years ago (dating in geologic time) 

CAI  Calcium-Aluminum Inclusions (component of chondrites) 

CC  Carbonaceous Chondrite 

CRISM Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) 

instrument of MRO for identification of martian surface minerals  

  

CT  Collection Tube, used to store CO2 gas for transfer between components 

CTk  A specific CT used for YIELD calculations.  The volume is known from  

measurements of the ST filled with water compared to the empty weight.   

This volume is 7.121 ml ± 0.302 ml (2σ standard deviation)  

 

DIC  Dissolved Inorganic Carbon 

DSR  Differentiated Silicate-Rich meteorites 

EC  Enstatite Chondrite 

EET  Elephant Moraine region of Antarctica 

FTc  Finger Tube located on the carbonate extraction line 

FTi  Finger Tube replacing the IRMS left bellow (sample) pressure gauge 

Ga, Gy  Billion years ago, on Mars (dating in geologic time) 

 

GEL  Global Equivalent Layer, measurement of water volume on Mars 

 

GC  Gas Chromatography, or Gas Chromatograph (instrument).  For this  

analysis, the instrument is a TRACE GC with a Restek HayeSep Q  

80/100 6’ 2mm stainless column 

 

GV  Governador Valadares, a martian Nakhlite meteorite 
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HED Howardite-Eucrite-Diogenite type of meteorite which may have 

  formed on the asteroid 4 Vesta 

 

HIBB  Hawaiian Island Basalt sand 

HIBBs  HIBB terrestrial regolith spiked with a known carbonate standard 

 

IR  Infra-red spectrum of light (wavelengths from 0.7- 1000 microns) 

 

IRMS  Isotope Ratio Mass Spectrometer.  For this analysis the IRMS is a  

Thermo Mat 253 instrument running dual inlet mode   

 

JSC  Johnson Space Center, a NASA facility located in Houston, Tx. 

LEAL  Light Element Analysis Laboratory, at NASA-JSC in Houston, Tx. 

LHB  Late Heavy Bombardment period, from 3.8-4.1 Ga depending on models 

 

LREE  Light Rare Earth Elements (including Lanthanum, Cerium,  

  Praseodymium, Neodymium, Promethium, and Samarium)  

  

MDF  Mass Dependent Fractionation 

MGS  Mars Global Surveyor (launched 11/7/96, lost 4/13/07 in Mars orbit) 

MIF  Mass Independent Fractionation 

MIL  Miller Range region of Antarctica 

MRc  Mole Ratio of carbonate reaction acidified in phosphoric acid (=1.0) 

MWc  Molecular Weight of carbonates (calcite = 110.09 g/mole, siderite =  

115.86 g/mole) 

 

MWG  Meteorite Working Group 

MPL  Meteorite Processing Lab, located at NASA/JSC in Houston, Tx. 

MRO  Mars Reconnaissance Orbiter (launched 8/12/2005) 

Mya  Million years ago (dating in geologic time) 

NADW North Atlantic Deep Water 
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NASA  National Aeronautics and Aerospace Administration 

NSF  National Science Foundation 

OC  Ordinary Chondrite 

PAH  Polycyclic Aromatic Hydrocarbons (important for ALH-84001) 

PC  Personal Computer (Windows Operating System, various versions) 

PFTc  Pressure reading from the carbonate extraction line Finger Tube gauge 

Pp  Predicted Pressure 

RBT  Robertson Bay region of Antarctica 

 

Rx0  The first reaction in stepped extractions: 30°C for 1 hour.  This reaction is  

targeted to extract terrestrial, fine-grained calcite that formed on the 

meteorites after they landed in Antarctica  

 

Rx1  The second reaction in stepped extractions: 30°C for 18 hours.  This  

reaction is targeted to extract in-situ calcites 

 

Rx2  The third reaction in stepped extractions: 150°C for 3 hours.  This  

reaction is targets to extract ins-situ magnesites and/or siderites 

 

SNC  “Shergotty – Nakhla – Chassigny” group of martian meteorites 

Sol  One martian day, equivalent to 24 hours 39 minutes on Earth.  One 

martian year is 668 sols, or 687 Earth days 

 

ST  Sample Tube, used to react acid with the regolith in a side-arm vessel 

SEM  Scanning Electron Microscope/Microscopy 

TEM  Transmission Electron Microscope/Microscopy 

TES Thermal Emission Spectrometer: Instrument on the MGS mapping the 

martian surface with infrared scans 

 

TFL Terrestrial Fractionation Line, based on correlation of δ17O v δ18O in 

silicates for each planet 

 

Ya, ya Years ago (dating) – billion years ago (bya), million years ago (mya) 
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APPENDIX B  

SUPPLEMENTAL CARBONATE METHODOLOGY 

 

Detailed Procedure 

Sample Preparation 

This section provides the detailed procedure for preparing each sample, 

extracting the CO2, and measuring the carbonate stable isotopes.  Detailed discussion of 

individual components of the procedure is provided afterwards.  A worksheet developed 

to document each step of the process, and record sample results, is given in Appendix C.   

In general, the laboratory procedure to measure stable isotope values on CO2 from 

acidified meteorite carbonates is as follows: 

1. Crush meteorites, weigh samples, then acidify samples with known amount 

of phosphoric acid (H3PO4) in a Sample Tube (ST), 

2. Heat the ST for designated period at designated temperature, 

3. Extract CO2 from ST on the Carbonate Extraction Line, measure CO2 Yield 

(only for carbonate standards) and capture the CO2 in a Collect Tube (CT), 

4. Move the CT to the GC, load the CO2 into the GC inlet loop, purify the CO2 

with a GC run, log the CO2 peak and any other peaks, capture the purified 

CO2 in the GC outlet loop, then transfer the purified CO2 back to the CT, 

5. Move the CT to the IRMS, load the purified CO2 into the left bellow (using a 

dewar on the installed small finger tube for meteorite samples), adjust and 

record the IRMS left/right bellow pressure and signal, run the IRMS, and 
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record the raw δ13C, raw δ18O, and R2 for the run (to assess if the sample is 

contaminated). 

Each solid rock sample is first ground with a mortar and pestle.  The meteorite 

powder is sieved for weighing.  Each sample is carefully weighed into a clean Sample 

Tube (ST) and a small, measured volume of 100% phosphoric acid (from 0.5 ml to 1.5 

ml depending on sample size) is loaded into the ST side-arm.  Note this acid has been in 

the LEAL laboratory for over 10 years; the purity was not tested before the experiments.  

The ST is heated to the desired temperature before mixing the acid with the sample in 

vacuo, as shown in Figure B-1.   

 

 
Figure B-1: ST Containing Ground Sample and Acid 
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Samples are heated to 30°C with either a water bath (Figure B-2) or the custom 

built heater block at 150°C (Figure B-3).  The heater block is used only for Rx2 samples.  

Once the sample and acid are mixed, cryogenic extractions of CO2 are completed at the 

desired time intervals.  For multi-carbonate extractions, the ST is returned to the heating 

source immediately after Rx0 or Rx1 and the reaction continues. 

 

 
Figure B-2: Heating ST in Water Bath 
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Figure B-3: Heating ST in Heater Block 

 

 

 

 
Figure B-4: LEAL Carbonate Extraction Line 
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CO2 Extraction 

The LEAL Carbonate extraction line is displayed in Figure B-4.  Multi-step 

extractions separate different species of carbonates (Al-Aasm et al., 1990), with a first 

extraction after reaction (Rx) Rx1 at 30°C for 12-24 hours (to extract calcite), and then 

Rx2 at 150°C for 3 hours (to extract magnesite and/or siderite).  This process is modified 

for meteorites to include an extra step.  An early extraction, Rx0, after 1 hour at 30°C, 

has been shown to isolate terrestrial Ca-rich carbonates that are a contamination from 

meteorites collected in Antarctica (Shaheen et al., 2015).  The Rx0 extraction was not 

performed on carbonate standards. 

The cryogenic capture of CO2 progressed in two steps for each extraction.  The 

first step requires a dewar of chilled methanol at approximately -40°C placed on the left 

pyrex tube, and a dewar of liquid N2 on the right pyrex tube of the carbonate extraction 

line (see Figure B-5).  Water and some condensable gases are frozen into the left pyrex 

tube, while CO2 and condensable gas with a freezing point above the temperature of 

liquid N2 (-196°C) are frozen into the right pyrex tube.  Incondensable gas, composed of 

sulfur-rich compounds and organics, is pumped away to bring the system back to 

vacuum of approximately 1 µbar. 
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Figure B-5: Dewars on Carbonate Extraction Line 

 

 

The second step begins by isolating the frozen CO2 in the right pyrex tube, then 

swapping the liquid N2 dewar for the chilled alcohol dewar.  As the right pyrex tube 

warms, the CO2 melts and refreezes in the carbonate line FTc within a small dewar of 

liquid N2.  The CO2 is isolated by closing valves on the system.  Additional water and 

condensable gas are trapped in the right dewar, and are then thawed and pumped away 

(along with any remaining incondensable gas).  The YIELD of CO2 is determined with 

carbonate standard samples of known mass (and moles of CO2).   The frozen CO2 in the 

FTc, is allowed to expand into a known volume connected to a pressure gauge.  The 

associated pressure, PFTc is recorded and the moles of extracted gas are calculated using 

the ideal gas law (see detailed discussion under section “Predicting Sample CO2 YIELD, 

below).  Finally, the CO2 is refrozen into a Collection Tube (CT) for transfer to either 

the IRMS or the GC.  
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CO2 Purification 

All of the meteorites samples were transferred to the GC for purification before 

stable isotope measurements were made on the IRMS.  This is due to the presence of 

condensable gases that transfer with the CO2 into the CT.   

This pressure derived method of determining Yield from the carbonate standards, 

based on the ideal gas law, proved inaccurate when extracting CO2 from the meteorites.  

Acidification of meteorite samples created condensable sulfur-bearing and organic gases 

that mixed with the thawed CO2 to create a false pressure reading.  For the meteorite 

samples, an alternate method for predicting moles of CO2 is made.  The CO2 from 

carbonate standard samples of known size is run through the GC, and the peak size for 

the CO2 is recorded.  A correlation was made to predict meteorite CO2 sample size based 

upon the GC CO2 peak size (see detailed discussion under section “Correlate GC CO2 

Peak Count to Sample Size, below).   

Loading the CO2 into the GC required the construction of new stainless steel inlet 

and outlet loops to capture the CO2 with dewars of liquid N2 (these loops became 

contaminated over time with organic or condensable gas residue from meteorite 

reactions, and were replaced as the martian samples were analyzed).  To load the CO2 on 

the GC, the loops are first evacuated to baseline (approximately 1 μbar of pressure).  The 

CO2 from the CT is frozen to the inlet loop, and then isolated with valves.  The GC 

carrier gas, Helium, is then loaded into the inlet loop with the frozen CO2.  The dewar is 

removed, and the CO2 thaws and mixes with the Helium.  This creates a “slug” of 
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sample that moves into the GC and creates a well-defined CO2 peak (see Figure B-6).  

Other gases are seen passing through the GC with distinctly different retention times. 

Purified CO2 is cryogenically captured in the GC outlet loop and transferred to 

the CT.  The CO2 GC collection time was iterated to maximize CO2 capture without 

collecting other gases.  The NASA1 calcite, Ordinary Chondrites, and initial martian 

Nakhlites collected CO2 for 4 minutes total (collection started at 2.5 minutes and ended 

at 6.5 minute retention time in the GC run).  Martian Nakhlite MIL 090136 displayed an 

odd peak at 4.8 min which is possibly N2O, a gas not seen in other samples (see Figure 

B-7).  The collection time for this meteorite was adjusted as 2.5 min to 4.8 min (2.3 min 

total).  After collecting the CO2 in the GC outlet loop, the CO2 is cryogenically 

transferred to the CT and then then moved to the IRMS for stable isotope measurements. 

 

 

 
Figure B-6: GC CO2 Peak Assessment for OC ALH 77214 
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Figure B-7: Nakhlite MIL 090136 Rx2 GC Run 

 

 

 

The Nakhlite meteorite samples display GC CO2 peaks consistently from 

retention times of 3.4 min. to 4.0 min (see Figure B-8).  The Nakhlites also create GC 

peaks from retention times of 11 min. to 18 min., which are not from CO2.   These peaks 

are created by unknown gases that are created with the Nakhlite acidification, but not 

seen mixed with the CO2 from the carbonate standards or OC samples (see Figure B-9).  

No diagnostic analysis of these unknown gases was performed, but they smelled of 

sulfur-bearing compounds when run through the GC.  
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Figure B-8: Summary of All Nakhlite GC CO2 Peak Times 

 

 

 

 
Figure B-9: Summary of All Nakhlite GC non-CO2 Peak Times 

 

 

 



206 

Stable Isotope Measurements 

The LEAL instrument configuration, including the Thermo MAT 253 

Isotope Ratio Mass Spectrometer (IRMS) and Gas Bench, is shown in Figure B-10.  The 

IRMS measures the stable isotopes of carbon and oxygen in CO2.  When run in “dual 

inlet” mode, the machine measures the difference in isotope values for CO2 from a 

sample as compared to the CO2 from a reference gas with known δ13C and δ18O values.  

A “Zero-enrichment” run, or “CO2-zero”, is initially run with the CO2 reference gas as 

sample.  If the results indicate the measured sample value is the same as the reference 

gas, then the machine is ready to measure unknown CO2 samples. 

Figure B-10: LEAL IRMS and Gas Bench Configuration 

The IRMS is prepared for sample measurements by loading the left bellow with 

CO2 from either the carbonate extraction line, or the GC.  To accomplish this, the CT 

containing sample CO2 is connected to the IRMS on the left inlet port (see Figure B-11).  
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For large CO2 samples, the sample gas is expanded from the CT into the left bellow at 

ambient temperature.  For small CO2 samples (such as from the meteorites), a small FT 

is attached to the left bellow (replacing the pressure gauge).  The CO2 is cryogenically 

transferred to the FT using a small dewar of liquid N2.  The FT is then thawed and the 

sample CO2 gas is compared to the reference CO2 gas to calculate sample δ13C and δ18O 

values. 

 

 

 
Figure B-11: IRMS Inlet Configuration 
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Building and Installing Apparatus for the NASA LEAL 

The NASA Light Element Analysis Laboratory (LEAL) is a stable isotope 

measurement facility originally constructed at NASA’s Johnson Space Center (JSC) to 

conduct analysis of lunar rocks returned to Earth with the Apollo astronauts.  The facility 

had a inoperative carbonate extraction line that was modified for this study beginning in 

2013.  Much of the line consists of custom made glass tubing that requires skilled glass 

blowing to link the components (see Figure B-12).  The glass components are connected 

to pumps and stainless steel tubing with couplings that require maintenance and 

monitoring to ensure atmospheric gas is not leaking into the line.  

 

 

 
Figure B-12: Construction of the glass carbonate extraction line 
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One of the first new additions to the line is inlet tubing to connect with side arm 

Sample Tubes (ST).  Each custom made ST is designed with two reservoirs: one to hold 

the solid sample and one to hold acid (see Figure B-13).  The ST is tipped to allow the 

acid to mix with the sample and begin the reaction that creates CO2 (see Figure B-1). 

  

 

 
Figure B-13: ST Connected to the Carbonate Extraction Line 

 

 

 

Another new addition to the extraction line is a stainless steel “Finger Tube”.  

The FT is placed in a dewar of liquid Nitrogen (N2) at -196°C to cryogenically trap the 

sample CO2.  The FT is then isolated from the carbonate extraction line and the CO2 gas 

is allowed to thaw and expand into a known volume.  A pressure gauge on this FT 

volume is used to measure the amount of CO2 for calculation of sample Yield.  New 

connections were added to allow the sample gas to be cryogenically captured in 

Collection Tubes (CT) after determining Yield (see Figure B-14).   
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A new heater block with finger heaters and a Variac controller was designed for 

heating the STs to 150°C, which is necessary for separating different carbonate species 

in stepped extractions.  This custom hardware was designed and fabricated to fit the STs.  

(see Figure B-3). 

A chilled water system was attached to the molecular diffusion pump on the 

carbonate extraction line to provide sufficient cooling for desired operations.  The 

system operates continuously at approximately 1x10-6 bars (1 μbar) of pressure.  

 

 

 
Figure B-14: FTc on the Carbonate Extraction Line 
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In order to purify the extracted gas and isolate the CO2 from other condensable 

gases, a GC was needed.  An older, surplus GC was acquired from government surplus.  

Much effort was expended updating the software and connecting the instrument to an 

available, but outdated, laboratory personal computer (PC).  A custom stainless steel 

inlet/outlet system was designed and created to connect a CT to the GC for loading 

sample gas and collecting purified CO2.  Once the GC was operational, procedures were 

developed to identify the optimal Helium (He) carrier gas flow rate and to concentrate 

the sample gas as a “slug” of input to the GC.  Correction factors for this GC 

fractionation were determined and applied to the meteorite samples.    

Several minor components were fabricated from wood to simplify operations in 

the laboratory.  Custom stands were manufactured for each ST (see Figure B-15), and a 

GC cover was installed to provide a stable platform for dewars and CT jack stands. 

 

 

 
Figure B-15: Custom ST Stands 
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Issues with Existing Equipment 

Pump Maintenance 

 Laboratory equipment requires continuous maintenance and repair.  Experiment 

measurements were frequently interrupted due to failures of equipment and the inherent 

delay in ordering and installing parts.  Pumps on the carbonate extraction line, the GC, 

and the IRMS work continuously.  Oil changes are necessary to replace fouled lubricant 

and ensure the systems operates at extremely low vacuum.  Roughing pumps on the 

carbonate line (1 unit), and on the IRMS (3 units) provide vacuum sufficient for the 2nd 

stage pumps (Diffusion and Turbo) to operate and generate the highest level of vacuum. 

 

IRMS  

The MAT 253 IRMS is an instrument capable of generating reliable stable 

isotope measurements on carbonates.  This study is attempting to measure CO2 samples 

that are much smaller than the manufacturer design.  To ensure that all of the CO2 

sample small volume is captured, the left bellow (assigned as “sample” in dual inlet 

operations) pressure sensor was replaced with a custom made stainless steel FT.  This 

allowed a small dewar of liquid N2 to be applied to the FT, and the CO2 was 

cryogenically trapped from the CT.  It was noted after several meteorite sample runs that 

the FT was contaminated with residual material causing incorrect blank runs on the 

IRMS.  New, smaller FTs were manufactured and installed on the IRMS as the old FTs 

became corrupt.  The loss of a pressure gauge on the left bellow was not an impact 
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during the sample runs, but the pressure gauge was required whenever the IRMS system 

required re-calibration of the bellows. 

The meteorite samples provided very small volumes of CO2 for analysis.  The 

recommended signal for stable isotope measurements of the IRMS is 2000 mv (2 volts), 

but many of the meteorite samples were analyzed with signals from 200-500 mv.  To 

ensure this low signal provided accurate stable isotope values, carbonate standards of 1-2 

µmole carbonate size (which creates 1-2 µmole CO2) were measured.  These samples 

provided a signal range comparable to the meteorite sample signals, and a correction 

factor was created to offset the stable isotope values for such small volumes of CO2.   

A modification to the IRMS was made for the martian meteorite samples.  A 

small stainless steel “finger tube” was installed on the left sample bellow, replacing the 

pressure gauge.  This allowed a small dewar of liquid N2 to freeze 100% of the sample 

CO2 from the inlet CT to the IRMS.  This allowed carbonates samples of 1-5 µmole to 

be measured on the system. 

The IRMS ion source is an electrical filament that is consumed with use.  An 

annual preventative maintenance procedure, performed by a Thermo MAT 253 

technician, frequently replaced the source filament and adjusted the lens alignment on 

the ion source.  The inability to create a stable signal on the IRMS made experiments 

impossible, and much time was lost diagnosing and repairing the instrument. 
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Glassware 

Meteorite acidification creates deposits on STs that can’t be cleaned with 

available acids.  The “stained” STs run with carbonate standards demonstrate no impact 

on the resulting stable isotope measurements of CO2.  Eventually these STs will need to 

be physically repolished to remove the deposits. 

 

Water Leaks in Facility 

 The LEAL is a government facility located in a building constructed in the 

1960s.  The lab is located underneath an air-handler unit providing air conditioning to 

the building.  Periodically, buildup of scale in the secondary overflow pans on the A/C 

condenser units causes water to flow into the ceiling of the LEAL, and to fall onto 

benches and equipment beneath the light fixtures (see Figure B-16).  

 

 
 

Figure B-16: LEAL Water Overflow Event 
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The LEAL configuration has changed significantly over the years.  Much of the 

layout is the result of “add-on” components without overall planning of the system.  

Safety inspection modifications have slowly improved the layout of the lab floor space. 
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APPENDIX C  

CARBONATE EXTRACTION WORKSHEET 
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APPENDIX D  

METEORITE SAMPLE REQUESTS 

MWG Request Dated 8/13/2013 
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MWG Request Dated 3/4/16 
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